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Chapter 1

General introduction and thesis

outline

Introduction

Esophageal cancer

Patients with esophageal cancer have poor survival rates. Worldwide, esophageal

cancer is the 8th most common cancer type and the 6th most cancer-related cause

of death [1]. In the Netherlands, for patients with locally advanced, resectable

esophageal cancer without metastases the current standard of care is neoadju-

vant chemoradiotherapy (nCRT) followed by esophagectomy, according to the

CROSS regimen [2]. One of the key aims of nCRT is to reduce the primary tu-

mor, which increases the probability of a radical resection [3]. Tumor reduction

induces changes in the thoracic anatomy of a patient during nCRT [4]. In addi-

tion, variation in tumor shape and position can be observed during neoadjuvant

chemoradiation [5–7]. These uncertainties can be compensated for in the radio-

therapy plan by expanding the targeted volume, resulting in an increased radiation

dose to the surrounding organs at risk and subsequent toxicity and therefore lim-

iting the maximum radiation dose [8–13]. For these reasons, improvement of the

radiotherapy treatment is highly sought-after, and it has been hypothesized to

bring a positive impact on the treatment outcome of many patients. This thesis

focuses on the improvement of the radiotherapy part in the nCRT treatment of

esophageal cancer by using Magnetic Resonance Imaging (MRI). With MRI, we

aim to define the required target volumes by accurately determining the change

of tumor characteristics over the course of treatment.

Esophageal cancer tumor and treatment characteristics

Generally, the location of an esophageal cancer tumor varies along the length
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Chapter 1

of the esophagus in the thorax. In the Netherlands, the most prevailing tu-

mor type is adenocarcinoma (7̃5%) which is typically located in the distal third

esophagus, sometimes extending into and around the gastroesophageal junction

(GEJ) [2]. Squamous cell carcinoma is the second most common histological type

of esophageal cancer and is generally located more proximally. Patients with lo-

cally advanced, non-metastasized resectable esophageal cancer of both histological

subtypes receive neoadjuvant chemoradiation followed by esophagectomy. Stan-

dard neoadjuvant chemoradiation consists of a radiation dose of 41.4 Gy spread

out over 23 daily fractions (4.5 weeks) of 1.8 Gy. Additionally, a concurrent

chemotherapy schedule consisting of weekly intravenous administration of carbo-

platin and paclitaxel is administered. Approximately three months after finishing

the nCRT schedule patients undergo a thoraco-laparoscopic esophagectomy inde-

pendent of nCRT outcome. The pathological response is assessed to determine

the indication for adjuvant treatment.

Current treatment of esophageal cancer

Clinical workflow

The preparation of a radiotherapy treatment is often a lengthy process consisting

of multiple steps. First, the patient undergoes a planning Computer Tomop-

raphy (CT) scan, which can be combined with a 18-F-FDG positron emission

tomography (PET) scan to capture the patient’s anatomy and exact tumor lo-

cation. Then, the radiation oncologist delineates the visible tumor, the gross

tumor volume (GTV), which is expanded using a margin of 0.5 cm in transverse

direction (excluding the heart, large vessels, trachea, bronchial tree and lungs), 3

cm in cranial direction and 2 or 3 cm in caudal direction (depending on tumor

extension in the stomach) to create the clinical target volume (CTV). The CTV

incorporates the GTV and surrounding tissue to include subclinical microscopic

malignant disease and pathologic lymph nodes. The organs at risk (OAR), such

as the heart and lungs, are delineated by specialized radiation therapy technol-

ogists. Targeting of the CTV alone is not sufficient, as the CTV is subject to

geometric variations due to inter- and intrafraction motion, which will be dis-

cussed in the next section. It is therefore that the CTV requires expansion with a

treatment margin of approximately 10mm in all directions, creating the planning

target volume (PTV) [5–7]. Using PTV margins results in an acceptable proba-

bility of correct dose delivery [14,15]. Finally, a dose plan is created which targets

the PTV while OAR such as the heart and lungs are spared as much as possible

(Figure 1.1).
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Figure 1.1: Radiotherapy dose plan for the treatment of esophageal cancer. The plan is optimized so
that the PTV (blue delineation) is target, while the surrounding organs at risk (heart: pink, lungs:
green) are spared as much as possible.

This pretreatment dose plan is used throughout the whole treatment period (23

fractions) without adaptations. During these treatment fractions, it is impor-

tant that the patient is positioned in such a way that the daily anatomy resem-

bles the anatomy of the planning CT. To achieve this, imaging with cone-beam

CT (CBCT) is performed for patient setup verification. Although actual tumor

volume-based registration is preferred, this is generally not possible due to the

limited soft-tissue contrast in CT and CBCT. Therefore, a rigid registration of

the bony anatomy (i.e. vertebrae) as a surrogate of tumor position is currently

used [16–18]. After alignment of the anatomy, dose delivery commences, which

takes roughly 4-5 minutes per fraction.

Geometric uncertainties and treatment margins

The esophagus is subject to motion, which can lead to tumor movement over

time. On a short timescale (intrafraction; during treatment) esophageal motion

is mainly caused by breathing motion, while on a longer timescale (interfraction;

between treatment fractions) a change in tumor shape, volume or position can

be observed, caused by changes of the tumor itself or of the surrounding organs,

such as stomach filling [19]. In radiotherapy, it is important to know the loca-

tion of the tumor so that the radiation dose can be administered to the precise

location, while healthy tissue is spared as much as possible. Current state-of-

the-art image guided radiotherapy (IGRT) makes use of computed tomography

(CT) in combination with cone-beam CT (CBCT) imaging [20]. As previously

mentioned, a rigid registration of the bony anatomy is currently used for patient

setup verification. As a result, interfractional tumor position variation relative
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to bony anatomy is currently a dominant uncertainty that has to be taken into

account to ensure adequate target coverage. Irradiation of the last known lo-

cation of the CTV can result in underdosage if the CTV is subject to motion,

deformations and other geometric changes. Various geometric uncertainties are

present in the current workflow and require compensation to ensure accurate dose

delivery. Uncertainties caused by delineation errors, shape, volume and geometric

changes, potential shifts between the tumor and bony anatomy and the influence

of breathing motion can lead to an imperfect dose distribution. An error in the

dose distribution, that persists throughout treatment, could result in an off-target

dose shift, which is undesirable. It is therefore that geometric uncertainties are

accounted for with a treatment margin, expanding the CTV to the PTV, to ensure

adequate target coverage throughout treatment [5–7, 14]. Multiple studies have

reported on the geometric variability of esophageal cancer tumors over the course

of treatment. A generous margin of approximately 10mm in all directions is often

found to be necessary to allow adequate CTV coverage over the course of treat-

ment. A downside of using large margins is an increased PTV volume, which could

lead to a substantial radiation dose to surrounding healthy tissue, often associ-

ated with short-term and long-term cardiac and pulmonary complications [8–12].

It has been suggested that the incorporation of MRI into the radiotherapy work-

flow would bring certainty and quantification of the treatment process as MRI

has superior soft-tissue contrast compared to (CB)CT imaging [21,22]. Improved

imaging quality should reduce some geometric uncertainties, leading to a more

precise irradiation of the targeted volumes, which allows the use of smaller treat-

ment margins or an increase in radiation dose.

MRI guided Radiotherapy

In the last 15 years, Magnetic Resonance Imaging (MRI) has played an increasing

role in radiotherapy. Recently, a combined MRI and linear accelerator (MR-Linac)

has been introduced to the clinic [23, 24]. This combination allows for optimal

target visualization during treatment and creation of a dose plan of the daily

anatomy. With daily imaging, interfraction tumor changes are of no more effect,

potentially allowing the use of smaller treatment margins, which in turn could

reduce OAR toxicity. This is of interest in the radiation treatment of esophageal

cancer tumors, as the heart and lungs are in close proximity of the target vol-

ume. These organs have an increased risk of being subject to radiation induced

toxicity [25]. Furthermore, the precise shape and location of esophageal cancer

tumors can vary between fractions. A change in stomach volume could result in

a change of the PTV, which often extends in the stomach, while position changes

between fractions could lead to a shift of the esophagus. Due to the increased

soft-tissue contrast, these changes are more likely to be noticed with MR-guided
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imaging, in comparison to current CBCT-guided imaging (Figure 1.2) and could

lead to an improved treatment accuracy. Finally, an increased treatment accu-

racy might allow for more individualized treatment approaches, such as additional

treatment intensification (boosting), which could potentially improve tumor con-

trol and treatment outcome.

Figure 1.2: Comparison between CT imaging (left), cone-beam CT (middle) and MRI (right). The
tumor (red line) is clearly visible on MRI, due to the superior soft-tissue contrast.

Thesis Outline

This thesis focuses on an improvement of the radiotherapy treatment of esophageal

cancer by performing accurate CTV-to-PTV treatment margin determination, us-

ing the superior soft-tissue contrast of MRI imaging. Hereby, the aim is to ensure

sufficient target coverage over the course of treatment, while radiation dose to

healthy tissue is as low as possible. Furthermore, this thesis explores the benefits

of adaptive MR-guided radiotherapy for patients with esophageal cancer based on

the “REpeated magnetic resonance imaging in esophageal cancer for Adaptive ra-

diation treatment planning during neoadjuvant ChemoradioTherapy” (REACT)

trial. Analysis of MRI scans obtained during this trial, in which patients un-

derwent six weeks of MRI treatment simulations, while undergoing conventional

neoadjuvant chemoradiotherapy, resulted in chapters 2, 3 4 and 5.

First, the change in tumor volume is evaluated throughout neoadjuvant chemora-

diotherapy in Chapter 2 by comparing weekly delineated MRI scans. The impact

of geometric tumor changes is discussed in Chapter 3, where a full accumulated

dose analysis is performed. Here, we assess the smallest CTV-to-PTV margins for

esophageal cancer radiotherapy that yield full dosimetric coverage over the course

of treatment, using daily online registration to the bony anatomy. Chapter 4

covers the quantification of the geometric coverage probability as a function of
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a preset margin for online MR-guided and (CB)CT-guided radiotherapy to in-

vestigate potential adaptive set-up strategies. The possible dosimetric benefits

of using MR-guided RT over conventional CBCT IGRT are explored in Chap-

ter 5. In this chapter, the difference in dose to the organs-at-risk is compared for

both treatment strategies, while exploring possible boosting strategies for MRgRT

without exceeding conventional dose levels to the OAR.

Subsequently, the first esophageal cancer patients were treated on the MR-Linac in

the UMC Utrecht, as reported in Chapter 6. In this chapter we describe the first

experiences with an adaptive MR-guided workflow for patients with esophageal

cancer. On top of that, Chapter 7 discusses the intrafraction motion of the

aforementioned patients as captured during dose delivery on the MR-linac.

Finally, a summary of the main results and findings in this thesis followed by a

general discussion is presented.
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Chapter 2

Tumor volume regression during

neoadjuvant chemoradiotherapy for

esophageal cancer: a prospective

study with weekly MRI

The following chapter is based on:

IL Defize, MR Boekhoff, AS Borggreve, ALHMW van Lier, N Takahashi, N Haj

Mohammad, JP Ruurda, R van Hillegersberg, S Mook & GJ Meijer

Acta Oncologica (2020) 59:7

doi:10.1080/0284186X.2020.1759819
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Abstract

Background

Neoadjuvant chemoradiotherapy (nCRT) for esophageal cancer causes tumor re-

gression during treatment. Tumor regression can induce changes in the thoracic

anatomy, with smaller target volumes and displacement of organs at risk (OARs)

surrounding the tumor as a result. Adaptation of the radiotherapy treatment plan

according to volumetric changes during treatment might reduce radiation dose to

the OARs, while maintaining adequate target coverage. Data on the magnitude of

the volumetric changes and its impact on the thoracic anatomy is scarce. The aim

of this study was to assess the volumetric changes in the primary tumor during

nCRT for esophageal cancer based on weekly MRI scans.

Material and methods

In this prospective study, patients with adeno- or squamous cell carcinoma of the

esophagus treated with neoadjuvant chemoradiotherapy according to the CROSS

regimen (carboplatin + paclitaxel + 23x1.8Gy) were included. Of each patient,

six sequential MRI scans were acquired: one prior to nCRT, and five in each sub-

sequent week during nCRT. Tumor volumes were delineated on the transversal T2

weighted images by two radiation oncologists. Volumetric changes were analyzed

using linear mixed effects models.

Results

A total of 170 MRI scans from 29 individual patients were included. The mean (±

standard deviation (SD)) tumor volume at baseline was 46 cm3 (± 23). Tumor

volume regression started after the first week of nCRT with a significant decrease

in tumor volumes every subsequent week. A decrease to 42cm3 (91% of initial

volume), 38cm3 (81%), 35cm3 (77%), and 32cm3 (72%) was observed in the

second, third, fourth and fifth week of nCRT, respectively.

Conclusion

Based on weekly MRI scanning during nCRT for esophageal cancer, a considerable

decrease in tumor volume was observed during treatment. Volume regression

and consequential anatomical changes suggest the possible benefit of adaptive

radiotherapy.
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Introduction

Neoadjuvant chemoradiotherapy (nCRT) followed by esophagectomy is the stan-

dard of care for esophageal cancer patients treated with curative intent [2]. One

of the key aims of nCRT is to downsize the primary tumor, which increases the

probability of a radical resection [3]. Downsizing – or tumor volume regression

– induces changes in the thoracic anatomy of a patient during nCRT [4]. These

changes might cause initial radiotherapy plans to become inaccurate, leading to

an increased radiation dose to the surrounding organs at risk and subsequent

toxicity [13]. To prevent an increase in toxicity caused by changes in anatomi-

cal configuration during nCRT, adaption of the initial radiation plan might be

considered [26–28]. Additional imaging and plan adaptation is a costly and time

consuming process and its added value in esophageal cancer has not yet been

established [29]. Therefore, insight in the magnitude of volumetric changes and

the impact on the thoracic anatomy is needed. In addition, knowledge of patient

and tumor characteristics (e.g. histopathology) that might influence volumetric

changes is essential to identify patients who might benefit from adaptive radio-

therapy. Previous studies assessing volumetric changes in esophageal cancer with

4D-computed tomography before nCRT, after 10 fractions and after 20 fractions

reported significant tumor regression at both follow-up time points [30,31]. Stud-

ies on weekly changes during nCRT for esophageal cancer are lacking, but could

provide insight in determining the added value of adaptive radiotherapy. In com-

parison with CT imaging, magnetic resonance imaging (MRI) provides superior

soft tissue contrast which facilitates accurate tumor segmentation without addi-

tional exposure to radiation. Therefore, the primary aim of this study was to

assess the volumetric changes in the primary tumor during nCRT for esophageal

cancer with weekly MRI. In addition, patient and tumor characteristics that might

influence tumor regression were explored.

Methods

This single center, prospective cohort study was approved by the institutional

review board of the University Medical Center Utrecht (protocol ID 15-340). In-

formed consent was signed by all participants.

Study population

Patients with histologically confirmed adeno- or squamous cell carcinoma of the

esophagus treated with neoadjuvant chemoradiotherapy between December 2015

and April 2018 were eligible for inclusion. Exclusion criteria for enrollment in the
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study were age <18 years, previous treatment with thoracic surgery or thoracic

radiotherapy, and contraindications for MRI. Routine diagnostic work-up of all

patients for clinical staging consisted of an endoscopy with biopsy and a PET-CT

scan.

Neoadjuvant Chemoradiotherapy

The nCRT regimen consisted of weekly intravenous administration of carboplatin

AUC (area under the curve) 2 and paclitaxel 50 mg/m2 for 5 weeks with concur-

rent radiation therapy (41.4 Gy in 23 fractions of 1.8 Gy) [32]. Volumetric arc

therapy based on 3D planning CT was used for treatment planning and delivery.

Contouring of the gross tumor volume (GTV) was performed based on the results

of the endoscopy and PET-CT imaging. The clinical target volume (CTV) was

defined by an extension of 3 cm of the GTV in cranial and caudal direction along

the esophageal tract, or by 2 cm in caudal direction in cases where the CTV

extended in the stomach, as well as an extension of 0.5 cm in circumferential di-

rection without violation of the anatomical boundaries of the surrounding organs.

The planning target volume (PTV) margin was 1 cm isotropically.

Magnetic Resonance Imaging

Six MRI scans were scheduled for all patients. One baseline MRI scan was per-

formed prior to nCRT (mean ±SD; 5 days ±3 days) in addition to the routine

diagnostic work-up. Subsequently, 5 additional MRI scans were scheduled during

each week of nCRT. Images were acquired on a 1.5T Philips Ingenia (Best, the

Netherlands), using anterior/posterior (28 channel) receive coils. Patients were

positioned in supine position with both arms next to the body. Respiratory-

triggered transversal and sagittal anatomical T2-weighted scans (T2W) were ac-

quired with a multi-slice turbo spin echo sequence in the first 19 patients (TR/TE

= 1604/100ms and 1431/100ms, resolution = 0.67x0.67x6.48mm3 and 4.4x0.7x0.7mm3,

for transversal and sagittal scans, respectively). From the 20th patient onwards,

respiratory-triggered sagittal and transversal anatomical T2W MultiVane XD

(MVXD) scans were acquired instead of the previously mentioned scans, as these

scans demonstrated improved image quality (TR/TE = 2039/100ms and 2243/100ms,

resolution = 0.62x0.62x3.00mm3 and 3.00x0.63x0.63mm3, for transversal and

sagittal scans, respectively).

Delineations on MRI

The GTV of the primary tumor was delineated on the transversal T2-weighted

images for every MRI scan by a trained radiation oncologist (NT) and reviewed

by a dedicated gastro-intestinal radiation oncologist (SM). The initial GTVs were

delineated on the first T2 weighted MRI, taking into account information from the
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PET-CT and endoscopy acquired in the standard diagnostic work-up. Subsequent

GTVs were propagated from the previous scan and adapted based on the tumor

volume on the transversal and sagittal T2-weighted images. Any disagreements

were solved through discussion. Contouring and subsequent image analyses were

performed with in-house developed software (Volumetool) [33].

Statistical analysis

Patient and tumor characteristics were described as counts with percentages,

mean with standard deviation, or median with range where appropriate. Vol-

umetric changes over time (i.e. during nCRT) were analyzed using linear mixed

models to account for repeated measures. Two models were fitted to analyze

the effect of histopathology (i.e. SCC vs. adenocarcinoma) and baseline tumor

volume (i.e. smaller vs. larger tumors) on the volumetric changes. To assess the

effect of histopathology the following model was fitted; relative tumor volume as

a function of scan moment (time variable), histopathology and their interaction

whilst correcting for age, sex, N-status, and baseline tumor volume. To analyze

the effect of baseline tumor volume the included patients were divided into two

groups (1) patients with baseline tumor volumes below the total group median (i.e.

smaller tumors) (2) patients with baseline tumor volume above the total group

median (i.e. larger tumors). Relative tumor volume was fitted as a function of

scan moment (time variable), baseline tumor volume (smaller vs. larger tumors)

and their interaction whilst correcting for age, sex, N-status, and histopathol-

ogy. Since relative tumor volume was used as outcome of the linear mixed effects

models, the models were fitted with random slopes only. An autoregressive cor-

relation structure of the first order was used to account for the assumption that

repeated measurements of tumor volume at small intervals have a stronger cor-

relation then measurements at larger intervals. Results were presented as mean

differences (MD) with 95% confidence intervals. The level of significance was set

at p<0.05. All statistical analyses were performed using SPSS Statistics version

23 (IBM Corp., Armonk, NY, USA) and R Core Team (2020) [34].
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Characteristics

Full cohort

(n=29)

Age at start of nCRT (range) 65 (46-77)

Sex
Male 26 (87%)

Female 3 (13%)

Histopathology (based on biopsy)a
Squamous cell carcinoma 8 (28%)

Adenocarcinoma 21 (72%)

Clinical T stageb T2 2 (7%)

T3 27 (93%)

Clinical N stageb

N0 9 (31%)

N1 14 (48%)

N2 5 (17%)

N3 1 (3%)

Tumor locationc

Middle 1/3 1 (3%)

Lower 1/3 25 (86%)

GEJ 3 (10%)

Mean tumor volume at baseline (cm3) 46 (11-104)

nCRT completed 29 (100%)

a: Determined in pre-treatment biopsy

b: Based on the 7th edition of the American Joint Committee in Cancer (AJCC) [35]

c: Determined with diagnostic endoscopy and PET-CT; nCRT: neoadjuvant chemoradiotherapy.

Table 2.1: Patient and tumor characteristics of the study population.

Baseline 1st 2nd 3rd 4th 5th

Mean treatment time at scan (days(±)) -5(3) 2 (3) 9(3) 16(2) 23(2) 30(2)

Mean GTV (cm3 (range)) 45.4 (11 – 104) 45. 5 (9 – 107) 41.5 (8 – 84) 37.6 (8 – 80) 35.2 (8 – 74) 32.3 (8 – 69)

GTV relative to baseline (%(range)) 100 98.9 (70 – 119) 90.8 (74 – 107)* 81.4 (58 – 101)* 76.6 (44 – 106)* 72 (34 – 116)*

Mean time between scans - 8 7 7 7 7

No. of scans 29 29 29 28 28 27

*p<0.05, statistically significant difference in tumor volume compared to the tumor volume at previous scan; Linear

Mixed Effects Model. The minus symbol indicates a time point prior to the start of neoadjuvant chemoradiotherapy.

TV; tumor volume.

Table 2.2: Mean absolute and relative tumor volume in each week of neoadjuvant chemoradiotherapy.
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Results

Study population

A total of 32 patients with 184 MRI scans were included in the original study

population. Three patients were excluded based on primary tumor histology

other than adeno- or squamous cell carcinoma, a small tumor volume (<5cm3) at

baseline impeding accurate image analysis and not completing the chemotherapy

due to patients request. For the final analysis a total of 170 MRI scans of 29

patients were included. Due to patients request, not all patients underwent all

six MRI scans resulting in a total of four missing scans in three patients (week

3-5 of nCRT). The final study population had a mean (± SD) age of 65 years

(± 8) and 26 (87%) were men. Most patients (72%) had a histologically proven

adenocarcinoma in a cT3 stage (93%) with clinically suspected nodal metastases

(69%). The initial GTV had a mean (± SD) volume of 45 cm3 (± 23) and

ranged from 11 to 104 cm3. All included patients completed the neoadjuvant

chemoradiotherapy. A complete overview of patient and tumor characteristics is

presented in Table 2.1.

Volumetric changes during nCRT

Between the baseline scan and the scan during the first week of nCRT an increase

in tumor volume was observed in 16 (55%) patients. Tumor volume started to

regress significantly, compared to the previous week, from the second week of

nCRT onwards. A decrease to 42cm3 (91% of initial volume), 38cm3 (81%),

35cm3 (77%), and 32cm3 (72%) was observed in the second, third, fourth and

fifth week of nCRT, respectively (Table 2.2). A spaghetti plot with the absolute

and relative volumetric changes for each patient during nCRT, as well as the

group mean, is depicted in Figure 2.1.

Histopathology

Correcting for age, sex, N-stage and baseline tumor volume, no statistical signifi-

cant difference in tumor volumes between patients with SCC and adenocarcinoma

was assessed during nCRT. This suggests that SCCs and adenocarcinomas follow

a comparable regression pattern. The largest mean difference was 12% (95% CI;

-0.3;24) and was observed in the fourth week of nCRT. A complete overview of

the results of this linear mixed effects model is provided in Table 2.3.
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Figure 2.1: Absolute and relative tumor volumes (GTV) over the course of nCRT for each individual
patient (red line) as well as the mean (black line). The relative tumor volume at each time point
was calculated compared to baseline.
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Baseline tumor volume

The largest mean difference of 2.7% (95% CI; -13.8;8.4) in tumor volume be-

tween the group with the smaller tumors and the group with the larger tumor

was observed in the fourth week of nCRT. Correcting for age, sex, N-stage and

histopathology statistical significant differences were not observed. These results

indicate that larger and smaller tumors follow a comparable regression pattern

during nCRT. A complete overview of the results of this linear mixed effects model

is provided in Table 2.3.

Volumetric and anatomical changes on MRI

Tumor volume regression and changes in thoracic anatomy were clearly visible

on the MRI scans (Figure 2.2 and Figure 2.3). Tumor volume regression often

resulted in movement of the heart dorsally towards the spine and into the initial

GTV, which was more prominent in a patient with a tumor of the middle 1/3 of

the esophagus located behind the heart (Figure 2.3A). Nevertheless, in a patient

with a tumor of the lower 1/3 of the esophagus the heart moved into the baseline

GTV as well (Figure 2.3B).

Figure 2.2: Visual representation of tumor volume (light blue contour) regression during 5 weeks of
neoadjuvant chemoradiotherapy in a patient with a cT3N2M0 adenocarcinoma of the lower 1/3 of
the esophagus (sagittal T2-weighted images).
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Discussion

This study aimed at assessing weekly changes in tumor volume during nCRT for

esophageal cancer. Our findings demonstrated a tumor volume regression of 28%

after five weeks of nCRT, starting after the first week of treatment. Volumetric

changes were not statistically significantly influenced by histopathology and tu-

mor volume at baseline during the course of neoadjuvant treatment. . This is the

first study that reports volumetric changes during nCRT for esophageal cancer at

weekly intervals based on MRI. Previous imaging studies focusing on esophageal

tumor volume regression during nCRT on CT reported a volume regression of

10% after 10 fractions and 25% after 20 fractions [30, 31]. These results are in

line with the results of the current study. Additionally, due the weekly scans

and volumetric assessment we were able to accurately assess the rate and pat-

tern of tumor volume regression and its effect on the anatomical configuration.

The changes in the anatomical configuration of the thoracic region are substan-

tial during nCRT for esophageal cancer. Due to tumor volume regression, organs

at risk (OARs), and especially the heart, could move into the initial GTV. This

increases the radiation dose to the heart and thereby the probability of cardiac

toxicity. Clinically relevant short- and long-term effects of cardiac toxicity fol-

lowing nCRT for esophageal cancer such as pericardial effusion, ischemic events

and heart failure have been reported [36]. More recently, Johnson-Hart et al.

demonstrated that image-guided radiotherapy (IGRT) shifts significantly corre-

late with survival [25]. They found that patients who have a mean residual shift

towards the heart have a worse prognosis compared to those who have a mean

shift away from the heart. This effect was observed in both esophageal cancer

and lung cancer cohorts, underlining the importance of minimizing the radiation

dose to the heart. The possible increase in dose to OARs due to tumor regression

could be prevented by adapting initial radiation plans during nCRT. In order to

contain costs and workload, defining the optimal timing for adaptation of radia-

tion treatment plans is important. The observed regression pattern throughout

nCRT in the current study suggests the optimal time point for plan adaptation

could well be halfway treatment. At this time point significant tumor volume

regression has taken place but also enough time remains for the patient to ben-

efit from the re-optimized plan with better sparing of the heart. Dose reduction

to the OARs would be the primary aim of adaptive radiotherapy as it seems

that an adequate target coverage is maintained during nCRT. To analyze this

hypothesis future dosimetric studies should be performed. In the current study

we also investigated whether patient and tumor characteristics had an impact on

the volumetric changes observed during nCRT. In our analysis, after correcting

for covariates, we found the largest difference (11.9% (95% CI;-0.3;24)) in tumor
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volume between SCC and adenocarcinoma in the fourth week of nCRT, however,

no statistically significant differences were found. For baseline tumor volume the

largest difference (2.7% (95% CI; -13.8;8.4))between smaller tumors and larger

tumor was observed in the fourth week of treatment, again no statistical signifi-

cant differences were found. These results suggest that the effect of these tumor

characteristics on the volumetric changes during nCRT might be marginal. It has

to be taken into account that this is possibly due to the limited number of patients

in the current analysis. As aforementioned, some limitations apply to the current

study. First, due to the small number of patients, both the results of the analysis

for histopathology and baseline tumor volume should be interpreted with caution.

Due to the homogeneity of our study population in terms of clinical T-stage and

tumor location, we were not able to assess the impact of these covariates in our

analysis. Studies in larger and more heterogeneous patient groups are warranted

to be able to accurately identify patient and tumor characteristics that influence

volumetric changes in order to select patients that might benefit from adaptive

radiotherapy. Besides the small sample size, the manual delineations on MRI

could be considered as a limitation of this study. Literature on the accuracy of

delineating on MRI for esophageal cancer is scarce. However, a recent report has

shown promising results in terms of the feasibility and interobserver variability

in delineation of esophageal cancer on MRI compared to FDG-PET/CT [37]. In

conclusion, this study demonstrated a decrease in tumor volume during nCRT

for esophageal cancer observed with weekly MRI. Volume regression and conse-

quential anatomical changes were considerable, which suggest the possible benefit

of adapting radiation treatment plans during nCRT. This report should act as

an incentive to further investigate the added value of adaptive radiotherapy for

esophageal cancer.
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Figure 2.3: Anatomical changes due to volume regression in two patients. A: Patient with a cT3N1M0
squamous cell carcinoma of the middle 1/3 of the esophagus. B: Patient with a cT3N2M0 adeno-
carcinoma of the lower 1/3 of the esophagus (sagittal T2-weighted images). Red line, tumor volume
at baseline; light blue line, tumor volume in the fifth week of nCRT; dotted white line, dorsal border
of the heart and pulmonary veins ; yellow area, heart and pulmonary veins.
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Abstract

Purpose

This study aimed to assess the smallest clinical target volume (CTV) to planned

target volume (PTV) margins for esophageal cancer radiotherapy using daily on-

line registration to the bony anatomy that yield full dosimetric coverage over the

course of treatment.

Methods

29 esophageal cancer patients underwent six T2-weighted MRI scans at weekly

intervals. An online bone-match image-guided radiotherapy treatment of five frac-

tions was simulated for each patient. Multiple conformal treatment plans with

increasing margins around the CTV were created for each patient. Then, the

dose was warped to obtain an accumulated dose per simulated fraction. Full tar-

get coverage by 95% of the prescribed dose was assessed as a function of margin

expansion in six directions. If target coverage in a single direction was accom-

plished, then the respective margin remained fixed for the subsequent dose plans.

Margins in uncovered directions were increased in a new dose plan until full target

coverage was achieved.

Results

The smallest set of CTV-to-PTV margins that yielded full dosimetric CTV cov-

erage was 8mm in posterior and right direction, 9mm in anterior and cranial

direction and 10mm in left and caudal direction for 27 out of 29 patients. In two

patients the curvature of the esophagus considerably changed between fractions,

which required a 17 and 23 mm margin in right direction.

Conclusion

Accumulated dose analysis revealed that CTV-to-PTV treatment margins of 8, 9

and 10 mm in posterior & right, anterior & cranial and left & caudal direction,

respectively, are sufficient to account for interfraction tumor variations over the

course of treatment when applying a daily online bone match. However, two

patients with extreme esophageal interfraction motion were insufficiently covered

with these margins and were identified as patients requiring replanning to achieve

full target coverage.
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Introduction

Esophageal cancer is the eight most prevalent cancer worldwide. Multimodal

treatment strategies comprising neoadjuvant chemoradiotherapy plus surgery or

definitive chemoradiotherapy have improved survival of patients with locally ad-

vanced esophageal cancer [2,38,39]. Irradiation of esophageal cancer often comes

with large clinical target volumes (CTVs) with complex shapes to secure optimal

dose delivery to all tumor cells. Image-guided radiation therapy (IGRT) allows

rigid alignment of the bony anatomy on kilo-/megavoltage cone-beam CT (CBCT)

or 2D fluoroscopy images with the 3-dimensional (3D) planning computed tomog-

raphy before radiation dose delivery [16, 40–43]. However, considerable residual

geometrical uncertainties due to interfraction tumor position variation and shape

changes require the use of treatment margins to establish sufficient coverage of

the CTV over the course of treatment. Many studies have investigated these

geometrical uncertainties in order to quantify the associated CTV-to-Planning

Target Volume (PTV) margins with the use of repetitive CT, CBCT or Magnetic

Resonance Imaging (MRI) over the course of treatment [5–7, 40, 42, 44–47]. Of

particular interest are the recent studies that reported on the inter- and intrafrac-

tion displacement on CBCTs of fiducial markers that were endoscopically placed

at some anchor points in the tumor [5–7]. Here, the marker movements were

used as a surrogate for the gross tumor volume (GTV) and CTV displacements

as generally the 3D anatomy of the CTV cannot be adequately segmented on

the CBCT. Based on these displacements, the well-known margin recipe of van

Herk et al. was used to derive margins for various set-up strategies [14]. For

the most commonly employed set-up strategy, i.e. daily alignment to the bony

anatomy (predominantly vertebrae), these studies concluded that large margins

are required. Although these studies reported sound and reproducible data on the

interfraction motion of the markers, the ensuing CTV-to-PTV margins using the

‘van Herk’-recipe could be biased for a number of reasons. First, the margin recipe

assumes rigid movements of the entire CTV, whereas the CTV interfraction vari-

ation is often characterized by shape changes. Second, the markers were sampled

over the tumor (GTV) and not over the CTV which may lead to different motion

characteristics. Thirdly, the margin recipe assumes perfect conformity at every

surface element of the PTV surface often in conjunction with steep dose gradients

outside the PTV. Aim of the current report was to overcome these aforementioned

limitations by doing a full dosimetric assessment in a cohort of esophageal cancer

patients and to assess the smallest CTV-to-PTV margins that yield full target

coverage in a virtual daily online bone match image-guided treatment series using

five weekly acquired MRI scans as treatment samples. By doing so, not only the

dosimetric impact of day-to-day translations of the tumor itself is accounted for,
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but also the dosimetric effects of all morphologic changes (e.g tumor regression)

over the course of treatment are incorporated.

Methods

Patient inclusion

A total of thirty-two patients with histopathologically confirmed esophageal can-

cer who were scheduled to undergo neoadjuvant chemoradiotherapy according to

the CROSS regimen (23 fractions of 1.8 Gy with concurrent carboplatin/paclitaxel3)

were included in this single-center prospective cohort study between December

2015 and April 2018. Exclusion criteria for enrollment in the study were age <18

years, previous thoracic surgery or thoracic radiotherapy, and contraindications

for MRI. The study was approved by the institutional review board of the Univer-

sity Medical Center Utrecht (protocol ID 15-340). All participants provided writ-

ten informed consent. In our previous paper, we reported on the isotropic margins

required for geometric target coverage for a bone match setup and a rigid tumor

registration setup for individual fractions for these patients 16. In the current

work, we assessed the treatment margins in all directions which yielded sufficient

target coverage for a whole treatment, based on a full accumulated dosimetric

analysis.

Image acquisition

Each patient underwent six times T2-weighted MRI scans, one prior to treat-

ment and five times during neoadjuvant chemoradiotherapy at weekly intervals.

Images were acquired on a 1.5T Philips Ingenia (Best, the Netherlands), using an-

terior/posterior (28 channel) receive coils. Patients were positioned in supine po-

sition with both arms next to the body for increased patient comfort during MRI

scanning, in contrary to positioning during a conventional treatment session, when

arms are positioned above the head. Respiratory-triggered transversal and sagittal

anatomical T2-weighted scans (T2W) were acquired with a multi-slice turbo spin

echo sequence in the first 19 patients (TR/TE = 1604/100ms and 1431/100ms,

resolution = 0.67x0.67x6.48mm3 and 4.4x0.7x0.7mm3, for transversal and sagittal

scans, respectively). From the 20th patient onwards, respiratory-triggered sagit-

tal and transversal T2W MultiVane XD (MVXD) scans were acquired instead

of the previously mentioned scans, as these scans demonstrated improved image

quality (TR/TE = 2039/100ms and 2243/100ms, resolution = 0.62x0.62x3.0mm3

and 3.0x0.63x0.63mm3, for transversal and sagittal scans, respectively).
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Delineations

A certified radiation oncologist (N.T.) delineated the GTV on each MRI which

was subsequently reviewed by a radiation oncologist specialized in upper gastroin-

testinal malignancies (S.M.). Any disagreements were solved through a consensus

discussion. Next, the CTV was created using a margin of 0.5 cm around the GTV

in the left, right, anterior and posterior directions (excluding the heart, large ves-

sels, trachea, bronchial tree and lungs), 3 cm in cranial direction and 2 or 3 cm

caudally (2 cm in case of tumor extension in the stomach).

Treatment simulation

An online bone-match IGRT treatment of five fractions was simulated for each

patient. The first MRI scan was used as a reference scan and the five follow-up

scans were used as individual samples of the patient’s anatomy over the course of

treatment. The reference MRI was rigidly aligned, based on a bone match, to the

clinical planning CT, which was acquired on the same day as the reference MRI

scan. Then, the CTV of the reference MRI was projected on the structure set of

the planning CT, which consisted of organs at risk. These steps were necessary

so that density information of the CT could be used in subsequent treatment

planning. For every patient single full arc Volumetric-Modulated Arc (VMAT)

plans with varying CTV-to-PTV margins were generated using the autoplanning

module of the Pinnacle 16.2 treatment planning system, (Koninklijke Philips NV,

Eindhoven, The Netherlands). The reason for using the Pinnacle system instead

of the Monaco 5.40.01 treatment planning system (Elekta AB, Stockholm, Swe-

den) that we clinically use, was that the advanced scripting and autoplanning

capabilities required for this study, were not yet available in the Monaco system

at the time of this research. The target dose to the PTV was set to 41.4 Gy at

23 fractions (1.8Gy/fraction), whereas the optimization goals in the autoplanning

toolkit were set to a mean lung dose <4.2 Gy (high priority) and a mean heart

dose <10Gy (medium priority). Additional auxiliary structures were automati-

cally generated to achieve a high 3D-conformity of the 95% isodose surface with

respect to the PTV, as loose 95% isodose surfaces could yield an underestima-

tion of the final margins in this study. For each plan, an online IGRT treatment

was simulated by rigidly projecting the planned dose distributions on the follow-

up scans by a bone-match registration (Figure 3.1). As patient positioning and

alignment on the MRI scanner was less thoroughly performed (without laser guid-

ance) than typically at the treatment unit, translational registrations based on the

bony anatomy between the follow-up MRI and reference MRI could not directly

be used for the treatment simulation, since this would result in an overestimated

residual rotation. Therefore a multi-step registration was performed to simulate
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patient positioning on a conventional treatment system. First, to adjust for the

overestimated residual rotation, follow-up MRI scans were rigidly aligned (trans-

lations and rotations allowed) to the reference MRI scan based on grey values in

a box around the vertebrae, located over the length of the tumor (typically four

or five vertebrae), using the Elastix toolbox [48]. Then, a rotation correction was

added to mimic a realistic rotational misalignment. The rotation correction was

obtained from the rotational error of the clinical treatment fraction of the corre-

sponding day of MRI acquisition measured with X-ray volume imaging software

(Elekta AB, Stockholm, Sweden).

Figure 3.1: Schematic illustration of the registration steps applied to simulate an online IGRT set-
up procedure based on bony anatomy alignment (Step 1 and 2) followed by a two-step non-rigid
deformable image registration used to accurately register the voxels from the follow-up scan to the
reference scan in order to obtain an accumulated dose. First, a whole body grey-value registration
(mutual information metric) was applied in combination with a bending penalty metric (Step 3).
The second step consisted of a mask match of the delineated CTVs were the previous step was
used as initial transform (Step 4). The deformation vector field is the combination of both non-rigid
deformable image registration steps (Steps 3+4). The blue panels depict the follow-up scan after
each registration step. In the green panels a sagittal view of the CTV and vertebrae of the reference
scan is depicted. The dashed blue structure in the reference scan refers to the propagated CTV from
the follow-up scan.
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After the rigid alignment and rotation correction we assumed that the patient’s

anatomy was representative of positioning on a conventional treatment system.

Next, each projected dose distribution on the follow-up scans was non-rigidly

warped to the reference scan. For this, a two-step non-rigid B-spline image regis-

tration from the Elastix toolbox was used to accurately register the voxels from

the follow-up scan to the reference scan for both the transversal and sagittal scans.

First, a whole body grey-value registration (mutual information metric) was ap-

plied in combination with a bending penalty metric. To ensure correct mapping

of the CTV a second registration step was performed. The second registration

step consisted of a mask match of the delineated CTVs (kappa statistic metric),

which again was also combined with a bending penalty metric . Subsequently,

the deformation vector field (DVF) was applied to the projected dose to obtain

the ‘delivered’ dose per fraction (Figure 3.2). All warped dose distributions of

the follow-up scans were summed and projected on the reference scan to obtain

a surrogate of the total accumulated/delivered dose distribution for each patient.

The accuracy of the deformable registration was determined by calculating the

dice coefficient between a warped mask of the follow-up CTV and the mask of

the reference CTV.

Figure 3.2: Schematic overview of dose warp and coverage analysis of a simulated treatment. First,
a dose plan with 0mm CTV-to-PTV margins in all directions was created (A) based on the delineated
CTV (blue delineations) in the baseline scan. Then, the dose was rigidly projected on the follow-up
fractions (B). Here, the daily CTVs are shown by the green delineations. The deformation vector
field, obtained from deformable image registration, was applied on the projected doses and resulted
in a warped dose per fraction (C). These warped doses were summed to obtain the total accumulated
dose over the course of treatment for a treatment plan with 0mm margins (D). Coverage analysis
of the CTV by 95% of the prescribed dose indicated whether a direction was required an additional
margin or not (E). Given an uncovered direction, the CTV-to-PTV margin in that direction was
increased with +1mm and steps A-E are repeated with a new dose plan.
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PTV margin determination

In the search for the smallest set of anisotropic CTV-to-PTV margins that yield

full target coverage for all patients an iterative loop was initiated. Starting point

was the dosimetric assessment of the accumulated dose of 0-mm plans where the

PTV coincides with the CTV for all patients. For each direction the fraction of

patients who obtained full coverage in this direction was assessed. In the next

iteration the margin for each of the six main directions was increased with 1

millimeter if target coverage was not achieved in the direction in question for at

least one patient. If target coverage in a single direction was accomplished for

all patients, then the respective margin remained fixed for the subsequent dose

plans.

Results

A total of 32 patients with newly diagnosed esophageal cancer were enrolled in this

prospective study. Two patients were excluded based on a limited field of view in

the cranial caudal direction on the reference scan and one because of withdrawal

from study participation. Of the remaining 29 patients, three patients requested

cancellation of a follow-up scan and 5 transversal follow-up scans were excluded

based on a limited field of view in the cranial-caudal direction and 11 sagittal

follow-up scans were excluded based on a limited field of view in the left-right

direction. The final study population consisted of 29 patients who underwent a

total of 140 transversal and 134 sagittal follow-up scans. Baseline patient and

tumor characteristics are presented in Table 3.1. For all treatment plans the

autoplanning module yielded very conformal dose distributions. The volume of

the 95% isodose surfaces was on average only 14% larger than the PTV volume,

which corresponded to an average distance of 1.5 mm between the PTV surface

and the 95% isodose surface. This high conformity could generally be achieved

without sacrificing any PTV coverage. The median V95 was 99.2% and the 25%

and 75% interquartile ranges were 98.5 and 99.8, respectively.
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Full cohort (n=32)

Characteristics n (%)

Age at diagnosis (years), mean (range) 65 (46-77)

Sex

Male 28 87.5

Female 4 12.5

Tumor Location

Proximal esophagus 0 0

Middle esophagus 2 6

Distal esophagus 27 84

Gastroesophageal junction (GEJ) 3 10

Clinical T stage*

cT2 2 6

cT3 30 94

Clinical N stage*

cN0 9 28

cN1 17 53

cN2 5 16

cN3 1 3

Histology

Squamous cell carcinoma 9 28

Adenocarcinoma 22 69

Other 1 3
* Clinical and histopathologic T- and N- stage are based on UICC TNM 7th edition.

Table 3.1: Clinical characteristics of the study population.

The average dice coefficient of the warped CTVs was 0.91 ± 0.02 and 0.92 ±

0.02 for transversal and sagittal registrations, respectively. Further visual inspec-

tion of all registered images revealed no abnormalities in surrounding tissue (i.e.

deformed vertebrae or aorta). As anticipated, at a 0-mm CTV-to-PTV margin

underdosing of the CTV occurred in all directions for all patients. The only ex-

ception here was patient 2 where the minimum dose of all caudal CTV voxels

remained above the 95% prescription dose threshold after the dose warping pro-

cedure. Increase of the CTV-to-PTV margin resulted in an increase of target

coverage and an isotropic margin of 5 mm yielded full dosimetric CTV cover-

age for 31% of the patients, whereas an isotropic 8-mm margin resulted in full
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coverage for 83% of the patients (Figure 3.3).

Figure 3.3: Percentage of patients where the CTV is fully covered in all directions on all fractions
when an isotropic margin around the CTV is used.

In Table 3.3 the anisotropic margins that would yield full dosimetric CTV coverage

are listed for each individual patient. The smallest set of CTV-to-PTV margins

that yielded full dosimetric CTV coverage in 27 out of 29 patients was 8 mm in

the posterior and right direction, 9 mm in the anterior and cranial direction and

10 mm in the left and caudal direction (Figure 3.4 & 3.5).

In two patients (patients 12 and 15) the curvature of the esophagus considerably

changed over the course of treatment. In both patients the esophageal tract at the

level of the heart was located left from the midline at the reference scan, however

after two weeks of treatment this tract moved entirely over the midline in the

right direction. In patient 15 this change was permanent, whereas in patient 12

the tract moved back to its original position in week 4 (Figure 3.6). Subanalysis

revealed that for patient 12 a margin of 17 mm in the right direction was required

to assure adequate CTV coverage whereas for patient 15 an even larger margin

of 23 mm was needed.
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Figure 3.4: CTV covered per CTV-to-PTV margin for each direction. Posterior and right direction
require a margin of 8mm, cranial and anterior direction need a 9mm margin and left and caudal
direction requires a margin of 10mm for full CTV coverage in 27 out of 29 patients.

Figure 3.5: Patients covered per CTV-to-PTV margin for each direction. Cranial direction required
a 9 mm margin, left, posterior, anterior and caudal directions required a margin of 10 mm and right
direction required a margin of 23 mm to achieve full target coverage for all 29 patients.
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Figure 3.6: Example of a significant change in curvature of the esophageal tract over the course of
treatment. This was clinically of concern as these tumor (red) shape changes remained unnoticed
during our clinical CBCT procedures (top panels), although very evident on MRI (middle and bottom
panels). Here, for patient 12 and 15, the esophageal tract was located left from the midline at the
reference scan (left panels) at the level of the heart (patient 15, middle panel), however after two
weeks of treatment this tract moved entirely over the midline in the right direction (right panel).
The change in curvature occurs above the gastroesophageal junction (patient 12, bottom panel).
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Discussion

In this study the dosimetric target coverage was assessed in a cohort of esophageal

cancer patients where each patient was virtually treated with a 5-fraction radio-

therapy regimen using an online bone match. Accumulated dose analysis via dose

warping after MR image registration was used to establish adequate CTV-to-

PTV margins. Two patients revealed a very mobile esophagus where part of the

esophageal tract crossed the midline of the patient during treatment at the level of

the heart, whereas the cardia remained in place. This was quite remarkable as the

left-right movement was generally modest in the remaining patients. The move-

ments in these patients were quite substantial and only a local PTV margin in

the right direction of 23 mm could dosimetrically absorb this deformation when

aligning these patients to the bony anatomy. This was clinically of concern as

these shape changes, although very evident on MRI, remained unnoticed during

our clinical CBCT procedures (see Figure 3.6) and only fiducial markers might

have helped us identifying these patients. If we consider the two patients with

the extreme mobile esophagus as outliers then our analysis revealed that CTV-

to-PTV margins of 8 mm in posterior and right, 9 mm in anterior and cranial

and 10 mm in left and caudal direction are required to ensure adequate target

coverage in 27 out of 29 patients. Smallest margins were observed in the posterior

and right direction. This could partly be explained by the shape of the CTV and

its anatomical orientation with respect to the vertebrae. In most patients, large

parts of the CTV posteriorly lie adjacent to the vertebrae and therefore motion

in this direction is physically hampered. Largest margins were needed in the left

and caudal direction, which was related to typical caudal curvature of the esoph-

agus towards the stomach and variations in stomach filling in this patient cohort.

Previously published studies on CTV-to-PTV margins for esophageal cancer -

based on the relative motion statistics of implanted gold markers in combination

with the ’van Herk’-recipe - reported comparable anistropic margins for the three

main directions. Substantial marker position variability with respect to the bony

anatomy has been reported by Voncken et al. yielding PTV margins of 10, 13

and 7 mm in LR, CC and AP direction, respectively [7]. Similarly, Jin et al.

reported that a margin of 9 mm in LR direction, 12 mm in CC direction and 7

mm in AP direction should provide sufficient target coverage [5]. Hoffmann et

al. reported similar anisotropic margins of 9, 11 and 7 mm in LR, CC and AP

directions, respectively [6]. Our findings are to a large extent in agreement with

these previously reported margins (Table 3.2).
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Patients Left (mm) Right (mm) Cranial (mm) Caudal (mm) Posterior (mm) Anterior (mm)

This work 27 out of 29 10 8 9 10 8 9

Jin et al. [5] 24 9 9 12 12 7 7

Hoffmann et al. [6] 21 9 9 11 11 7 7

Voncken et al. [7] 56 10 10 13 13 7 7

Table 3.2: Comparison of CTV-to-PTV margins as assessed in our study with other publications.

However, we found smaller CC margins and slightly larger AP margins. A pos-

sible explanation for the smaller CC margins could be that the CC motion of

the markers (placed in or close to the tumor) could largely be compensated for

by AP and LR margins of surrounding CTV tissue, which typically extends in

the CC direction due to the shape of the esophagus. In contrast to the marker

studies, we were able to independently quantify CTV-to-PTV margins required to

compensate for interfraction motion in all 6 main directions by sampling the full

CTV surface. As a result, we found larger margins in left, caudal and anterior di-

rection, which are mainly associated with the changes in stomach volume. These

variations would remain unseen in marker studies which only give point-based

motion measurements. It should be noted that in our patient cohort 30 of 32 pa-

tients had a distal esophageal tumor or a tumor at the gastroesophageal junction

and as a consequence the CTV includes the proximal stomach in most patients.

This means that potentially smaller margins could be applied for patients with

proximal tumors where the caudal part of the CTV does not extend beyond the

gastro-esophageal junction. Our study has a few weaknesses. First, due to the

use of respiratory triggering, imaging is frozen at a near expiration state, while

cardiac motion was not or partly (MVXD images) corrected for which leads to

slight image blurring. However, this cyclic intrafraction motion leads only to a

slight dose blurring and therefore we believe has a minimal effect on the total

required margin [6]. Second, because of respiratory-triggered scans, intrafraction

motion during dose delivery has not been taken into account. However, we believe

that the impact of the intrafraction motion on the CTV-to-PTV margin will be

modest. The respiratory motion will generally cause a blurring of the dose in

predominantly the CC direction which could only yield a modest increase of the

margin of 1.6 mm or less [6]. In addition, we also believe that the impact of tu-

mor/CTV drifts during treatment will only slightly impact the reported margins.

This has been shown in a previous study of our group where we reported that

not only the mean tumor drift over a 10 minute interval was just 1.5 mm but also

that these drifts were generally random, meaning that drifts were different from

day to day causing no systematic error, and thus do not substantially add to the

required margin [49]. As such, we believe that the impact of respiratory motion

and drifts on the total accumulated dose are only marginal and the CTV-to-PTV

margins of tumor drifts of individual fractions are of less concern than large day-
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to-day interfraction motion. The third weakness of our study is the relatively

small sample size of our study population and MRI study simulation. Although

we were able to perform a thorough dosimetric analysis on 140 ‘fractions’, the

total number of patients eligible for analysis was 29 which is about the lower

border for properly assessing a CTV-to-PTV margin. Similarly, the total number

of simulated treatment fractions was 5 whereas our clinical regimen consist of 23

fractions. Although we believe that the systematic interfraction changes (sigma)

can be properly captured in 5 samples, the tails of these distributions will inher-

ently be undersampled. This means that the impact of an outlier could be overly

expressed in the resulting margin, but also reversely, outliers in the real distribu-

tion that would have contributed to an increment in the margin could have been

missed due to the coarse sampling rate. Fourthly, in our study we assumed the

dose distribution to be invariant to density changes between treatment fractions.

This means that density changes due to interfractional shifts of the diaphragm

are not accounted in the dose analysis, although occasionally these changes could

influence the CTV coverage at the level of the diaphragm when lateral fluences

are involved, which is the case for our VMAT plans [50]. Therefore, the margins

listed in this work do not warrant sufficient dose coverage in case of large base

line shifts of the diaphragm. Fifthly, although the deformable image registration

yielded high dice coefficients (0.91 ± 0.02 and 0.92 ± 0.02 for transversal and

sagittal registrations, respectively), small registration errors did still exist which

could have had an impact on the accumulated dose distributions and therefore

our listed margins. However, we believe that the impact of these inaccuracies on

the final margins are modest, as each accumulated dose distribution comes from

the deformation vector fields of five registrations with each a separate error. An

increase in registration accuracy could potentially be achieved with improved out

of plane image resolutions. Finally, in this simulation study the MRI-scans were

acquired in supine position with both arms next to the body whereas in daily

clinic patients are typically treated with arms upwards. We believe that this dif-

ference in patient positioning did not impact the overall results as the arms-down

anatomy was maintained in both the planning and simulation phase. Further-

more an in-house study with volunteers demonstrated that the anatomy of the

esophageal tract in relation to the vertebrae was not sensitive to the position of

the arms (no data shown). This work again demonstrates that in the absence of

proper online target visualization (and adaptation) large margins are required to

ensure proper adequate CTV coverage when applying daily online set-up based on

bony anatomy. With the advent of MR Linacs, daily MR imaging could be used to

correct online for the interfraction variability leaving only a CTV-to-PTV margin

for the residual intrafraction motion and delineation uncertainty [22,24,47,51,52].

Online segmentation and replanning would not only reduce the dose to the or-
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gans at risk (e.g. heart and lungs) but would also be of particular benefit for

the few patients who exhibit extreme deformations that are not absorbed by the

current suggested margins and are unlikely to be recognized on CBCT images.

In conclusion, in this study we have analyzed and assessed the direction-specific

CTV-to-PTV margins based on an extensive dose warping analysis in 29 patients.

These margins vary between 8 mm for posterior and right direction up to 10 mm

for the left and caudal direction. Adequate target coverage in the vast majority

(27 out of 29) of patients was demonstrated when patients are daily aligned to

the bony anatomy. However, we have to acknowledge that even at these rather

generous margins outlying patients still do exist who may be underdosed and need

special attention.
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Anterior Posterior Left Right Cranial Caudal Tumor location

Patient 1 3 1 2 1 4 1 Distal esophagus

Patient 2 3 3 4 1 1 0 Distal esophagus

Patient 3 6 6 6 6 3 3 Distal esophagus

Patient 4 8 7 8 5 9 3 GEJ

Patient 5 Withdrawal from study participation Distal esophagus

Patient 6 1 5 1 6 1 4 Middle esophagus

Patient 7 Field of view limitations Distal esophagus

Patient 8 5 5 6 3 5 2 Distal esophagus

Patient 9 2 3 3 2 3 1 Distal esophagus

Patient 10 6 4 1 6 4 4 Distal esophagus

Patient 11 2 3 3 2 5 2 Distal esophagus

Patient 12 10 10 9 17 9 1 Distal esophagus

Patient 13 3 3 3 1 8 1 Distal esophagus

Patient 14 8 3 8 7 6 6 Distal esophagus

Patient 15 10 10 9 23 9 9 Distal esophagus

Patient 16 4 4 4 4 3 4 Distal esophagus

Patient 17 3 3 4 3 6 3 Middle esophagus

Patient 18 8 6 8 6 6 4 Distal esophagus

Patient 19 6 7 6 7 7 7 Distal esophagus

Patient 20 3 5 5 5 4 3 Distal esophagus

Patient 21 4 4 3 4 5 5 Distal esophagus

Patient 22 8 8 8 8 8 2 Distal esophagus

Patient 23 9 6 10 5 7 10 Distal esophagus

Patient 24 5 5 2 7 4 5 GEJ

Patient 25 3 3 4 4 8 3 Distal esophagus

Patient 26 6 3 6 4 8 7 Distal esophagus

Patient 27 5 2 5 4 5 3 Distal esophagus

Patient 28 5 7 7 3 8 2 GEJ

Patient 29 1 2 2 1 1 2 Distal esophagus

Patient 30 Field of view limitations Distal esophagus

Patient 31 7 7 7 7 9 1 Distal esophagus

Patient 32 6 2 5 5 2 8 Distal esophagus

Table 3.3: Required margin per direction for full dosimetric CTV coverage.
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3-Dimensional target coverage

assessment for MRI guided

esophageal cancer radiotherapy

The following chapter is based on:

MR Boekhoff, IL Defize, AS Borggreve, N Takahashi, ALHMW van Lier, JP

Ruurda, R van Hillegersberg, JJW Lagendijk, S Mook, GJ Meijer

Radiotherapy and Oncology 147 (2020) 1-7

doi:10.1016/j.radonc.2020.03.007
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Abstract

Purpose

This study aimed to quantify the coverage probability for esophageal cancer radio-

therapy as a function of a preset margin for online MR-guided and (CB)CT-guided

radiotherapy.

Methods

Thirty esophageal cancer patients underwent 6 T2-weighted MRI scans, 1 prior

to treatment and 5 during neoadjuvant chemoradiotherapy at weekly intervals.

Gross tumor volume (GTV) and clinical target volume (CTV) were delineated on

each individual scan. Follow-up scans were rigidly aligned to the bony anatomy

and to the clinical target volume itself, mimicking two online set-up correction

strategies: a conventional CBCT-guided set-up and a MR-guided set-up, respec-

tively. Geometric coverage probability of the propagated CTVs was assessed for

both set-up strategies by expanding the reference CTV with an isotropic margin

varying from 0 mm to 15 mm with an increment of 1 mm.

Results

A margin of 10 mm could resolve the interfractional changes for 118 out of the 132

(89%) analyzed fractions when applying a bone-match registration, whereas the

CTV was adequately covered in 123 (93%) fractions when the registration was

directly performed at the CTV itself (soft-tissue registration). Closer analyses

revealed that target coverage violation predominantly occurred for distal tumors

near the junction and into the cardia.

Conclusion

Online MR-guided soft-tissue registration protocols exhibited modest improve-

ments of the geometric target coverage probability as compared to online CBCT-

guided bone match protocols. Therefore, highly conformal target irradiation us-

ing online MR-guidance can only be achieved by implementing on-table adaptive

workflows where new treatment plans are daily generated based on the anatomy

of the day.
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Introduction

Radiation therapy is an integral part of the treatment of esophageal cancer in all

stages of the disease. Due to the risk of subclinical spread along the esophagus

and the involvement of regional lymph nodes, large volumes with often com-

plex shapes are targeted [5, 30, 31, 40, 44, 53]. In image-guided radiation therapy

(IGRT) for esophageal cancer, it is currently common practice to rigidly register

the bony anatomy on kilo-/megavoltage (kV/MV) cone-beam CT (CBCT) or 2D

fluoroscopy images with the 3-dimensional (3D) planning computed tomography

(pCT) for patient setup verification [16, 40–43]. Although actual tumor volume-

based registration is preferred, this is generally not possible due to the limited

soft-tissue contrast in CT and CBCT, especially in the region of the diaphragm.

As a result, interfractional tumor position variation relative to bony anatomy is

currently a dominant uncertainty that has to be taken into account to ensure ad-

equate target coverage. Many groups have investigated interfractional esophageal

tumor motion relative to the bony anatomy using repetitive CT, CBCT or Mag-

netic Resonance Imaging (MRI) scans [30, 40, 44–46]. Of particular interest are

the studies that analyzed the interfraction displacement of fiducial markers over

the course of treatment [5, 6, 42]. All studies concluded that, particularly for dis-

tal tumors, large margins (>1cm) are required, resulting in bulky planning target

volumes (PTVs) and a high irradiation burden to surrounding organs at risk. The

advent of MRI linacs with onboard MRI guidance has enabled online visualization

of both the tumor and organs at risk and thereby provided the opportunity of soft

tissue set-up correction [22–24, 54, 55]. Furthermore, the incorporation of more

detailed information regarding a patient’s anatomy creates the opportunity of on-

line target definition and online replanning, allowing high precision treatments

with a possible reduction of treatment margins. Two online adaptive regimens

can typically be applied. The first and most elementary regimen is equivalent to

the widely applied online CBCT regimen, where patient set-up is adapted online

to daily variations. However, instead of aligning the patient to the bony anatomy,

the soft-tissue contrast of the MR images allows for direct alignment to the tar-

get anatomy. This procedure is also referred to as adapt-to-position [56, 57] or

(virtual) couch shift [58, 59] and translates the pre-treatment dose distribution

(without new contour regeneration) to compensate for the positional changes in

a patient’s anatomy. This is a fast and simple procedure that can be easily

implemented in daily clinic, as all operations involved are matched with the cur-

rent staffing levels and responsibilities of the radiation therapy technologist. The

downside is that residual errors due to rotations and anatomical changes are not

corrected. In the second strategy, this weakness is subdued by propagating and

adapting all delineations to the current anatomy. This results in an on-table adap-
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tive workflow where a new plan for the anatomy of the day is generated. This

procedure, also referred to as adapt-to-shape [56, 60] or SMART [61–63], might

only yield minimal residual errors, originating from respiratory movements and

other intrafraction motion. Here, accurate target definition is key and therefore

the presence of a well-trained radiation oncologist is required at every treatment

fraction. Besides recontouring, daily replanning makes this procedure also more

time consuming than the straightforward adapt-to-position strategy. Aim of this

study was to quantify the coverage probability as function of a preset margin when

performing soft tissue registrations (i.e. adapt-to-position regimen) in a series of

esophageal cancer patients that were weekly imaged with MRI. In addition, the

target coverage probability was also assessed when applying bony-anatomy reg-

istrations to evaluate the benefit of soft-tissue registrations over bony-anatomy

registrations.

Methods

Patient inclusion

Thirty-two patients with histopathologically confirmed esophageal cancer who

were scheduled to undergo neoadjuvant chemoradiotherapy (23 fractions of 1.8

Gy with concurrent carboplatin/paclitaxel [2]) followed by esophagectomy, were

included in this single center, prospective cohort study between December 2015

and April 2018. Exclusion criteria for enrollment in the study were age <18 years,

previous treatment with thoracic surgery or thoracic radiotherapy, and contraindi-

cations for MRI. The study was approved by the institutional review board of the

University Medical Center Utrecht (protocol ID 15-340). All participants provided

written informed consent.

Image acquisition

All patients underwent 6 T2-weighted MRI scans, 1 prior to treatment and 5 dur-

ing neoadjuvant chemoradiotherapy at weekly intervals. Images were acquired

on a 1.5T Philips Ingenia (Best, the Netherlands), using anterior/posterior (28

channel) receive coils. Patients were positioned in supine position with both arms

next to the body. Respiratory-triggered transverse anatomical T2-weighted scans

(tT2W) were acquired with a multi-slice turbo spin echo sequence in the first

19 patients (TR/TE = 1604/100ms, resolution = 0.67x0.67x6.48mm3, FOV =

336x336x28 voxels). From the 20th patient onwards, respiratory-triggered trans-

verse anatomical T2W MultiVane XD (MVXD) scans were acquired instead of the

previously mentioned tT2W scans, as these scans demonstrated improved resolu-

tion (TR/TE = 2039/100ms, resolution = 0.62x0.62x3mm3, FOV = 672x672x60
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voxels). Respiratory-triggering was performed with a 1-D navigator on the liver-

lung boundary and triggered on the expiration.

Delineations

The GTV was delineated on each individual MRI by a certified radiation on-

cologist (N.T.) and subsequently reviewed by a radiation oncologist specialized

in upper gastrointestinal malignancies (S.M.). Any disagreements were solved

through a consensus discussion. Next, the CTV was created using a margin 0.5

cm around the GTV in the transverse direction (excluding the heart, large ves-

sels, trachea, bronchial tree and lungs), 3 cm in cranial direction and 2 or 3 cm

caudally (2 cm in case of tumor extension in the stomach) [64].

Treatment simulation

A 5-fraction radiation treatment with MRI was simulated for each patient indi-

vidually. The first MRI scan was used as reference scan and the 5 follow-up scans

were used as individual samples of the patient’s anatomy over the course of treat-

ment. Two online patient set-up scenarios were mimicked. In the first scenario,

a CBCT correction strategy was simulated where set-up corrections were based

on bony anatomies. In the second scenario, a soft-tissue online set-up correction

strategy was mimicked where the CTV on the follow-up scan was rigidly aligned

with the CTV on the reference scan. As patient positioning and alignment on

the MR scanner was less thoroughly performed than at the treatment unit, the

translational MR-to-MR registrations could not directly be used for the treatment

simulation, since this would result in an overestimated residual rotation. There-

fore, the sampling of the individual simulated treatment fractions was performed

in a multistep process. In Figure 4.1 each of these following steps is schematically

depicted. First, all follow-up scans were rigidly registered (translations and rota-

tions allowed) to the reference scan based on grey values in a mask around the

vertebrae using Elastix [48]. Second, a rotation was added to mimic a realistic ro-

tational misalignment. Here the rotational error of the clinical treatment fraction

of corresponding to the day of MR acquisition measured with our X-ray volume

imaging (XVI) software (Elekta AB, Stockholm, Sweden) was propagated, as we

assume that the residual rotational positioning errors using the laser system are

similar for MRI linacs and regular linacs. In the third and final step, a soft tissue

match of the CTV was simulated by maximizing the dice-coefficient of the refer-

ence CTV mask with the CTV mask in the follow-up scan by applying translations

only. Here, a direct mask match was chosen as a grey-value registration in a de-

forming anatomy typically yielded unsatisfactory match results. After both the

bony anatomy and soft tissue alignments, the CTV delineations in the follow-up

scans were propagated to the reference scan for analysis, with the transformations
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resulting from both set-up simulation scenarios. In the final step the geometric

coverage probability of the propagated CTV with an expanded margin around the

reference CTV was assessed. Here, the reference scan was resampled to a high

resolution grid with a slice thickness of 1mm and the CTV of the reference scan

was expanded to a new structure with an isotropic margin varying from 0 mm

to 15 mm with an increment of 1 mm. In-house developed software was used for

coverage analysis [65]. Follow-up fractions were marked as covered if more than

99% of the propagated CTV was covered by the expanded reference CTV.

Figure 4.1: Schematic illustration of the registration steps applied to mimic a CBCT bony anatomy
set-up procedure (Step 1 and 2) and a set-up procedure where the CTVs are aligned using soft-tissue
MR contrast (Step 1, 2 and 3). The blue panels depict the follow-up scan after each registration
step. In the right green panels a sagittal view of the CTV and vertebrae of the reference scan is
depicted. The dashed blue structure in the reference scan refers to the propagated CTV from the
follow-up scan. In step 4 the geometric target coverage of the expanded CTV is assessed for both
setup regimens.

Results

A total of 32 patients with newly diagnosed esophageal cancer were enrolled in this

prospective study. One patient was excluded based on a limited field of view in the

cranial caudal direction on the reference scan and one because of withdrawal from

study participation. Furthermore, of the remaining 30 patients, 3 appointments

for follow-up scans were cancelled upon patient request and 8 follow-up scans

were excluded based on a limited field of view in the cranial caudal direction.

The final study population consisted of 30 patients who underwent a total of

139 follow-up scans. Baseline patient and tumor characteristics are presented in
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Table 4.1. Visual inspection of the results of the patient set-up scenario revealed

that the image registration of the follow-up scans to the bony anatomy and to

the tumor of the reference scan was feasible for all scans, without the need for

manual corrections. Considerable day-to-day shape changes of the CTV regularly

occurred over the course of treatment of esophageal cancer patients and could not

be compensated for by translational shifts based on soft-tissue registration. An

isotropic margin of 5 mm around the CTV could only resolve the effect of shape

changes in 79% of the fractions if the CTV of the follow-up scan was rigidly aligned

to the CTV of the reference scan (i.e. adapt-to-position strategy) (Figure 4.2, solid

black line). In addition, in 6% of the fractions the anatomical deformations of the

CTV could not be compensated by a 10-mm margin. These deformations came

from lateral tumor displacement in the middle and distal esophagus and from

changes in stomach filling. The target coverage probability decreased when bone

match registrations were applied instead of soft-tissue matching. An isotropic

margin of 5 mm around the CTV resolved the combined misalignment and shape

deformations in 61% of the evaluated fractions and even a margin of 12 mm could

not prevent a geometrical miss of the target in 9% of the fractions (Figure 4.2,

dashed blue line).

Figure 4.2: Percentage of fractions fully covered (139 fractions, 30 patients) for varying coverage
margins shown for alignment to the bony structure (dashed blue line) and the soft-tissue strategy
with direct alignment to the CTV (solid black line). Fractions without adequate target coverage for
these coverage margins require online replanning (red striped area).
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Full cohort (n=30)

Characteristics n (%)

Age at diagnosis (years), mean (range) 65 (46-77)

Sex

Male 26 87

Female 4 13

Tumor Location

Proximal esophagus 0 0

Middle esophagus 2 7

Distal esophagus 25 83

Gastroesophageal junction 3 10

Clinical T stage*

cT2 2 7

cT3 28 93

Clinical N stage*

cN0 9 30

cN1 15 50

cN2 5 17

cN3 1 3

Pathology biopsy*

Squamous cell carcinoma 9 30

Adenocarcinoma 20 67

Undefined 1 3
* Clinical and histopathologic T- and N- stage are based on UICC TNM 7th edition.

Table 4.1: Clinical characteristics of the study population.

A paired samples t-test showed a significant higher target coverage when com-

paring CTV alignment to bone alignment (p<0.001). Furthermore, it turned out

that if the target coverage was compromised, this mostly occurred at the distal

part of the CTV, near the gastroesophageal junction and into the cardia (Figure

4.3 and 4.4). Occasionally, large changes in the esophageal tract occurred at more

proximal levels. This is illustrated in Figure 4.5, which shows MRI scans of 2 frac-

tions of the same patient where at a proximal level large lateral deformations were

observed (5a and 5b) while the distal part of the esophagus remained in place (5c

and 5d). Subanalysis revealed that the target coverage could only marginally be

restored if couch rotations were allowed. In a separate exercise, we mimicked a

6-D couch by omitting the addition of the clinical residual rotational error and

allowing full rotational degrees of freedom in the mask match. The resulting

CTV coverage probability curves showed large agreement with the original curves

(Figure 4.6), underlining that interfractional shape changes of the CTV are the

dominant source of geometrical uncertainties in contemporary radiotherapy of the

esophagus.
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Figure 4.3: Schematic overview of the areas in the esophagus where target coverage is compromised
when an isotropic margin of 5mm around the CTV is used. A total of 29 fractions out of the analyzed
139 fractions were not fully covered of which the most fractions had an uncovered CTV in the distal
part of the esophagus near the junction (8 fractions) and into the upper part of the stomach (16
fractions).

Figure 4.4: Example of interfractional changes in the shape of the stomach which resulted in large
variations in the gross tumor volume (dashed lines) and clinical target volume (solid lines) between
the reference scan (left, green delineation) and a follow-up fraction (right, pink delineation) on
MVXD images.
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Figure 4.5: Example of interfraction tumor displacement depicted on the reference tT2W scan (A
and C, green delineation) versus the second follow-up tT2W scan (B and D, pink delineation). The
proximal part of the tumor demonstrated large lateral displacement (A-B), whereas the distal part
of the tumor remained at the same position (C-D).

Figure 4.6: Difference between target coverage for different rotational alignment protocols. A 6D
couch set-up correcting for all residual rotations (solid pink line) shows large agreement with the
original curve (solid black line). Similar coverage is achieved when only bony anatomy rotations are
corrected (dashed pink line vs dashed blue line).
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Discussion

MRI-guided radiation (adaptive) therapy (MRgRT) is a novel treatment method

that not only allows for superior soft-tissue contrast at imaging prior to dose

delivery, but also allows for inter-fractional plan re-optimization or adaptation

[22–24,54–56,61]. Due to these unique features, MRgRT is increasingly and suc-

cessfully used for the treatment of various tumor sites [60, 61, 66, 67]. To our

knowledge this is the first study that investigates the potential benefit of online

MR guidance within the radiotherapy treatment of esophageal cancer patients.

The esophagus is an appealing treatment site in this context, as the primary

tumor, involved nodes and the CTV consisting of the peri-esophageal fat along

the esophagus often can be hardly discriminated on CBCT. This is particularly

true for tumors located in the distal esophagus, which are most common in the

Western world, were the GTV and CTV often involve the proximal part of the

stomach. Hence, set-up corrections are typically performed by registering the

bony anatomy visible on CBCT. Many researchers have assessed the interfrac-

tional tumor position variation relative to bony anatomy by analyzing the rel-

ative shifts of fiducial markers in the GTV in relation to the bony anatomy in

esophageal cancer [5, 6, 42, 68–70]. The studies of Jin et al. [5] and Hoffmann et

al. [6] both demonstrated systematic shifts of the markers in relation of the bony

anatomy of approximately 3-4 mm. Due to the systematic character of the shifts,

both groups reported these errors to have a profound impact on the CTV-to-PTV

margins in contemporary radiotherapy. An important asset of (in-room) MRgRT

is that changes in target size and shape are not only assessed at some anchor

points (i.e. marker locations) but that the entire 3D geometry of the GTV and

CTV can be evaluated and plan adaptations can be made accordingly. This asset

will prompt the team involved in the daily execution of the treatment to secure

target coverage on a fraction-by-fraction basis. In this in-silico study we investi-

gated what isotropic margins around a pre-treatment CTV are required to resolve

interfractional anatomy changes that occur on a day-to-day basis after rigid align-

ment to the original CTV (i.e. MR-guided soft tissue set-up). In addition, we

also investigated the coverage probability as function of the applied margin when

the repeated scans were registered to the bony anatomy, thereby mimicking the

clinically widely applied CBCT setup scenario. An important finding of this

study was that interfraction changes of the CTV (and GTV) are not character-

ized by translations only, but that interfractional anatomy changes of the CTV

are a prominent cause of geometric uncertainties in conventional radiotherapy.

This means that small margins can only be safely implemented using an on-table

adaptive workflow where new plans are daily regenerated based on the anatomy of

the day. A few weaknesses are associated to the current study. The first weakness
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is that all MRI scans were acquired using respiratory triggering, meaning that

respiratory motion effects have not been taken into account in the margin assess-

ments and the reported margins should be regarded as a lower-limit. This can be

of concern, although for most patients the peak-to-peak amplitude is less than 10

mm [6,49,71,72] and only a modest blurring of the intended dose will occur once

the mid-position of the target volume has been properly identified [73,74]. In the

study of Hoffmann et al. the margin increment as a result of this blurring in the

aggregated data was estimated 1.7 mm or less [6]. Another weakness is the coarse

trough plane image resolution of the MRI scans in this study. The slice thickness

for the first 19 patients was 6.48 mm and for the last 12 patients the slice thickness

was reduced to 3 mm. This discretization could well have impacted the individ-

ual coverage assessment of a single fraction. However, we believe that the overall

effect in the aggregated data is limited as there are no systematic errors expected.

In addition, the expanded CTV structures were defined in a high resolution grid

(0.67 mm x 0.67 mm x 1 mm) and target coverage was assessed in 3D. This is also

illustrated in Figure 4.7 where both cohorts showed comparable target coverage

probabilities, despite the small sample sizes in the separate cohorts.

Figure 4.7: Difference between target coverage for fractions scanned with the two imaging protocols:
tT2W scans for patients 1-19 (pink lines) and higher resolution MVXD scans for patients 20-32
(green lines). Percentage of fractions fully covered (139 fractions, 30 patients) for varying coverage
margins shown for alignment to the bony structure (dashed lines) and the soft-tissue strategy with
direct alignment to the CTV (solid lines).
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Lastly, the primary focus of this study was put on geometric coverage and not

on dosimetric coverage. However, geometric coverage does not always imply dosi-

metric coverage and vice versa as the 95% isodose level does not always perfectly

coincide with the PTV surface. To obtain a general estimate of the concordance of

the geometric and dosimetric coverage, VMAT plans with a 5-mm CTV-to-PTV

margin were created for all patients. After registration, the dosimetric cover-

age of the CTV in each of the follow-up scans was analyzed and compared to

the geometric coverage (Figure 4.8). As expected, the average V95% and D98%

were high for the covered fractions (99.5% and 97.5% respectively) but dropped

severely in the fractions where the CTV was not covered (95% and 85%). This

again demonstrates that a 5-mm margin could not prevent severe underdosage at

some fractions even after soft-tissue registrations, which can only be circumvented

by either (further) increasing the margins or using an on-table adaptive workflow.

The on-table adaptive workflow has the extra advantage that all anatomic changes

including density changes are intrinsically incorporated in the daily (re)planning

of the dose. This is of importance as Nyeng et al. reported that severe inter-

fractional elevations of the average diaphragm position could occasionally cause

a decrease of target coverage even if geometric coverage is accomplished [50]. De-

spite these limitations, this study clearly demonstrates that CTV shape changes

require on-table adaptive workflows when pursuing highly conformal target irradi-

ations. At this point, it is unclear yet what the lower limit is of a margin that can

safely be applied to ensure full target coverage on a daily basis. As pointed out

earlier, dose blurring as a result of respiratory movements can occasionally be of

concern as is the time interval between MRI acquisition and the end of radiation

delivery, which could easily take up to 15 minutes. Heethuis et al. demonstrated

that the mean tumor drift during a 10 min interval was generally modest (1.5mm),

but that larger drifts (>5mm) could be incidentally observed [49]. This advocates

workflows that integrate online monitoring of tumor drifts during treatment, to-

gether with appropriate action levels. Finally, as margins decrease, accurate and

precise target definition becomes more critical, especially in the pre-treatment

phase where the reference structures are delineated. We believe that MRI can

facilitate accurate and precise definition of the GTV and CTV in esophageal can-

cer. However, we acknowledge that the data to substantiate this is still scarce. A

recent study by Vollenbrock et al. demonstrated that the interobserver variabil-

ity in GTV delineations on MRI were only similar to those on FDG-PET/CT,

but considerable variations in the cranial and caudal extension of the GTV were

observed [37]. The authors suggest that the inclusion of diffusion weighted MRI

(DW-MRI) imaging could improve the precise demarcation of the caudal border

when the gastroesophageal junction is involved. Alternatively, there is recent ev-

idence emerging that fiducial markers carefully implanted during an endoscopic
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ultrasound (EUS) procedure could also improve the definition of the cranial and

caudal border of the GTV in the pre-treatment phase [75]. Once an accurate ref-

erence GTV at the pre-treatment (planning) MRI scan is established, deformable

registration techniques will propagate the GTV to the anatomy of the day. These

propagated GTVs will be a good starting point for the recontouring of the ac-

tual GTV and CTV. However, we acknowledge that training and experience is

important here, especially if the redefinition of the target has to be done under a

certain time pressure with the patient in treatment position. In conclusion, direct

CTV (or GTV) registration methods using in-room MRI only yielded a mod-

erate increase in target coverage compared to the current clinical (bone match)

CBCT-IGRT protocols. Therefore, on-table adaptive workflows requiring on-site

full staffing levels are essential when pursuing highly conformal target irradiations

for every treatment fraction.

Figure 4.8: VMAT plans with a 5-mm CTV-to-PTV margin were created for all patients. The
V95’s (top) and D98’s (bottom) of all CTVs in the follow-up scans were ranked and compared to
the geometric coverage. Geometrically covered fractions are depicted with open symbols, whereas
uncovered fractions are depicted with solid symbols.
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Abstract

Purpose

To assess the dosimetric benefits of online MR-guided radiotherapy (MRgRT) for

esophageal cancer patients and to assess how these benefits could be translated

into a local boosting strategy to improve future outcomes.

Methods

29 patients were in-silico treated with both a MRgRT regimen and a conventional

image guided radiotherapy (IGRT) regimen using dose warping techniques. Here,

the inter and intrafractional changes that occur over the course of treatment (as

derived from 5 MRI scans that were acquired weekly during treatment) were

incorporated to assess the total accumulated dose for each regimen.

Results

A significant reduction in dose to the organs-at-risk (OARs) was observed for

all dose-volume-histogram (DVH) parameters for the MRgRT regimen without

concessions to target coverage compared to the IGRT regimen. The mean lung

dose was reduced by 28%, from 7.9 to 5.7 Gy respectively and V20Gy of the lungs

was reduced by 55% (6.3 % to 2.8 %). A reduction of 24% was seen in mean

heart dose (14.8 to 11.2 Gy), while the V25Gy of the heart was decreased by 53%

(14.3% to 6.7%) and the V40Gy of the heart was decreased by 69% (3.9 to 1.2

%). In addition, MRgRT dose escalation regimens with a boost up to 66% of

the prescription dose to the primary tumor yielded approximately the same dose

levels to the OARs as from the conventional IGRT regimen.

Conclusion

This study revealed that MRgRT for esophageal cancer has the potential to sig-

nificantly reduce the dose to heart and lungs. In addition, online high precision

targeting of the primary tumor opens new perspectives for local boosting strate-

gies to improve outcome of the local management of this disease.
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Introduction

Neoadjuvant chemoradiotherapy followed by esophagectomy is the standard of

care for locally advanced, resectable esophageal cancer (EC) [2, 32]. Typically

large clinical target volumes (CTVs) are irradiated to treat the possible subclin-

ical/microscopic spread along the esophagus and involvement of regional lymph

nodes [6,7,76]. In conventional image-guided radiation therapy (IGRT) for esophageal

cancer the bony anatomy of the 3-dimensional cone-beam computed tomography

(CBCT) is typically rigidly registered to the bony anatomy of the planning com-

puted tomography [5,7,16–18,25,46,77] as direct registration to the CTV is often

challenging due to the poor soft tissue contrast of the CBCTs.

To account for geometric uncertainties such as the daily variability of the CTV

in relation to the bony anatomy and breathing motion, the CTV is expanded to

a planning target volume (PTV). Recent studies have suggested an expansion of

7-12 mm in different directions, resulting in PTVs that are approximately three

times the volume of CTVs [6, 7, 76, 78]. These large PTVs inherently result in

large high and intermediate dose levels at nearby organs-at-risk (OARs) such as

the lungs and heart. Radiation dose to the lung and heart is associated with a

decrease in survival due to severe pulmonary and cardiac complications [8–12].

Furthermore, inter- and intrafractional changes in diaphragm motion could lead to

dose distribution changes, potentially increasing the dose to OARs and decreasing

the dose to the tumor [50,77,79]. The risk of increasing toxicity has also been of

concern when evaluating strategies for dose escalation to the primary tumor. Dose

escalation, especially in a definitive setting, could be of clinical benefit as over 80%

of recurrences occur at the primary treatment site [80, 81]. However, one of the

first studies that evaluated the effectiveness of dose-escalation for esophageal tu-

mors showed that sequential dose escalation to 64.8 Gy did not improve overall

survival or locoregional control [82]. In addition, there were multiple deaths in the

high dose arm and as such the trial was prematurely closed. More recently, the

phase III ART DECO study could also not demonstrate an increase in local con-

trol in patients who received an integrated boost dose to the tumor [83]. However,

it could be argued that a total dose of 61.6 Gy is too low to establish an increase

in local control and that the OAR dose is a limiting factor in further dose escala-

tion. Recently, multiple online adaptive treatment platforms have been released

by various vendors which allow for online replanning and thereby potentially by-

passing all interfractional anatomy geometry variations. These platforms could

either be based on X-ray imaging [84, 85] or MR imaging [21, 24, 56] and could

have onboard imaging capabilities that allow for online intrafraction monitioring

to allow gating [61, 66] and tracking [86] to mitigate effects from intrafraction
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motion. Within the framework of esophageal cancer radiotherapy, online adap-

tive MR-guided radiotherapy (MRgRT) could be beneficial due the superior soft

tissue contrast of MRI in the mediastinum and upper abdomen. In contrast, the

image quality of contemporary CBCT imaging is often still considered too poor

for online GTV and CTV definition, which has prompted some clinics to explore

the use of fiducial markers in this context [5–7,43]. Daily changes in the anatomy

of the target and OARs could be visualized immediately prior to treatment al-

lowing online plan adaptation. Secondly, cine-MRI during dose delivery allows

for online monitoring of all intrafraction motion including respiratory motion and

will secure accurate dose delivery. Additionally, treatment could be interrupted

if the intrafraction motion exceeds certain thresholds and replanning is deemed

necessary. Theoretically, both features enable precise targeting with smaller PTV

margins which reduces the radiation dose to the organs at risk.

The study aim has been divided into two parts. The first and main goal of

this study is to assess whether dosimetric benefits to lungs and heart exist for

a MRgRT treatment compared to a conventional CBCT-guided treatment by

assessing the 3D accumulated dose distributions in a cohort of EC patients. The

second goal of this study is to explore the potential of MRgRT to trade this

organ-at-risk sparing for a treatment intensification (boost dose) of the primary

tumor.

For reasons of readability we will address online adaptive free breathing (without

active motion management) MR-guided radiotherapy simply as MRgRT from here

onwards. Similarly, we will refer to conventional free breathing (CBCT) image

guided RT with alignment to the bony anatomy without (daily) plan adaptations

as IGRT.

Methods

Patient population

Patients with histologically confirmed esophageal cancer treated with neoadju-

vant chemoradiotherapy between December 2015 and April 2018 were eligible for

inclusion. All patients gave written informed consent and the study was approved

by the institutional review board of the University Medical Center Utrecht (pro-

tocol ID 15-340). Exclusion criteria for enrollment in the study were age <18

years, previous treatment with thoracic surgery or thoracic radiotherapy, and

contraindications for MRI.
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Image acquisition

Patients underwent six sequential MRI scans, 1 prior to treatment followed by 5

weekly scans during neoadjuvant chemoradiotherapy. Images were acquired on a

1.5T Philips Ingenia (Best, the Netherlands), using anterior/posterior (28 chan-

nel) receive coils. Patients were positioned in supine position with arms next to the

body. During each scan session patients underwent a respiratory-triggered trans-

verse and sagittal T2-weighted (T2W) MRI scan. The scans were acquired with

a multi-slice turbo spin echo sequence (TR/TE = 1604/100ms and 1431/100ms,

resolution = 0.67x0.67x6.48mm3 and 4.4x0.7x0.7mm3, for transversal and sagittal

scans, respectively). From the 20th patient onwards, respiratory-triggered sagittal

and transversal anatomical T2W MultiVane XD scans were acquired instead of the

previously mentioned T2W scans, as these scans demonstrated improved image

quality (TR/TE = 2039/100ms and 2243/100ms, resolution = 0.62x0.62x3.0mm3

and 3.0x0.63x0.63mm3, for transversal and sagittal scans, respectively). After

the T2W scans, patients underwent two sagittal and coronal cine-MRI series of

each 45 seconds at 1.6 Hz. For the cine-MRI series the scanning plane was posi-

tioned through the center of the tumor, which was identified using the transverse

T2-weighted scan. The images were both acquired with a resolution of 2.01x2.01

mm2 and 5 mm slice thickness [49]. The time interval between the two cine-MRI

series was 10 minutes which was used for additional DWI imaging for response

assessment purposes [87].

Delineations

The gross tumor volume (GTV) was delineated on each MRI by a certified radia-

tion oncologist (N.T.), which was subsequently reviewed by a radiation oncologist

specialized in upper gastrointestinal malignancies (S.M.). Any disagreements were

solved through a consensus discussion. Next, the CTV was created using a mar-

gin of 0.5 cm around the GTV in the transverse direction, taking the anatomical

border into account, 3 cm in cranial direction and 2 or 3 cm caudally (2 cm in

case of tumor extension in the stomach).

Motion characterization

An optical flow algorithm (RealTITracker) was used to quantify tumor motion

per fraction during free breathing on the cine-MRI series [88, 89]. Here, the first

frame of the first cine-MRI series was used as a reference frame for both cine-MRI

series of each 45 s that were separated by a 10 minute interval, to capture both

short term motion (periodic respiratory motion) and long term motion (drifts)

[49]. Motion vector fields within delineated CTVs were calculated for each frame

with respect to the reference frame and analyzed to obtain intrafraction motion
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over the course of one treatment fraction. Left-right and cranio-caudal motion

trajectories were obtained from the transversal scan, while analysis of the sagittal

scan provided the motion tract in the anterior posterior direction. The motion

trajectories were normalized using the mean motion of the first three breathing

cycles. Finally, the obtained motion fields were applied on the projected doses to

simulate intrafraction motion during dose delivery.

Treatment Planning

Each MRI scan was rigidly aligned to the (clinical) planning CT based on the

bony anatomy and each CTV (as delineated on the MRI) was propagated to

the planning CT. Overlapping voxels with (clinical) organs at risk, if any, were

assigned to the CTV. For each patient two sets of treatment plans were generated.

For the IGRT regimen, a single plan was generated with a CTV-to-PTV margin

of 7 mm in the anterior-posterior directions, 9 mm in the left-right directions

and 12 mm in cranio-caudal directions as per the guidelines/recommendations for

bone match procedures 3–5. For the MRgRT regimen, 5 plans were generated

in which each plan was associated to a follow-up scan representing the single

tumor anatomy for a 5-fraction treatment. Here, CTV-to-PTV margins of 2 mm

in the axial direction and 5 mm in the cranio-caudal direction were used as the

online planning procedure resolves the interfraction fraction variation and only

leaves the intrafraction motion (breathing and drifts) as an intrinsic uncertainty.

For each regimen multiple VMAT plans were generated using the autoplanning

toolkit of the Pinnacle 16.2 treatment planning system (Koninklijke Philips NV,

Eindhoven, The Netherlands). The PTV target dose was set to 41.4 Gy, whereas

the optimization goals in the autoplanning toolkit were set to a mean lung dose

<4.2 Gy (high priority) and a mean heart dose <10Gy (medium priority) [32]. For

the creation of simultaneously integrated boost plans, a separate boost PTVGTV

was defined with similar margins as the PTVCTV (i.e. GTV-to-PTV margins

of 2-mm in the axial direction and 5-mm cranio-caudally), for each reference

anatomy. For each patient a series of six boost plans was generated with the same

autoplanning objectives as described in the previous section, with the addition of

an extra target dose for PTVGTV. The extra target boost dose was initially set

to 17% (1/6th) of the prescription dose and was subsequently incremented with

17% of the prescription dose until a boost of 100% was effectuated.

Treatment Simulation

For both regimens a 5-fraction treatment was simulated, where the pretreatment

reference anatomy was linked to the pretreatment MRI and each of the follow-up

MRIs represented a sample of the anatomy of a single faction. In case of missing

scans treatment was only simulated for the available scans. The accumulated
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or total ‘delivered’ 3D dose distribution was calculated in multiple steps, illus-

trated in Figure 5.1. First, the 3D intrafraction motion trajectories, captured

from the cine-MRIs, were used to convolve the static fractional dose into the frac-

tional ‘delivered’ doses. In this step, all dose voxels were sampled over the motion

trajectories. The fractional ‘delivered’ dose distributions were then warped and

accumulated to the pretreatment reference anatomy. Here, a two-step non-rigid

B-spline image registration with the Elastix toolbox was used to assess the inter-

fractional changes between each follow-up scan and the reference scan [48]. First,

the follow-up scans were rigidly aligned to the reference scan. Then, a whole

body grey-value registration (mutual information metric) was applied in combi-

nation with a bending penalty metric, which was used to prevent extreme unreal

deformations. To ensure correct mapping of the CTV, a second registration step

was performed. This final registration step consisted of a mask match of the de-

lineated CTVs (kappa statistic metric), which again was also combined with a

bending penalty metric [78].

Figure 5.1: Schematic overview of the treatment simulation workflows. The IGRT treatment simu-
lation (top row) consisted of a doseplan created on the reference scan with 7, 9 and 12 mm margins
around the reference CTV (black delineation) which was subsequently projected on follow-up MRIs
to simulate daily planned dose. MRgRT treatment simulation (bottom row) consisted of daily treat-
ment plans with 2 mm axial and 5 mm CC margins around adapted CTVs (blue delineation) used
to create the daily planned doses. Breathing motion was applied to obtain the actual daily delivered
dose. Finally, the daily doses were warped to the reference scan via the vector fields, obtained from
deformable image registration (DIR), and summed. This resulted in the warped accumulated dose
for each patient.
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Statistics

All PTVs and relevant dose volume histogram (DVH) parameters of the IGRT

and MRgRT regimen were assessed using a paired t-test in SPSS (IBM Corp.,

Armonk, NY). p < 0.05 was considered statistically significant.

Results

A total of 32 patients with esophageal cancer were enrolled in this study before

the start of neoadjuvant chemoradiotherapy. One patient withdrew from study

participation and two patients were excluded based on a limited field of view in the

cranial caudal direction on the reference scan. Of the remaining 29 patients, three

follow-up scans were cancelled upon patient request and five transverse follow-up

scans were excluded based on a limited field of view in the cranial caudal direction.

The final study population consisted of 29 patients who underwent a total of

140 transverse follow-up scans, together with 2 cine-MRI scans per transverse

follow-up scan. The average PTV volume for IGRT plans was 375 cm3 whereas

the average PTV volume for MRgRT plans was 194 cm3 (Figure 5.2). For all

automatically generated plans 99% of the PTV was covered with at least 95%

of the prescribed dose. Furthermore, all plans were highly conformal; i.e. the

95% isodose volumes were on average 18% and 13% larger than the PTV for the

MRgRT and IGRT regimen, respectively (Figure 5.3). This small discrepancy is

explained by the difference in size of the PTVs for both regimens.

Figure 5.2: PTV volumes of IGRT plans (black squares) vs MRgRT plans (green circles). Average
PTV volume for IGRT plans with CTV-to-PTV margins of 7, 9 and 12mm in AP, LR and CC
direction, respectively, was 375 cm3 (black dashed line) and for MRgRT plans with 2mm axial and
5mm CC CTV-to-PTV margins the average PTV volume was 194 cm3 (green dashed line).
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Figure 5.3: Dose plans for each treatment regimen. For the IGRT treatment (left) the dose is
planned to a PTV (green delineation), created with margins of 7, 9 and 12 mm around the CTV
(cyan delineation). For the MRgRT treatment (middle) the dose is planned to a PTV with margins
of 2 mm in axial direction and 5 mm in CC direction. These two PTVs are covered with 100% of
the prescribed dose (red colormap), while the dose in the boost plan (right) shows higher dose levels
(white colormap) than prescribed to the GTV (blue delineation).

The CTV coverage of the total accumulated dose was D99>39.33Gy for 27 (93%)

patients indicating adequate CTV coverage (Figure 5.4). Underdosing was ob-

served in two patients during the IGRT regimen and was due to interfraction

changes in the curvature of the esophagus in the right lateral direction, exceeding

the 9 mm PTV margin. In one patient this change was permanent, and in one

patient the esophagus returned to its original position in week 4. For the MRgRT

regimen, underdosing of the CTV occurred for patient 24 and 25 in three frac-

tions and one fraction, respectively, due to large and irregular breathing motions

(Figure 5.5). Patient 24 repeatedly exhibited an unusually large peak-to-peak

breathing amplitude of almost 3 cm, this amplitude was present in 3 of the 5

follow-up scans. Similarly, patient 25 revealed a rather a-typical motion pattern,

especially on the 4th MRI where a 10-mm drift occurred in the time interval

between the acquisition of the cine-MRIs, which caused an underdosing at the

caudal part of the CTV (Figure 5.6).
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Figure 5.4: Comparisons of various DVH parameters. The D99 of the accumulated doses of the CTV
is displayed in the top left panel for each patient. Scatter plots of lung and heart DVH parameters
are shown in the remaining panels, where the DVH value of the IGRT treatment plans (y-axis) is
plotted vs the DVH value of the MRgRT treatment plans (x-axis).
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Figure 5.5: Extreme cranio-caudal displacement as a result of different breathing patterns. Large
peak-to-peak motion for patient 24 (left) and tumor drift in fraction 4 for patient 25 (right) resulted
in insufficient target coverage for these two patients.

A significant reduction in OAR dose was observed for all DVH parameters for the

MRgRT regimen (Table 5.1, Figure 5.4). Mean lung dose was reduced by 28%,

from 7.9 to 5.7 Gy respectively, and lung V20Gy was reduced by 55% (from 6.3%

to 2.8% respectively). A reduction of 24% was seen in mean heart dose (14.8

to 11.2 Gy), while heart V25Gy decreased by 53% (14.3% to 6.7%) and heart

V40Gy decreased by 69% (3.9 to 1.2 %). For each patient a set of simultaneously

integrated boost MRgRT plans were generated with increasing boost levels. The

integrated boost regimens revealed an increasing dose to OARs with each incre-

ment of the boost dose to the GTV (Figure 5.7). However, this dose increase

was generally modest. It turned out that for most patients the mean lung dose,

Vlung20Gy, mean heart dose and Vheart40Gy, for the boost plans were still below

the reference values of the IGRT plan at a boost level of 66% of the prescription

dose (boost of 27 Gy).
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Figure 5.6: Caudal underdosing in fraction 4 of patient 25 as a result of caudal tumor drift transversal
(top) and sagittal (bottom) plane. At least 95% of the prescribed dose (pink) is achieved in the
CTV (blue delineation) in the MRgRT treatment plan (left), while the accumulated dose (right) is
reduced as a result of intrafraction motion (see also Figure 5.5).

DVH parameter IGRT MRgRT

Mean ± SD Mean ± SD Reduction (%) p

PTV

Volume (mL) 375 ± 117 194 ± 68 48.3 <0.001

Lungs

Dmean (Gy) 7.9 ± 2.3 5.7 ± 1.8 27.8 <0.001

V5Gy (%) 58.3 ± 18.2 45.8 ± 17.6 21.4 <0.001

V10Gy (%) 31.1 ± 14.0 17.6 ± 8.9 43.4 <0.001

V20Gy (%) 6.3 ± 2.8 2.8 ± 1.6 55.6 <0.001

V30Gy (%) 2.2 ± 1.2 1.0 ± 0.7 54.5 <0.001

V40Gy (%) 0.8 ± 0.6 0.3 ± 0.3 62.5 <0.001

Heart

Dmean (Gy) 14.8 ± 2.9 11.2 ± 2.1 24.3 <0.001

V5Gy (%) 90.3 ± 14.3 83.4 ± 14.7 7.6 <0.001

V10Gy (%) 62.6 ± 16.3 44.2 ± 12.3 29.4 <0.001

V20Gy (%) 21.8 ± 7.7 11.2 ± 3.9 48.6 <0.001

V25Gy (%) 14.3 ± 5.8 6.7 ± 2.8 53.1 <0.001

V30Gy (%) 10.0 ± 4.4 4.3 ± 2.1 57.0 <0.001

V40Gy (%) 3.9 ± 2.5 1.2 ± 1.0 69.2 <0.001

Table 5.1: PTVs and DVH parameters for both the IGRT and MRgRT regimen; overview of results
in 29 patients.
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Figure 5.7: Relative dosimetric differences between integrated boost plans with a boostdose up to
200% of the prescribed dose compared to the IGRT treatment plan. Each black line represents the
relative DVH value of an individual patient for different boost levels, while the average of all patients
is displayed with a red line.
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Discussion

In this study we demonstrated the dosimetric benefits of an online adaptive (free

breathing) MR-guided radiotherapy regimen for esophageal cancer patients. Our

results demonstrate that the dose to the organs at risk can significantly be re-

duced when online plan adaptation with MR guidance is used. In particular, the

high dose regions receiving a dose of 40 Gy or higher were reduced by 65% for

both the lungs and heart. A reduction of 25% was seen for both the mean lung

dose and mean heart dose. Subsequently, 53 to 55 percent less heart and lung

tissue was subjected to 25 Gy and 20 Gy, respectively. This resulted from a 50%

PTV volume reduction for the MRgRT regimen in comparison the IGRT regimen,

while similar target coverage was achieved. Furthermore, dose escalation strate-

gies were explored demonstrating the administration of an additional 66% of the

conventional dose to the primary tumor without increasing the dose to the OARs

in comparison to conventional IGRT treatment. Additionally, we have shown that

the IGRT regimen with large anisotropic CTV-to-PTV margins of 7, 9 and 12 mm

was insufficient to correct for interfraction variation and failed to preserve target

coverage in 2 out of 29 (7%) patients. In these 2 patients underdosing of the CTV

occurred due to a large lateral displacement of the esophageal tract in relation

to the vertebrae at multiple fractions. Online plan adaptation resolves this issue

and only requires CTV-to-PTV margins to correct for the residual intrafraction

motion. In this study we have demonstrated that a CTV-to-PTV margin of 2

mm in axial and 5 mm in cranial-caudal direction was large enough to absorb

the residual intrafraction motion. There were only two patients where the CTV

coverage was compromised because of either a large drift that occurred during

one of fractions or because of repeatedly large breathing amplitudes. These find-

ings illustrate that active surveillance on intrafraction motion during treatment is

advised, however, for the vast majority of patients no active motion management

is required even at these tight margins. However, gating or tracking strategies as

offered by some vendors could potentially further reduce cranio-caudal treatment

margins, resulting in a possibly larger decrease of OAR toxicity than reported

in this work [61, 66, 90]. It should also be noted that recent innovations in cone-

beam IGRT have improved the image quality in modern machines potentially

allowing full adaptive radiotherapy for esophageal cancer patients at dedicated

X-ray based systems [84,85]. Previous studies on radiation-induced toxicity after

chemoradiation for esophageal cancer showed multiple correlations between an in-

crease in lung and heart dose and pulmonary and cardiac complications and mor-

tality. This emphasizes the need for strategies, such as MRgRT, to reduce these

doses. Thomas et al. recently published a normal tissue complication probability

(NTCP) model for postoperative pulmonary complications and one-year mortal-
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ity after trimodality treatment in esophageal cancer. In their NTCP model, mean

lung dose was the only dosimetric parameter associated with pulmonary compli-

cations [11]. Konski et al. showed that high V20, V30 and V40 of the heart were

associated with symptomatic cardiac toxicity [10]. Other studies found similar

correlations between dosimetric parameters to be strongly associated with the

incidence of post-treatment pulmonary, cardiac and other complications [91–96].

These dosimetric parameters were all reduced in the MRgRT treatment regimen

in our study. In addition, the gained dose reduction with online adaptive MRgRT

could also be employed to increase the dose to the primary tumor while preserving

the dose levels to the OARs from the conventional non-adaptive IGRT. In this

study we have demonstrated that with online MR-guidance we could potentially

simultaneously increase the dose to the primary tumor with an extra 66%, with-

out exceeding the dose levels that we administer to the lungs and heart in our

current clinical protocols. For definitive chemoradiation with a standard dose of

50.4 Gy this would mean that the dose to the primary tumor could be simul-

taneously escalated isotoxic to 84 Gy, which is higher than the dose levels we

currently apply to other tumor sites such as lung, larynx, pharynx, prostate, anus

and bladder that have proven to accomplish high local control rates. Whether

such high dose to the tumor is necessary to achieve good local control remains the

question. Moreover, besides lung and heart toxicity, radiation-induced toxicity to

the esophagus itself such as fistula, might be the dose limiting toxicity in dose

escalation schedules. There are a few limitations in the present work that should

be acknowledged. First, the number of follow-up MRI scans used in the study is

lower than the number of fractions that is typically given in a neoadjuvant (or

definitive) scheme (6 versus 23-28 respectively). We believe that the impact of

this undersampling won’t affect the general conclusions when it comes to the re-

porting of the dose to organs at risk. However, the limited sample size might have

impacted the reported data on the target coverage for both the IGRT and MR-

gRT regimen as an outlying result in the sampling data might be overrepresented

in the final dose accumulation thereby underestimating the target coverage. On

the other hand, due to the sparse sampling outlying results might also have been

missed causing a too optimistic target coverage. Secondly, only 2 times 45 seconds

of motion data is available, so respiratory intrafraction motion is only partially

captured. However, the time interval between the scans was approximately 10

minutes meaning that one-directional drifts over this period were properly incor-

porated in the dosimetric assessments. Thirdly, the electron density distribution

derived from the planning CT is assumed to be static over all fractions for both

the IGRT and MRgRT workflow. This could potentially lead to inaccuracies of

the accumulated 3D dose distributions. However, the d99 of the CTV will pri-

marily be determined by the interfractional and intrafractional CTV motion and
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the impact on the DVH parameters of the OARs will be negligible. Fourthly,

small registration errors could have impacted the accumulated dose distribution.

However, the accuracy of the image registration was high (dice coefficient of 0.91

± 0.02) and therefore we believe that the impact of the uncertainty on the results

is modest, as the dose distribution for each patient is calculated from the accumu-

lated dose of five registrations, each with a separate error [78]. Furthermore, with

the addition of a bending penalty metric the deformation vector field in the organs

at risk is distributed more evenly and less subject to unexpected deformations.

Fifthly, all simulations were done in an in-silico environment assuming no resid-

ual errors originating from mechanical instabilities, misalignment of imaging and

irradiation isocenter and imperfections in geometric fidelity of the MR images.

Earlier studies have shown that at least for the ring-based 1.5T MR-linac systems

these errors turn out to be very small. Tijssen et al. reported the geometric

displacements within a sphere of 15cm of the isocenter (typically the region of

esophagus) to be 0.7mm or less [97]. Similarly, Raaymakers et al. have demon-

strated that MRI based targeting on a 1.5T MR-linac system was better than 0.5

mm [98]. Nevertheless, although we have shown that a 2-mm radial margin was

able to absorb most of the (radial) intrafraction motion, in a clinical setting these

margins might still be perceived too tight in conjunction with the above listed

uncertainties. Lastly, all autoplanning was done for a conventional accelerator,

whereas the combination of a MRI with a linear accelerator with the MRI com-

ponent placed within the gantry brings about relevant technical differences with

possible implications for treatment plan quality. The most important differences

that may influence treatment plan quality are a larger source to isocenter distance,

the interaction of secondary electrons with the magnetic field and limited possi-

bilities for patient positioning in the MRI bore [21,99,100]. However, a planning

study of Nachbar et al. revealed that at least for the Elekta high-field MRI-linac

(Elekta AB, Stockholm, Sweden) the MRgRT plans for esophageal cancer patients

are very much comparable to plans for a conventional linear accelerator [101]. In

conclusion, a considerable dose reduction to the OARs was observed, which has

the potential to reduce toxicity and subsequent complications, when MR-guided

daily adapted treatment plans were used. MRgRT plans with axial margins of 2

mm and CC margins of 5 mm around the CTV yielded similar CTV coverage as

conventional IGRT treatment when motion is taken into account. It was shown

that the reduced OAR dose could potentially be traded in for dose escalation in

a simulated integrated boost setting.
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Abstract

Purpose

This R-Ideal stage 1b/2a study describes the workflow and feasibility of long-

course fractionated online adaptive MR-guided chemoradiotherapy with reduced

CTV-to-PTV margins on the 1.5T MR-Linac for patients with esophageal can-

cer.

Methods

Patients with esophageal cancer scheduled to undergo chemoradiation were treated

on a 1.5T MR-Linac. Daily MR-images were acquired for online contour adapta-

tion and replanning. Contours were manually adapted to match the daily anatomy

and an isotropic CTV-to-PTV margin of 6 mm was applied. Time was recorded

for all individual steps in the workflow. Feasibility and patient tolerability were

defined as on-table time of ≤ 60 minutes and completion of >95% of the frac-

tions on the MR-Linac, respectively. Positioning verification and post-treatment

MRIs were retrospectively analyzed and dosimetric parameters were compared to

standard non-adaptive conventional treatment plans.

Results

Nine patients with esophageal cancer were treated with chemoradiation; eight

patients received 41.4 Gy in 23 fractions and one received 50.4 Gy in 28 fractions.

Four patients received all planned fractions on the MR-Linac, whereas for two

patients >5% of fractions were rescheduled to a conventional linac for reasons

of discomfort. A total of 183 (86%) of 212 scheduled fractions were successfully

delivered on the MR-Linac. Three fractions ended prematurely due to technical

issues and 26 fractions were rescheduled on a conventional linac due to MR-Linac

downtime (n=10), logistical reasons (n=3) or discomfort (n=13). The median

time per fraction was 53 minutes (IQR=3min). Daily adapted MR-Linac plans

had similar target coverage, whereas dose to the organs-at-risk was significantly

reduced compared to conventional treatment (26% and 12% reduction in mean

lung and heart dose, respectively).

Conclusion

Daily online adaptive fractionated chemoradiotherapy with reduced PTV margins

is moderately feasible for esophageal cancer and results in better sparing of heart

and lungs. Future studies should focus on further optimization and acceleration

of the current workflow.
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Introduction

Magnetic Resonance Imaging (MRI) is an imaging modality which provides excel-

lent soft tissue contrast allowing clear visualization of both the esophageal tumor

and surrounding organs at risk. Integrated MR-guided radiotherapy (MRgRT)

systems such as the Elekta Unity 1.5T MR-Linac (Elekta AB, Stockholm, Swe-

den) allow for an adaptive workflow with online contour adaptation and replan-

ning [22, 24, 54]. Moreover, MRgRT provides real-time imaging to characterize

and eventually track intrafraction motion to ensure even more precise and accu-

rate dose delivery. On the downside, online MRgRT will substantially increase

the treatment time per fraction. Therefore, most clinical experience with MRgRT

with online plan adaptation has been achieved for confined target volumes that are

treated with hypofractionated regimens such as lymph nodes, prostate, pancreas

and lung lesions [51, 60, 61, 63, 102]. For patients with esophageal cancer the role

of MRgRT is relatively unexplored, although MRgRT has some potential benefits

over contemporary cone-beam CT (CBCT) guided radiotherapy [103]. Firstly, the

clinical target volume (CTV), which contains the esophageal tract and sometimes

the proximal stomach, is subject to large interfraction variations [47]. Due to the

limited soft-tissue contrast of CBCT imaging, these variations are often unnoted.

Moreover, because of limited soft tissue contrast patients are typically aligned on

the bony anatomy (e.g. vertebrae) during treatment. To account for these pa-

tient positioning and other inaccuracies the CTV is expanded to a relatively large

planning target volume (PTV). Recent studies have suggested margins varying

between 7 mm and 12 mm for different directions, resulting in PTVs that are

about three times the volume of the CTV [6, 7, 76, 78]. Online MRI provides ex-

cellent soft tissue contrast, thereby enabling accurate target definition for each

fraction and with online plan adaptation, interfractional variations (including po-

tential tumor shrinkage) can be corrected for [104]. Secondly, respiratory motion

and changes in respiratory patterns together with patient movements and relax-

ation could lead to intrafractional tumor changes [49, 71, 72]. Online cine-MR

can capture these intrafraction changes and thereby potentially allows for gat-

ing and tracking strategies. In addition, during free breathing treatment dose

delivery treatment can be interrupted in case intrafraction motion exceeds a pre-

set threshold [59]. These motion management strategies will increase treatment

accuracy. Thirdly, the onboard MRI also allows for online functional diffusion-

weighted imaging (DWI). Multiple studies have shown that the change in DWI

signal is a biomarker for treatment response [87, 105, 106]. It could be hypothe-

sized that functional imaging potentially allows for dose painting and smart dose

escalation strategies based on the residual disease demarcated by the DWI signal,

which might increase treatment efficacy. However, MRgRT presents some disad-
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vantages as well. Online imaging, replanning and verification procedures gener-

ally take more time and might be more demanding from a patient perspective.

In addition, at this moment treatment costs of MRgRT will be higher compared

to conventional CBCT guided radiotherapy. Therefore, systematic evaluation of

MRgRT in esophageal cancer according to the R-Ideal framework is of utmost

importance for evidence-based implementation [107]. As a first step to gain ex-

perience in the treatment of esophageal cancer on an MR-Linac and to explore

the feasibility of MRgRT, we started an R-Ideal stage 1b/2a study, treating pa-

tients with esophageal cancer with fractionated chemoradiotherapy on the 1.5 T

MR-Linac (Unity) with reduced PTV margins, at our institute, from July 2019

onwards. In this study we describe the workflow of MRgRT on a 1.5 T MR-Linac

and report on our first clinical experiences in terms of treatment times, patient

compliance and dose reduction to normal tissue.

Methods

Patients

Patients referred for chemoradiotherapy in accordance with the Dutch guide-

lines, with a good performance status and limited nodal disease, were eligible for

treatment on a 1.5T MR-Linac (Elekta Unity, Elekta AB, Stockholm, Sweden).

The chemoradiotherapy regimen consisted of 5 weeks or 6 weeks radiotherapy of

41.4 Gy in 23 fractions or 50.4 Gy in 28 fractions, with concurrent weekly in-

travenous administration of carboplatin and paclitaxel. Exclusion criteria were

general contraindications for 1.5T MRI, an inability to tolerate a one-hour treat-

ment as judged by the radiation oncologist, and an expected cranio-caudal length

of the clinical target volume (CTV) of >18 cm because of limitations in maxi-

mum field size on the MR-Linac. All patients consented to the MOMENTUM

study (NCT04075305), which has been approved by the Medical Research Ethics

Committee of the University Medical Centre Utrecht in the Netherlands [108].
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Clinical workflow

All steps of the workflow are depicted in Figure 6.1 and described in detail be-

low.

Figure 6.1: Clinical workflow for online adaptive radiotherapy on the MR-Linac for patients with
esophageal cancer.

Pre-treatment imaging

Pre-treatment imaging consisted of an MRI scan and a planning (18F-FDG PET)-

4DCT. MR imaging was acquired on a 1.5 T Philips Ingenia MRI scanner (Philips

Medical Systems, Best, NL). Patients were scanned in free breathing conditions in

head-first, supine treatment position with arms down for patient comfort, on a flat

table top. The patient set-up was indexed to a special table overlay as described

by Werensteijn-Honing et al. (2019) [60] and an anatomical 3D-T2-weighted scan

(0.59x0.59x0.2 mm3, TE=87.5, TR=1300ms, scan time = 6 minutes) was ac-

quired.

Delineations

Target volumes were delineated on the anatomy of the pre-treatment MR images.

As this 3D-scan was acquired under free breathing conditions over 5-6 minutes,

the time averaged anatomy was reconstructed over multiple breathing cycles with

Cartesian k-space sampling [109]. First, the GTV was delineated on the 3D T2

weighted MR scan by a radiation oncologist subspecialized in esophageal cancer,

where fused PET and CT images were used as extra guidance. Subsequently, the
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CTV was defined as the gross tumor volume (GTV) of the primary tumor with a

3-cm cranio-caudal extension along the gastroesophageal tract (2 cm in caudal di-

rection in cases were the CTV extended in the stomach) and radially with a 5-mm

margin excluding anatomical structures such as heart, lungs, large vessels, trachea

and main bronchi and vertebrae. Pathologic lymph nodes were also included in

the CTV with a 5-mm margin where the previously listed anatomical structures

were excluded. As the CTV was confined by both geometrical and anatomical

borders that varied on a day-to-day basis, a multi-step delineation procedure was

initiated involving three aiding structures (Figure 6.2). The first aiding structure

(AID1) was defined as the GTV with a 0-cm cranial margin and a 3-cm margin

(or 2 cm in case of tumor extension in the stomach) in all other directions. This

structure was used to indicate the ultimate geometric limits of the caudal part

of the CTV in the stomach region. The second aiding structure (AID2) was con-

structed by adding a 3-cm cranial margin to AID1. This structure was used to

mark the upper transversal slice to be included in CTV definition. A third aiding

structure (AID3) was defined as the GTV with an isotropic margin of 5 mm to

mark the radial extensions of the CTV around the GTV. In an earlier in-silico

study we demonstrated that a CTV-to-PTV margin of 2 mm in axial and 5 mm

in cranial-caudal direction was large enough to absorb the residual intrafraction

motion in the vast majority of patients [103]. However, in this clinical pilot study

the PTV was conservatively created by an isotropic expansion of the CTV with

6 mm. OARs were delineated by a specialized radiation therapy technologist and

checked and - if necessary - adapted by a radiation oncologist.

Figure 6.2: Aiding structures for fast reproducible online CTV definition. The first aiding structure
(AID1) was defined as the online manually adapted GTV with a 0-cm cranial margin and a 3-cm
margin (or 2 cm in case of tumor extension in the stomach) in all other directions. The second aiding
structure (AID2) was constructed by adding a 3 cm cranial margin to AID1. A third aiding structure
(AID3) was defined as the online manually adapted GTV with an isotropic margin of 5 mm. The
propagated CTV was automatically confined by AID2 and subsequently adapted manually according
to anatomy visible on the MRI. AID3 was used to facilitate manual adaptation of the CTV.
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Pre-treatment planning

A pre-treatment step-and-shoot intensity-modulated radiotherapy (IMRT) plan

was created in Monaco, to serve as a patient-specific template for online treatment

planning. Here a dose of 41.4 Gy in 23 fractions (or 50.4 Gy in 28 fractions) was

prescribed to 95% of the PTV, while minimizing the dose to the lungs, heart and

spinal cord (Table 6.1). The calculation grid size for the Monte-Carlo dose engine

was 4 mm and the relative electron densities for lungs, trachea, main bronchi and

bony tissue were adapted from the planning CT, while the density of the remaining

body tissue was set to 1.01 g/cm3. The 1.5 T magnetic field along the direction

of the scanner bore was taken into account for all dose calculations. Seven non-

uniformly spaced beam angles were used, avoiding the couch at beam angles

of 115°-135° and 225°-245° the cryostat connection pipe at 8°-18° and avoiding

patients’ arms at beam incidence. Furthermore, a back-up plan was generated

in case the patient needed to be rescheduled to a conventional linear accelerator.

Therefore, a VMAT plan was generated with a 10-mm isotropic CTV-to-PTV

margin based on the anatomy of the phase-averaged 4D planning CT.

Organ Dosimetric parameter Objective

PTV

V107% <2 cm3

V95% >98 %

V90% >99 %

Lungs

V20Gy <30 %

V5Gy <75 %

Heart

V40Gy <30 %

Spleen

Dmean <20 Gy

CTV

V95% >99 %

Table 6.1: Dosimetric parameters and objectives for online replanning. V107%, V95% and V90%
represent the volume which receive at least 107, 95 and 90 of the prescribed dose, respectively.
V5Gy, V20Gy and V40Gy represent the volume which receives 5, 20 and 40 Gy, respectively. Dmean
represents the mean dose to the corresponding organ.
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Online workflow

Online patient setup

Patients were in supine position with arms down on the MR-Linac couch using

specific couch index points, which were intended to ensure that the position of

the patient along the length of the couch was known and reproducible between

the pre-treatment planning scans and each treatment session. In addition, an

institutionally added in-room laser system was used for patient positioning on

the MR-Linac.

Online contour adaptation and replanning

After patient alignment, a 3D T2 MRI scan (MRIpre) was acquired using the same

parameters as for the pre-treatment scan. Contours were propagated from the pre-

treatment MRI using first a rigid and then a deformable registration in Monaco,

version 5.40.01 (Elekta AB, Stockholm, Sweden). Next, the propagated GTVs

were adapted by a specialized radiation oncologist. Then, the aiding structures

AID1, AID2 and AID3 were regenerated and the propagated CTV was automati-

cally confined by AID2 and subsequently adapted manually according to anatomy

visible on the MRI. AID3 was used to facilitate manual adaptation of the CTV.

Finally, a PTV of 6 mm in all directions was generated for the adapted CTV and,

if deemed necessary, the contours of the propagated OARs were partially adapted.

Once all contours were adapted to the anatomy of the day, online replanning was

started using the objectives of the pretreatment IMRT plan, which is also referred

to as the ‘adapt to shape’ workflow [56,60].

Plan evaluation, motion management and dose delivery

The new treatment plan was evaluated by the radiation oncologist. During plan

optimization, a position verification (PV) MRI scan (MRIpv) was acquired, with

the same parameters as the online planning MRI scan. Visual inspection of an

overlay of adapted contours from MRIpre, especially the CTV, on the PV scan was

used to observe the presence of significant target motion that possibly occurred

during the recontouring and recalculation phase. If target shifts were judged to

be inappropriate the plan could be readjusted in two manners. If the difference

in the CTV anatomy was characterized by a shift, then the MRIpre was rigidly

registered to the MRIpv. The corresponding translations were used to virtually

shift the isocenter and the leaf positions of the multi-leaf-collimator, effectuating a

virtual couch correction. Furthermore, the beam weights of the adapted segments

were optimized to mimic the dose distribution of the earlier generated IMRT dose

distribution. This procedure is also referred to as the adapt-to-position (ATP)
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procedure and is fast (typically 1 minute) [110]. However, if the anatomical

changes between MRIpre and MRIpv could not be captured by a rigid translation,

the contours were adapted to the new anatomy and the entire replanning proce-

dure was restarted, including a new position verification scan and plan evaluation.

Meanwhile, an in-house made dose-check assessed the complexity of the treatment

plan by comparing the total number of monitor units, number of segments, beam

irregularity, and beam modulation to the pre-treatment plan. Furthermore, an

independent 3D dose check was performed (Oncentra, Elekta AB, Stockholm,

Sweden) 28. This independent dose calculation was based on a collapsed cone

dose algorithm, therefore no magnetic field effect was taken into account.

Treatment delivery

After approval of the plan and independent dose check, radiotherapy delivery was

initiated using 7 MV FFF IMRT. Over the entire delivery time, interleafed sagittal

and coronal cine-MRIs were acquired at 1.6 Hz to visually inspect unexpected

patient motion during treatment. Immediately after treatment, a 3D T2 MRI

scan (MRIpost) was acquired for offline assessment of intrafraction shifts. No

gating strategies were used as this was not supported by the system.

Outcomes

In order to assess the feasibility and the patient tolerability of the treatment, the

percentage of treatment fractions delivered on the MR-Linac and the percentage

of patients who received all treatment fractions on the MR-Linac were determined.

In addition, total on-table time per fraction, as well as the duration of all steps of

the workflow were recorded and for each step the median duration was calculated

over all delivered MR-Linac treatment fractions. The treatment was arbitrarily

scored as feasible when the on-table time interval was ≤ 60 minutes for > 75% of

the treatment fractions and completion of > 95% of fractions on the MR-Linac,

reflecting patient tolerability. Wilcoxon signed rank testing was performed to

compare the target coverage, heart dose and lung dose between adaptive MRgRT

plans and the back-up plan. Data were analyzed using SPSS version 25.0 (IBM

Corp., Armonk, NY).

Intrafraction drifts

Intrafraction target drifts during treatment were assessed by registering the MRIpost
to the MRIpv. Here a rigid registration was performed with the Elastix toolbox

using only the grey values within the CTV mask [48].
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Results

Nine patients with esophageal cancer were scheduled to undergo chemoradiation

on the MR-Linac between July 2019 and January 2021. Patient and tumor char-

acteristics are summarized in Table 6.2. Most patients had a good WHO score

and limited nodal disease. Eight patients were scheduled for 23 treatment frac-

tions and one patient for 28 treatment fractions. Out of 212 scheduled treatment

fractions, a total of 186 fractions were initiated on the MR-Linac, of which 183

were completed successfully. Two of the three unsuccessfully delivered treatment

fractions were prematurely ended due to technical issues (at 89% and 63% of

the delivered dose, respectively) and for one fraction it was decided to switch to

the conventional back-up plan because of a cranial-caudal misalignment of the

patient, which was only detected in the planning phase and inhibited the PTV

expansion (Figure 6.3).

Figure 6.3: Flowchart of planned and delivered fractions on MR-Linac for nine patients with
esophageal cancer.
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Median (range) N (%)

Age (yrs) 59 (51-73)

WHO performance

0 1 (11 %)

1 7 (78 %)

2 1 (11 %)

Histopathology

Adenocarcinoma 5 (56 %)

Squamous cell carcinoma 4 (44 %)

Tumor location

Mid 2 (22 %)

Distal 5 (56 %)

GE Junction 2 (22 %)

T stage

2 1 (11 %)

3 7 (78 %)

4b 1 (11 %)

N stage

0 6 (67 %)

1 3 (33 %)

Table 6.2: Patient baseline characteristics.
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Twenty-six fractions were rescheduled on a conventional linac prior to start of the

treatment fraction due to MR-Linac downtime (n=10), logistical reasons (n=3)

or reasons of discomfort associated with the long on-table times (n=13). For two

patients (patient 5 and 6) > 5% of fractions were rescheduled to a conventional

system for reasons of discomfort (after fraction 16 and 18 respectively), to reduce

the burden of the long on-table times. For one patient (patient 8) this was only for

a single fraction when the patient was suffering from a tickling cough. Lastly, in

four patients all treatment fractions were delivered on the MR-Linac as planned.

The median total time per fraction was 53 minutes (IQR 3 minutes), of which 19

minutes (36%) consisted of GTV, CTV and OAR delineation adjustments (Figure

6.4, Table 6.3). The median time between the start of the first MRI and the end

of treatment was 49 minutes (IQR 10 minutes). The median planning time was 5

minutes and could take up to 12 minutes when ATP (3x) or full replanning (5x)

procedures were performed after the initial online planning.

Figure 6.4: Overview of timings per action of the online workflow of MR-guided radiotherapy for
patients with esophageal cancer.
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Median (IQR) time per action in minutes

Patient Delineation Replanning Plan evaluation Dose delivery 1st MR – end treatment

PT 1 16 (30) 4 (1) 2 (1) 5 (1) 42 (4)

PT 2 24 (10) 4 (1) 2 (2) 4 (1) 51 (8)

PT 3 20 (7) 6 (3) 4 (4) 5 (2) 51 (8)

PT 4 17 (4) 4 (1) 4 (1) 5 (1) 45 (3)

PT 5 19 (3) 6 (1) 4 (1) 7 (0) 49 (4)

PT 6 21 (5) 6 (1) 4 (4) 7 (2) 55 (8)

PT 7 20 (10) 6 (1) 4 (1) 5 (0) 51 (10)

PT 8 19 (10) 6 (2) 3 (1) 7 (0) 52 (10)

PT 9 19 (7) 6 (1) 4 (2) 6 (0) 48 (10)

All 19 (7) 5 (2) 3 (2) 5 (2) 49 (10)

Table 6.3: Overview of timing per action of the online workflow for all patients. Abbreviation: IQR
(interquartile range).

Comparison between the daily adapted MR-Linac plans and the back-up plan

showed similar PTV coverages (p=0.91) (Figure 6.5). In an incidental case (10 out

of 186 fractions) PTV coverage was below < 97%, however CTV coverage was >

99% in all treatment fractions and therefore this was deemed acceptable. However,

the dose to the OARs was significantly reduced with daily adaptive MRgRT. The

average mean lung dose reduced by 26 % (p<0.001) and the average mean heart

dose by 12% (p<0.001) compared to the VMAT back-up plan. Furthermore, a

reduction in high dose to the heart (V40Gy), and dose to the lungs (V5Gy and

V20Gy) was observed for most adapted plans in comparison to the back-up plans

(p<0.001).
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Figure 6.5: Comparison of target coverage and dose to the organs at risk between daily adapted
MR-Linac plans (red) and the back-up plan (blue). The boxes show the 25th to 75th percentiles,
where the median is displayed by a line inside the box.
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Figure 6.6: Box plot of the intrafraction drift of the CTV during beam-on time. for left-right
(blue), anterior-posterior (red) and cranio-caudal (black) directions for all patients. Negative values
represent a shift in right, anterior and caudal direction.

The median intrafraction motion during beam on time (between MRIpv and

MRIpost) was 0.9mm (IQR 1.0 mm) (Figure 6.6). Subanalysis revealed that the

intrafraction motion was smallest in the left-right (average -0.2 mm, SD 1.0 mm)

and anterior-posterior (average 0 mm, SD 0.6 mm) directions. Some fractions dis-

played larger motion in cranio-caudal direction (average -0.4 mm, SD 1.7 mm).

Furthermore, it was observed that tumor volumes were smaller in the second half

of the treatment course, compared to first half, which also was reflected in the

volume of the CTVs and PTVs (Figure 6.7).
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Figure 6.7: Change in GTV, CTV and PTV volume over the course of treatment. Difference between
first half of the fractions and final half of the fractions is visible for most patients.
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Discussion

To our knowledge, this is the first report on the clinical implementation of online

MRgRT for patients with esophageal cancer, with an on-table re-imaging and

replanning workflow. The presented workflow was feasible with a median time

per fraction of 53 minutes (IQR 3 minutes). In addition, 2 out of 9 patients re-

quired treatment on a conventional linac for reasons of discomfort for more than

5% of fractions, therefore long-course fractionated chemoradiation on the 1.5T

MR-Linac with the current workflow is moderately tolerable in selected patients

with esophageal cancer. The use of daily plan adaptation allowed for an initial

experience with smaller treatment margins, resulting in reduced dose to heart and

lungs in comparison to the back-up treatment plan, while similar target cover-

age was achieved. The presented workflow for the on-table adaptive MRgRT for

esophageal cancer was associated with some complexities, which are often unfa-

miliar to other treatment sites treated with online adaptive MRgRT. First, the

size of the target volume for chemoradiation of esophageal cancers is large, which

requires more extensive delineation of both target volume and adjacent organs at

risk. Second, the online definition of the target volume involves recontouring of

the GTV as well as a regeneration and adaptation of the CTV, instead of the gen-

erally applied GTV-to-PTV concept in stereotactic adaptive MRgRT. Therefore,

the workflow for online adaptive MRgRT for esophageal cancer is more labor

intensive and did require the onsite presence of a radiation oncologist. Third,

the total treatment consisted of 23 or 28 fractions, which is at least uncommon,

if not unprecedented, within the general framework of online adaptive MRgRT.

These elements made the online adaptive MR-guided radiotherapy workflow for

chemoradiation in esophageal cancer not only more demanding for patients and

staff, but also required extensive logistic planning. These tumor specific complex-

ities and challenges require a well-structured optimization and evaluation of the

workflow, to facilitate timely and evidence-based implementation of MRgRT in

esophageal cancer. According to the R-Ideal framework, we therefore conducted

this phase 1b/2a study to provide the first experience of fractionated long-course

chemoradiotherapy on the MR-Linac [107]. For this feasibility study we aimed to

enroll 10 patients, however, due to the COVID pandemic only 9 patients could

be enrolled within a reasonable timeframe. Nevertheless, still 186 treatment frac-

tions on the MR-Linac were available for analyses. For most patients the long

on-table procedure was tolerated well. However, the long overall treatment time

(23 or 28 fractions) in combination with concurrent chemotherapy induced toxic-

ity during the course of treatment negatively influenced the patients’ compliance.

For 2 out of 9 patients the physical condition gradually worsened over time mak-

ing the long on-table workflows difficult to tolerate. It was therefore decided to
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divert to a regular CBCT-guided workflow at the cost of an approximate 40%

increase in mean lung dose for the remaining fractions (Figure 6.5). The mod-

erate tolerability emphasizes the need for shorter on-table times. In the current

procedures a large proportion of the preparation time (19 minutes) was spent on

contour adaptation and regeneration of the CTV. Daily redefinition was neces-

sary as the anatomy of the GTV and CTV changed from fraction to fraction for

example due to changes in stomach filling and also due to tumor shrinkage (Fig-

ure 6.7) [47, 111]. Enhanced deformable registration procedures together with

improved contour propagation techniques could potentially fully automate the

online target and OAR definition process and thereby drastically reducing the

pre-beam process. This would then allow on-table workflows of 20 minutes –

25 minutes which we believe would substantially increase patient compliance. In

this feasibility study an isotropic CTV-to-PTV margin of 6 mm was pragmatically

and conservatively chosen, which already yielded a considerable dose reduction

to the lungs and heart compared to our regular CBCT-guided RT plans while

maintaining target coverage in line with findings of Nachbar et al. [101]. In only 3

out of 186 fractions an interfractional drift was observed that exceeded the 6-mm

margin, most likely as result of a change in breathing pattern (Figure 6.8).

Figure 6.8: Example of a (rare) large caudal intrafraction shift between the pre-treatment (left)
and position verification (middle) MRIs and the post-treatment MRI (right) for patient 3. No
baseline shift was observed between MRIpre and MRIpv, while substantial lowering of diaphragm
position (yellow and red dashed lines) was observed in the post-treatment scan which was partially
propagated to the GTV (blue and orange contour).

Further dose reduction could be obtained by prospectively adapting patients’

individual margins based on the measured intrafraction motion. In a previous in-

silico study we have demonstrated that an axial margin of 2 mm in combination

with a 5-mm cranial caudal margin could well absorb the intrafraction motion

in almost all patients [103]. This work substantiates the earlier findings, as we

showed that the lateral and anterior-posterior components of the intrafraction

motion were small and random of nature, allowing smaller margins to be applied

in these directions, thereby further reducing the dose to lungs and heart. On a

94



C
h

a
p

te
r

6

Chapter 6

different note, treatment on an MR-Linac opens up the possibility of functional

MR imaging. In particular, for patients with esophageal cancer changes in the

diffusion-weighted imaging (DWI) signal have been shown to correlate to treat-

ment response [87,105,106,112]. MR-Linac treatments potentially allow for daily

quantification of these signal changes over the entire treatment without an in-

crease in treatment time, as these 2-minute DWI scans can be acquired during

the recontouring phase (Figure 6.4). Although beyond the scope of this work,

an example of the changes of the b500 signal over the course of treatment are

depicted in Figure 6.9.

Figure 6.9: Example of reduction of the DWI b500 signal during chemoradiotherapy in a patient with
esophageal cancer.

In conclusion, an online adaptive workflow with full replanning to the daily

anatomy for esophageal cancer radiotherapy on a 1.5T MR-Linac results in a

reduced dose to the organs-at-risk without compromising target coverage com-

pared to our conventional CBCT treatment. However, due to the long treatment

times MRgRT was only moderately feasible in a selected patient group. Future

studies should be focused on further optimization and acceleration of the current

workflow and on employing the full potential of daily MR-guided radiotherapy for

the development of new treatment strategies, such as biology-driven dose escala-

tion.
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Intrafraction motion analysis in

online adaptive radiotherapy for

esophageal cancer

The following chapter is based on:

MR Boekhoff, JJW Lagendijk, ALHMW van Lier, S Mook, GJ Meijer

Physics and Imaging in Radiation Oncology (2023) 26, 100432

10.1016/j.phro.2023.100432

97



Chapter 7

Abstract

Intrafraction motion during magnetic resonance (MR)-guided dose delivery of

esophageal cancer tumors was retrospectively analyzed. Deformable image reg-

istration of cine-MR series resulted in gross tumor volume motion profiles in all

directions, which were subsequently filtered to isolate respiratory and drift motion.

A large variability in intrafraction motion patterns was observed between patients.

Median 95% peak-to-peak motion was 7.7 (3.7 – 18.3) mm, 2.1 (0.7 – 5.7) mm

and 2.4 (0.5 – 5.6) mm in cranio-caudal, left-right and anterior-posterior direc-

tions, relatively. Furthermore, intrafraction drift was generally modest (<5mm).

A patient specific approach could lead to very small margins (<3mm) for most

patients.

Introduction

Radiation therapy has become an integral part in the neoadjuvant treatment of

locally advanced esophageal cancer [2,32]. Optimal radiotherapy delivery accounts

for day-to-day changes in target volumes. The introduction of magnetic resonance

(MR) guided radiotherapy (MRgRT) has allowed for online plan adaptation of the

treatment plan based on MRI visualization of the daily anatomy [22,24,113]. In a

recent study we have demonstrated in a cohort of patients with esophageal cancer

that MRgRT reduces the dose to organs at risk (OAR) when daily plan adaptation

is applied in combination with the use of smaller treatment margins [103, 113].

Daily plan adaptation compensates for set-up inaccuracies and interfraction tumor

changes, leaving only intrafraction motion (e.g. breathing motion and tumor

drifts) as residual errors. The aim of the current work was to retrospectively

assess the intrafraction motion in this patient cohort.

Materials & Methods

Nine esophageal cancer patients received neoadjuvant chemoradiotherapy treat-

ment on a 1.5T MR-Linac (Elekta Unity, Elekta AB, Stockholm, Sweden) between

July 2019 and March 2021, as previously reported by our group [113]. All pa-

tients consented to the MOMENTUM study (NCT04075305), which has been

approved by the Medical Research Ethics Committee of the University Medical

Centre Utrecht in the Netherlands [108]. In this cohort, the tumor location var-

ied from the mid- (2) to distal-esophagus (5) and around the gastroesophageal

junction (2). Clinical T and N stage were distributed as follows: cT2 (1), cT3 (7)

and cT4b (1), N0 (6) and N1 (3).
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All patients underwent a T2 weighted anatomical MR scan at the start of each

treatment fraction, After registration to a reference scan, the gross tumor volume

(GTV) and clinical target volume (CTV) contours were propagated and subse-

quently adapted by a radiation oncologist. An isotropic treatment margin of 6

mm was used to expand the CTV to create the planning target volume (PTV).

Next, a treatment plan was created. In the meantime a second MR scan was

acquired and treatment was started if the intrafraction motion between the scans

was deemed appropriate (i.e. small) otherwise the plan was readapted. Cine-MR

series were recorded for the full duration of dose delivery during each treatment

on the MR-Linac. The series consisted of interleafed scans in the coronal and

sagittal plane with an in-plane resolution of 1.2 x 1.2 mm2 with a frequency of 3

Hz.

The delineated GTV was rigidly propagated to the reference frames of both the

coronal and sagittal cine-MR series, which were chosen based on representation of

the anatomy of the planning MRI (Figure 7.1). Cine images were registered to the

reference frame with a Matlab (Mathworks Inc., Natick, MA, USA) GPU imple-

mentation of Evolution [114]. The motion fields following from registration of the

cine slices were applied on a binary mask of the GTV and for every cine instance

the motion trajectory of the center of mass of the GTV-mask was calculated.

Analysis of the coronal slices resulted in the motion trajectory in cranio-caudal

and left-right directions, while the anterior-posterior and again the cranio-caudal

directions were obtained from analysis of the sagittal slices.

Figure 7.1: Coronal (left) and sagittal (right) cine slices. Tumor motion is tracked within the daily
adapted GTV (red).
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Two filters were used to separate the drifts from the periodic breathing motion.

A high-pass filter of 0.05 Hz was used to extract the drift motion, while a low-

pass average filter (50 frames, 20 seconds) was used to isolate the respiratory

motion. Furthermore, for each direction the difference between the maximum and

minimum (peak-to-peak) value of the respiratory motion was calculated, excluding

the top and bottom 5 percentiles to reduce sensitivity to outliers. Similarly, the

minimum and maximum values of the filtered drift motion were determined to

obtain the largest drift in each direction.

In order to calculate the impact of the intrafraction motion on the CTV-to-PTV

margin, the motion trajectories were used to assess the standard deviation of the

motion of the GTV throughout all fractions (σm). The difference between the

blurred and non-blurred 95%-isodose level could then be estimated by:

M intrafraction = 1.64
√

[σm]2 + [σp]2 − 1.64[σp]

where the parameter σp, describing the width of the penumbra modeled by a

cumulative Gaussian which was set to 3 mm [6,14,15].

In total 183 fractions were successfully completed on the MR-Linac, yielding 183

sets of coronal and sagittal cine-MR series.

Results

The median (range) 95% peak-to-peak motion obtained from the coronal scans

was 7.7 (3.7 – 18.3) mm in cranio-caudal direction and 2.1 (0.7 – 5.7) mm in left-

right direction (Figure 7.2). Analysis of sagittal scans showed a median of 6.1 (2.3

– 15.5) and 2.4 (0.5 – 5.6) mm peak-to-peak motion in cranio-caudal and anterior-

posterior directions, respectively. The largest peak-to-peak motion was observed

in patients 1 and 3. For these patients a peak-to-peak respiratory amplitude of

more than 1 cm in cranio-caudal direction was observed for all fractions.
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Figure 7.2: 95% Peak-to-peak breathing motion for all patients

The median (range) drift was largest in cranio-caudal direction, in particular as

measured on the coronal scans: 2.7 (0.6 – 14.7) mm, while the cranio-caudal drift

measured on the sagittal scans was 2.1 (0.5 – 9.9) mm. The median drift in AP

and LR directions was 1.0 (0.1 – 5.2) mm and 1.0 (0.2 – 4.7) mm, respectively

(Figure 7.3). The largest systematic cranio-caudal drift was 10 mm for two pa-

tients. However, when averaged over all fractions no systematic drifts >1mm were

observed in any direction for any patient indicating that drifts could be systematic

within a fraction, but were random over the entire treatment course.
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Figure 7.3: Min-max drift motion per fraction for each direction for all patients.

In Table 7.1, the standard deviation of the motion of the GTV throughout all

fractions (σm) for each patient is listed together with associated intra-fraction

motion.

σm (mm) Mintrafraction (mm)

Patient CCc CCs AP LR CCc CCs AP LR

1 4.7 3.2 1.2 1.5 4.2 2.3 0.4 0.6

2 2.7 2.6 1.3 0.8 1.7 1.6 0.4 0.2

3 4.9 3.6 1.3 1.2 4.6 2.8 0.4 0.4

4 2.5 1.6 0.4 0.6 1.5 0.6 0.0 0.1

5 2.6 1.7 0.7 0.8 1.5 0.7 0.1 0.2

6 2.7 2.6 0.8 0.9 1.7 1.6 0.2 0.2

7 1.6 0.9 0.3 0.5 0.6 0.2 0.0 0.1

8 2.6 1.7 0.4 0.7 1.6 0.7 0.0 0.1

9 2.8 2.4 1.3 0.9 1.8 1.4 0.4 0.2

Table 7.1: Required margin Mintrafraction in mm per patient to deliver at least 95% of the prescribed
dose to the GTV in 90% of the beam-on time. Here, σm is the standard deviation of the motion of
the GTV throughout all fractions.
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Discussion

This study provided an analysis of esophageal tumor motion during online MR-

guided radiotherapy. A large variability in intrafraction motion patterns was

observed between patients. Two patients displayed a systematic cranio-caudal

drift of 10 mm, while three patients did not show an intrafraction cranio-caudal

drift larger than 5 mm in any of their fractions. This indicated that small treat-

ment margins (<5mm) would have been sufficient for these patients to ensure

sufficient target coverage for each fraction. Furthermore, some patients displayed

a large variability of breathing patterns during dose delivery, which was observed

as changes in amplitude or periods of breath-hold as shown in Figure 7.4.

Figure 7.4: Irregular motion pattern for patient 3 during dose delivery. The total motion (blue) is
split in a (low-frequency) drift motion (orange) and a (high-frequency) respiratory motion (red).

The peak-to-peak motion caused by breathing was largest in cranio-caudal direc-

tion and typically 5-10 mm, while the motion in anterior-posterior and left-right

directions was generally modest (<5 mm). In general, similar peak-to-peak dis-

tances were observed for each patient throughout all fractions, although small

variations in breathing amplitude were observed between fractions.

We observed a difference of 0.1 – 3.5 mm in measured cranio-caudal motion be-

tween the coronal and sagittal cine scans. The largest cranio-caudal motion was

measured on the coronal scans which is consistent with the findings of Lever et

al. [71]. This difference could be explained by the difference in center of mass of
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the GTV-mask between the cine planes. Delineations projected on the coronal

plane included a larger part of the stomach than those in the sagittal plane. This

could result in a different location of the center of mass, which could be more

subject to intrafraction changes of the stomach. Patient two displayed almost no

difference between the scans for all fractions, while patient one, who had more tu-

mor extension into the stomach, showed an average difference of 3.5 mm between

cranio-caudal motion obtained from coronal and sagittal scans.

Previous studies on intrafraction motion patterns for esophageal cancer reported

a similar spread of cranio-caudal respiratory motion between patients [5–7, 49,

70, 115,116]. As all interfraction variations are inherently corrected in the online

adaptive workflow, the CTV-to-PTV margins stem from the interfraction motion

as listed in Table 1. Most margins were small (¡ 2mm) and only patient 1 and 3

would have needed margins of 4 mm and 5mm for the cranio-caudal direction. All

margins were below the 6-mm CTV-to-PTV margin that were clinically applied

in this study, but based on these results smaller margins could be safely applied

in future studies, allowing a further dose reduction to the OARs. As the interfrac-

tion variation of the motion patterns within each patient were small, an adaptive

strategy could be envisioned where the margin is adapted based in the observed

motion patterns in the first fractions. Also gating and tracking strategies could be

employed for patients with breathing amplitudes of 12 mm or more [59,117]. The

use of MRgRT allows for potential treatment intensification of the tumor (boost

dose) [103]. In this scenario it is crucial that target movement is anticipated for

to prevent increased toxicity to the surrounding OAR and to ensure that the dose

is correctly administered to the target volume [82,83]. Sub-analysis of GTV cov-

erage revealed that margins < 5 mm would have been sufficient in this patient

group to deliver at least 95% of the prescribed dose to the GTV in 90% of the

fractions (Table 7.1). These relatively small margins might allow incorporation

of dose escalation in the current workflow.

There were a few limitations in our study that need to be acknowledged. First,

the relative small sample size of nine patients, with mostly distal tumors, could

have influenced the results as distal tumors are more subject to large position vari-

ations [47]. Furthermore, a larger sample size might have concluded that it could

be possible to adjust treatment margins based on intrafraction motion patterns

after the first week(s) of treatment, as the interfraction variability of individual

patients appeared to be low in this study, as no outliers were observed in Figure

7.2 & 7.3.

Secondly, the high-pass filter of 0.05 Hz was chosen to be low enough to contain

all frequency components of the respiration motion, while allowing some variation

in motion patterns. The breathing amplitude of patients who breathed at a very
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low rate could have been filtered out. This could have led to an underestimation

of the respiratory amplitudes. We believe this would not have a large impact on

our findings, as we had long recordings of multiple fractions for each patient.

Thirdly, the motion trajectories were determined from 2D cine-MR images, with-

out adaptation of the GTV-mask. Deformations of the GTV-mask were not taken

into account, which could have influenced the position of the center of mass. Fur-

thermore, out-of-plane motion could have potentially resulted in inaccuracies in

the determined motion patterns. Especially patients with a caudal tumor exten-

sion into the stomach might have been more vulnerable for out-of-plane motion.

A solution could be to use deformable image registration to adapt the GTV con-

tours to follow-up frames. However, this would have significantly increased the

complexity and could have introduced an increase in sensitivity to registration er-

rors, while the change in tumor shape was generally modest. Another possibility

to capture out-of-plane motion could be to explore 3D cine imaging, which might

decrease temporal resolution leading to an underestimation of the respiratory

motion.

In conclusion, intrafraction drift was generally modest (<5mm), but showed a high

interpatient variability. The calculated treatment margin indicated that a patient

specific approach could lead to very small margins (<3mm) for most patients.
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Overview

In the Netherlands, for patients with locally advanced, resectable esophageal can-

cer without metastases the current standard of care is neoadjuvant chemoradio-

therapy (nCRT) followed by esophagectomy. nCRT is administered according to

the CROSS regimen and consists of 23 fractions of 1.8Gy with weekly carboplatin

and paclitaxel [2]. One of the main goals of nCRT is to downsize the primary tu-

mor and thereby increase the chance of a radical resection. This tumor shrinkage

during treatment can result in target deformation. In addition, tumor position

can vary substantially over the course of treatment. Moreover, intrafraction mo-

tion can be observed, mainly related to breathing motion. Treatment margins

are needed to compensate for these geometrical uncertainties, creating the plan-

ning target volume (PTV) out of the clinical target volume (CTV). Previous

studies were able to define margins which provide sufficient target coverage for

conventional treatment [5–7, 40]. It was found that large CTV-to-PTV margins

are required to ensure adequate target coverage throughout the whole treatment

period. This leads to irradiation of large volumes which includes healthy tissue

around the CTV. The resulting excess radiation dose to the organs at risk could

lead to complications [25, 36, 91–96]. It is therefore important to minimize the

dose to healthy tissue by accurately defining the target volumes and potentially

reducing treatment margins. Image-guided radiotherapy (IGRT) will increase ac-

curate dose delivery and the current imaging standard for conventional treatment

is (CB)CT. The primary tumor, involved nodes and the clinical target volume

(CTV) consisting of the peri-esophageal fat often can hardly be discriminated on

CBCT. Hence, set-up corrections are typically performed by online registration of

the bony anatomy visible on CBCT, instead of direct matching on the tumor. The

interfractional variation of the tumor position and shape in relation to the bony

anatomy can be substantial and consequently large PTV margins are still required

for adequate target coverage. Improved imaging quality is required for accurate

target definition, online tumor matching and online treatment adaptation.
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Magnetic Resonance Imaging (MRI) is an imaging modality with superior con-

trast compared to (CB)CT and has been suggested to be beneficial in radiotherapy

treatments [21, 22]. In this thesis, we have investigated whether the use of MRI

in radiotherapy for esophageal cancer could reduce geometrical uncertainties and

lead to more accurate target definitions. We aimed at using MRI to accurately

define the position and shape of esophageal cancer tumors throughout the period

of treatment. Furthermore, we wanted to determine if the application of MRI in

the treatment of esophageal cancer could be beneficial. On top of that the goal

was to gain experience with MR imaging of esophageal cancer tumors and work

towards a clinical implementation. The first part of this thesis is based on the

results of the “REpeated magnetic resonance imaging in esophageal cancer for

Adaptive radiation treatment planning during neoadjuvant ChemoradioTherapy”

(REACT) trial that we conducted in our clinic between December 2015 and April

2018. The main goal of this study was to work towards development of a patient-

specific radiotherapy planning strategy using MRI. Geometric variations over the

course of treatment were assessed by six weekly MRI scans during neoadjuvant

chemoradiotherapy. In Chapters 2, 3, 4 and 5 we reported on the results of this

study. The findings of the first part of this thesis were applied and clinically

implemented in an online adaptive, MR-guided radiotherapy treatment workflow

for patients with esophageal cancer. In the second part of this thesis we reported

on our experiences with this workflow. The clinical implementation and feasibil-

ity of long-course fractionated MR-guided chemoradiotherapy for patients with

esophageal cancer was described in Chapter 6. On top of that, the intrafraction

motion patterns during online adaptive radiotherapy dose delivery were analyzed

in Chapter 7.

Geometrical changes during neoadjuvant

chemoradiotherapy of patients with esophageal cancer

Various anatomical changes can occur during 5 weeks of neoadjuvant chemora-

diotherapy in the treatment of esophageal cancer. Previous studies have used CT

images, often in combination with fiducial markers, to show these interfractional

changes in position, shape and volume [5, 30, 31]. However, studies on weekly

changes of the full anatomy of the tumor were lacking, whereas it has been shown

that the full 3D changes of the anatomy could result in significant dosimetric

changes in the targets and OARs [29]. The REACT study was designed to cap-

ture the full anatomy of the tumor with weekly MR images. Respiratory-triggered

transversal and sagittal T2-weighted MRI scans were recorded to capture the

anatomy of the tumor. Intrafraction motion was captured with two sagittal and
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coronal cine-MRI series of each 45 seconds. With these images, a treatment sim-

ulation was performed to investigate the geometrical changes during neoadjuvant

chemoradiotherapy of patients with esophageal cancer.

Volumetric response

We assessed the volumetric changes in the primary tumor during nCRT for

esophageal cancer based on weekly MR images in Chapter 2. After five weeks

of nCRT treatment we observed an average decrease in tumor volume of 28%.

Furthermore, tumor regression already started after the first week of treatment,

which implies that replanning can be benefical after only one week of treatment.

These findings are in line with previous studies which used follow-up scans after

10 or 20 fractions, respectively, to assess tumor regression [30,31]. An important

finding of this study was that due to tumor regression, the heart could move into

the high dose-regions as the treatment evolves. This was predominantly observed

for large tumors (>50cc) dorsally situated from the heart. As an increase in heart

dose has been related with complications and worse overall survival [25,36], adap-

tive strategies could be considered in this subpopulation of patients. A simple but

effective strategy would be to standardly replan these patients after two weeks of

treatment.

The impact of geometrical changes on target coverage

Geometric tumor changes between fractions account for the largest uncertainty

in tumor position and have therefore the biggest impact on the inflation of treat-

ment margins. Most studies reporting on motion patterns and treatment margins

for esophageal cancer radiotherapy have used (4D)CT, often in combination with

implemented markers as surrogate of the tumor position [5–7]. In these studies,

treatment margins were calculated based on the van Herk recipe [14, 15]. How-

ever, there are a few limitations when using the margin recipe to determine the

treatment margins. First, the margin recipe assumes rigid movements of the en-

tire CTV, whereas the CTV interfraction variation is often characterized by shape

changes. Second, implemented markers are sampled over the tumor (GTV) and

not over the CTV which may lead to different motion characteristics. Thirdly, the

margin recipe assumes perfect conformity at every surface element of the PTV

surface often in conjunction with steep dose gradients outside the PTV, which

could lead to overestimation of the required margins. In Chapter 3 we over-

came these aforementioned limitations by performing a full dosimetric assessment

of weekly replanning to calculate the smallest CTV-to-PTV margins that yield

full target coverage over the course of a simulated treatment. By performing a
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full dosimetric assessment, not only the dosimetric impact of day-to-day transla-

tions of the tumor itself was accounted for, but also the dosimetric effects of all

morphologic changes (e.g. tumor regression) over the course of treatment were

incorporated. The accumulated dose analysis revealed that CTV-to-PTV treat-

ment margins of 8, 9 and 10 mm in posterior & right, anterior & cranial and left

& caudal direction, respectively, were sufficient to account for interfraction tumor

variations over the course of treatment when applying a daily online bone match

set-up strategy. However, two patients with extreme esophageal interfraction mo-

tion were insufficiently covered with these margins and were identified as patients

requiring replanning to achieve full target coverage, further highlighting the need

for daily adaptive radiotherapy.

The impact of adaptive set-up strategies on target coverage

In current conventional IGRT for esophageal cancer, day-to-day shape and po-

sition changes of the tumor are typically uncorrected for and a match of the

bony anatomy in close proximity of the tumor is used to ensure optimal align-

ment to the treatment plan [5, 7, 16–18, 25, 46, 77]. Therefore, not only geometric

changes of the tumor itself, but also the variability in tumor position relative to

the bony anatomy requires incorporation in treatment margins. Previous studies

have investigated different set-up strategies, such as alignment to markers, im-

plemented in and around the tumor, carina-based alignment, or a combination

of soft-tissue and bony anatomy alignment [5, 18, 46]. It was concluded that cur-

rently no golden standard for patient set-up exists, but that patient set-up based

on the bony anatomy provided sufficient accuracy for all tumor locations. Online

MR guidance allows increased visualization of the tumor and evaluation of the

entire 3D geometry of the GTV and CTV, allowing the use of adaptive set-up

strategies. In Chapter 4, two set-up strategies were compared to account for

positional tumor changes: a rigid alignment of the daily CTV to the planning

CTV (i.e. adaptive MR-guided soft tissue set-up) was compared to rigid align-

ment to the bony anatomy (i.e. conventional CBCT set-up). It was found that

direct CTV registration methods using in-room MRI only yielded a moderate

increase in target coverage (94% and 90% of fractions were fully covered with a

margin of 10 mm when using CTV and bone alignment, respectively) compared

to the clinical (bone match) CBCT-IGRT protocols. Nevertheless, we were able

to define the target coverage as a function of a preset isotropic margin for both

set-up strategies. Furthermore, it was observed that distally located tumors of-

ten required larger margins to achieve geometrical target coverage, mostly caused

by day-to-day changes in stomach filling. We concluded that an online adaptive

workflow where a new plan is created based on the anatomy of the day is essential

when pursuing highly conformal target irradiations for all treatment fractions. In
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the next chapter we evaluated the potential dosimetric benefits of such an online

adaptive workflow.

The dosimetric benefit of MRgRT

Radiation dose to organs at risk is inevitable in esophageal cancer radiotherapy.

Various studies have analyzed toxicity effects of organs surrounding the esoph-

agus, especially of concern is the radiation dose to heart and lungs [8–11, 118].

It has been shown that an increased dose to heart and lungs could lead to an

increased incidence of complications and could even lead to an increased mortal-

ity rate. Various strategies to reduce organ at risk dose have been explored by

multiple tumor sites and it has been hypothesized that a reduction of treatment

margins will have a large impact in reducing toxicity of healthy tissue [51,90,119].

Following chapters 2, 3 and 4, it was concluded that daily plan adaptation is re-

quired for optimal target coverage. In Chapter 5 we explored the potential

benefit of full daily plan adaptation, allowing the use of small treatment margins

only accounting for the intrafractional changes. A comparison between a simu-

lated conventional IGRT strategy and an adaptive MRgRT strategy showed that

smaller margins could lead to a large reduction in dose to organs at risk, especially

in the high dose region (>40Gy), while target coverage was similar between both

treatment strategies. Furthermore, it was shown that the gained dose reduction

with online adaptive MRgRT could also be employed to increase the dose to the

primary tumor while preserving the dose levels to the OARs from the conventional

non-adaptive IGRT. This implies that high-precision online adaptive radiotherapy

opens new perspectives for local boosting strategies to improve outcome of the

local management of esophageal cancer.

A remark has to be made about the simplification of the two strategies, IGRT

and MRgRT, used in Chapter 4. While the IGRT strategy represented the cur-

rent conventional workflow with CBCT imaging in our clinic, recent innovations

in cone-beam imaging driven by artificial intelligence could allow for adaptive ra-

diotherapy [84, 85]. However, we believe that geometrical uncertainties of CBCT

imaging could only yield a modest margin reduction in comparison to potential

margin reduction as shown with the described MRgRT strategy, which makes

use of the superior soft-tissue contrast of MRI. On top of that, future MRgRT

for esophageal cancer could include respiratory gating and multi-leaf collimator

tracking, which could compensate for intrafraction motion and should further al-

low margin reduction, especially in cranio-caudal direction [61, 66, 120]. Finally,

it should be noted that for safety reasons a treatment margin of 2 to 3 mm may

still be required, to compensate for mechanical, set-up, delineation and other
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uncertainties [98,121].

Tissue sparing might also be achieved when using proton beam therapy instead

of photon therapy, as the Bragg peak in proton therapy results in lower entry and

exit doses. Planning studies have shown that treatment with proton beam ther-

apy has the potential to significantly reduce dose to organs-at-risk in comparison

to conventional photon therapy treatment for esophageal cancer [122–124]. How-

ever, proton beam therapy is associated with a range of uncertainties and whereas

photons beams are relatively insensitive to density changes, these uncertainties

become more complex and prominent in proton therapy, often resulting in the

need for replanning [125–127]. Nevertheless, it is important for both proton ther-

apy and MRgRT with reduced treatment margins to manage motion, especially

during dose delivery, to provide sufficient target coverage and to prevent radiation

toxicity to surrounding tissue. This becomes even more important when boost-

ing strategies are employed. The use of adaptive MR-guided workflows reduces

the geometric uncertainties, allowing for highly precise irradiations while reduc-

ing organ-at-risk dose. Furthermore, MRgRT could potentially be employed to

compensate for intrafraction motion, which is a concern in proton beam therapy.

In the future, model-based clinical evaluations might be used to determine which

modality would provide the best treatment for each individual patient [128].

After analysis of the REACT study, it was found that various anatomical changes

occurred during the treatment period. Volume changes were already observed

after the first week of treatment. Furthermore, we observed position and shape

changes throughout the treatment period, especially for tumors located around

the gastroesophageal junction and into the stomach. A full dosimetric assess-

ment revealed that treatment margins of 8-10mm would have been sufficient to

provide sufficient target coverage in most patients when applying a daily online

bone match. However, extreme interfraction motion was observed in two pa-

tients. Comparison of set-up strategies showed that a set-up strategy with CTV

alignment only leads to a moderate increase of covered fractions (94% vs 90%)

compared to a bone alignment set-up strategy, when similar margins are used.

These findings emphasize the need for online adaptive treatment strategies. A

simulation of an adaptive MRgRT strategy did show promising results. It was

shown that smaller margins could lead to a large reduction in dose to organs at

risk, especially in the high dose region (>40Gy), while target coverage was similar

between both treatment strategies. It was concluded that MR-guided radiother-

apy could be beneficial for patients with esophageal cancer and required further

investigation.
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First clinical experience with online MRgRT for esophageal

cancer patients

After the findings discussed in earlier chapters, it was concluded that adaptive

MR-guided radiotherapy could be beneficial for patients with esophageal can-

cer. In recent years, daily online plan adaptation has become available with the

introduction of MR-Linacs to the clinic. Online adaptive workflows have been

developed for the irradiation of various treatment sites, such as lymph nodes,

pancreatic cancer, prostate cancer and rectal cancer [23, 24, 60, 61, 63, 129, 130].

Although there are many similarities between treatment sites, each tumor site is

associated with specific technical complexities. In the past few years our group

has worked towards the creation of a workflow for the adaptive treatment of pa-

tients with esophageal cancer. A feasibility study was performed in 2018, where

the schedule consisted of five fraction with a dose of 4 Gy to the GTV (no CTV

expansions). The experience gained with these short series of irradiations of con-

fined target volumes allowed for improvement of the adaptive workflow. This

resulted in the treatment with curative intent of nine esophageal cancer patients

on a 1.5T MR-Linac with an adaptive workflow at our institute in 2019. In Chap-

ter 6, the clinical implementation and feasibility of long-course fractionated MR-

guided chemoradiotherapy for patients with esophageal cancer was reported. Our

first experiences with MR-guided treatment of patients with esophageal cancer

were associated with some technical and logistical complexities which are often

unfamiliar to other treatment sites where online adaptive MR-guided workflows

have been used. First, the online definition of the esophageal target volume in-

volves recontouring of the GTV as well as a regeneration of the CTV which is

more labor intensive and did require the onsite presence of a radiation oncolo-

gist. Second, the size of the target volume within the neoadjuvant treatment of

esophageal cancers is large, which requires more extensive definitions of both the

target volume and adjacent organs at risk, impacting the session time. Third,

the total neoadjuvant treatment consisted of 23 fractions, which is at least un-

common if not unprecedented within the general framework of online adaptive

MRgRT [60,63,130]. These elements made the online adaptive MR-guided work-

flow for esophageal cancer treatments not only more demanding for patients and

staff, but also required extensive logistic planning. On top of that, the presented

workflow resulted in longer treatment times; the average treatment time was 53

minutes of which a large part consisted of contour adaptation (20 minutes) to

incorporate most changes of the daily anatomy in the dose plan. Comparison of

the redefined target volumes of the first fractions with the final fractions revealed

that the target volumes decreased over time, confirming our findings in Chapter

2. Some patients showed larger relative volume reductions than others. These pa-
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tients would benefit the most from an adaptive treatment strategy, therefore iden-

tification of these patients should be investigated. For now, adaptive treatment

is moderately feasible as two out of nine patients required treatment on a con-

ventional linac for reasons of discomfort for more than 5% of fractions. On top of

that, each treatment session requires the presence of specialized staff, which could

negatively impact hospital logistics when the session time is extended. Therefore,

a reduction of treatment time is desirable, to increase patient comfort and also

ease the logistic planning surrounding the treatments. Nevertheless, it was shown

that the adaptive treatment strategy resulted in a dose reduction to organs-at-

risk compared to the conventional back-up plan. Further research is required to

unlock the full potential of MR-guided radiotherapy for patients with esophageal

cancer. Although daily plan adaptation removed the influence of interfraction

motion, tumor motion throughout the treatment session could still be of concern.

The medium intrafraction motion (drift) between the position verification MRI

and post treatment MRI varied between patients. Further intrafraction motion

analysis was performed in Chapter 7.

Intrafraction motion analysis

In the previous section, an adaptive MR-guided workflow was described and it

was shown that some patients showed drift motion between MRI scans. In Chap-

ter 7 we analyzed intrafraction motion during dose delivery. Previous studies of

intrafraction motion of esophageal tumors have mostly measured the motion of

fiducial markers as a surrogate of intrafraction motion during treatment simula-

tions [7,40]. Treatment of patients on the the MR-Linac allowed real-time imaging

of the tumor during dose delivery. After analysis it was observed that two out of

nine patients required a 5-mm margin in cranial-caudal direction to compensate

for drifts and breathing motion, while a margin of < 2mm sufficed for the re-

maining seven patients. These margins are significantly smaller than the margins

applied in treatment of these patients as described in Chapter 6. However, the

relatively small sample size of nine patients, with mostly distal tumors, could in-

fluence the results as distal tumors are more subject to large position variations.

Furthermore, a larger sample size might have concluded that it could be possi-

ble to adjust treatment margins based on intrafraction motion patterns after the

first week(s) of treatment, as the interfraction variability of intrafraction motion

of individual patients appears to be low in this study. Secondly, the high-pass

filter of 0.05 Hz was chosen to be low enough to contain all frequency compo-

nents of the respiration motion, while allowing some variation in motion patterns.

The breathing amplitude of patients who breathed at a very low rate could have

been filtered out. This could have led to an underestimation of the respiratory

amplitudes. We believe this would not have a large impact on our findings, as
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we had long recordings of multiple fractions for each patient. Thirdly, the mo-

tion trajectories were determined from 2D cine-MR images, without adaptation

of the GTV-mask. Deformations of the GTV-mask were not taken into account,

which could have influenced the position of the center of mass. Furthermore,

out-of-plane motion could have potentially resulted in inaccuracies in the deter-

mined motion patterns. Especially patients with a caudal tumor extension into

the stomach might have been more vulnerable for out-of-plane motion. A solu-

tion could be to use deformable image registration to adapt the GTV contours to

follow-up frames. However, this would have significantly increased the complexity

and could have introduced an increase in sensitivity to registration errors, while

the change in tumor shape was generally modest. Another possibility to capture

out-of-plane motion could be to explore 3D cine imaging, which might decrease

temporal resolution leading to an underestimation of the respiratory motion. We

have shown that cine-MR images could be used to reconstruct the intrafraction

motion. In general, the intrafraction motion was modest (<5mm), although a

high inter-patient variability was observed. A potential next step would be to

use the cine-MR images to reconstruct the delivered dose to assess the impact of

intrafraction motion on the whole treatment [131].

Future perspectives

In this thesis, we have shown that an improved radiotherapy workflow is required

to provide more accurate irradiations for patients with esophageal cancer. Im-

proved visualization of the tumor combined with daily online replanning creates

opportunities to improve the treatment of patients with esophageal cancer. MR

guidance allows for a large reduction of treatment margins, which could lead to

a significant decrease in dose to the organs-at-risk. Furthermore, we have de-

scribed the workflow of online MR-guided adaptive radiotherapy for esophageal

cancer. Optimization of the presented clinical workflow of adaptive MR-guided

radiotherapy for patients with esophageal cancer is very much required in the

near future. In the current state, the workflow is only moderately feasible as >45

minutes on-table time in 23 fractions is a challenge for patients in relatively poor

condition. The lengthy process is not only a high burden for the patients, but

also on hospital logistics. A few methods should be explored. First, technical im-

provements in automatic contouring should be used. Faster contour propagation

between treatment sessions could be achieved by using better image registration

methods. The propagated contours might already be used in the creation of an ac-

curate treatment plan [132,133]. Another possibility would be the implementation

of deep learning algorithms to provide automatic segmentation of heart, lungs,
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other organs at risk and possibly the target contours [134,135]. Visual inspection

of target delineations should reveal any remaining mis-adaptations. These are ex-

pected to be located around the gastroesophageal junction and into the stomach,

as the tumor is most likely to be subject to displacements at these locations (as

shown in Chapter 4). Another approach could be to investigate whether daily

online adaptation of the full contour is required, or if contour adaptation of a few

parts of the esophagus (i.e. those parts where displacements are clearly observed)

could be sufficient to create an accurate treatment plan. On top of that, the used

margin of 6mm is still generous, as suggested by our findings in Chapter 5. It can

be argued that contouring errors are absorbed in this margin and that therefore a

faster, potentially less precise than wished for, contouring procedure might lead to

similar outcomes while the treatment burden will be reduced. Other parts of the

workflow could also be optimized. Plan generation and plan evaluation currently

take up 10% and 6% of total session time, respectively. Recent studies have inves-

tigated optimization of the planning algorithm by training convolutional neural

networks which can accurately predict the dose distributions, these could be used

to generate treatment plans but also assist in quality assurance [136–138]. Finally,

training of radiation therapist to perform daily contour adaptation could be one

of the possibilities to reduce the impact on hospital logistics and has proved to

be accurate in other treatment sites [139,140].

On top of that, unlocking the full potential of MR guidance in esophageal cancer

radiotherapy should be explored next to improvements in the current workflow.

We have shown that an adaptive treatment plan with generous margins of 6mm

provided sufficient target coverage. In Chapter 5 we have shown that treatment

margins of 2mm were sufficient to cover motion in anterior-posterior and left-

right directions, while a 5mm margin is required to compensate any breathing

motion in the cranio-caudal plane. Gating and tracking strategies could poten-

tially remove the impact of any intrafraction motion, often caused by breathing,

for example by the addition of MLC-tracking during dose delivery [141,142]. This

would allow a further decrease of treatment margins, especially in cranio-caudal

direction. A recent study has shown that respiratory-gating already leads to a

reduction of cardiac dose when using conventional margins [90]. However, these

gating and tracking strategies will extend the treatment time, which is unwanted

in the current workflow. Nevertheless, a patient assessment could be performed

to investigate whether the benefits of very small margins and substantial organ-

at-risk dose reduction outweigh the long treatment times. Finally, a minimum

treatment margin of at least 2, and possibly 3 mm will still be required to com-

pensate for any uncertainties in delineation, machine and other unexpected un-

certainties [97, 98, 121]. Future developments should work towards a workflow

with automatic delineations, without the in-room presence of a radiotherapist,
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while using decreased margins of only 2 to 3 mm to bring this adaptive treat-

ment to large cohorts. Using smaller treatment margins creates the opportunity

to improve and reassess the standard treatment schedule. In the current CROSS

schedule the total dose (of 41.4Gy) is spread out over multiple (23) fractions to re-

duce toxicity [32]. One can argue that with increased tumor visualization a more

precise and possibly shorter treatment could achieve similar treatment outcomes

or even improve local tumor control. This might be possible as MRgRT allows

for optimal visualization and localization of the GTV, which could subsequently

be targeted in (additional) treatment intensification protocols without the need

of extensive treatment margins. If this can be done safely, hypofractionation

becomes a possibility to improve efficiency of esophageal cancer treatments. Fur-

thermore, real-time cine-MR imaging could be used to reconstruct the delivered

dose and used as feedback in subsequent treatment fractions to optimize target

coverage [143]. Similarly, additional functional imaging, such as DWI and DCE

imaging, during a MRgRT treatment period could potentially predict the impact

of the treatment (Figure 7.1) [87, 112, 144]. It could be decided that a treatment

is prematurely abandoned, extended or intensified, based on this response guided

adaptive treatment.

Figure 7.1: DWI imaging of the b500 signal within an esophageal tumor (yellow delineations) through-
out the treatment period on the MR-Linac. The signal was clearly visible in week 1, reduced in week
3 and has almost disappeared in week 5 of MRgRT.

Therefore, MRgRT will allow for individualized treatments, as additional images

could help decide on the next steps in each treatment, while reduced dose to

organs-at-risk allows for treatment intensification strategies. However, it will be

important to investigate which patients would benefit the most from these indi-

vidualized treatments. Patients with squamous cell carcinoma are known to have

better locoregional control and survival after chemoradiation compared to patients

with adenocarcinoma that might lead to improved locoregional control [32, 145].

The benefits of additional treatment intensifications, after a normal treatment

schedule has been completed, should be explored for these patients. Functional

imaging could be used to delineate the residual tumor. On the contrary, if func-

tional imaging during MRgRT indicates that tumors regression does not occur,
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it could be decided to abandon the treatment and switch to other treatment

options. Furthermore, analysis of interfraction and intrafraction tumor motion

during MRgRT could be used to determine tailored margins.

We have seen improved tumor visualization when using MR-guided radiother-

apy for esophageal cancer, allowing extensive analysis of the 3d mapping of the

anatomy over time. Accurate target definitions allow for a treatment margin re-

duction, which potentially leads to a decrease in toxicity to heart, lungs and other

organs at risk. This in turn opens up the possibility to improve the treatment

protocols of esophageal cancer, possibly with the addition of treatment intensi-

fication to improve local tumor control. Following the results of this thesis, we

hope to have contributed to the creation of improved treatment strategies with

the aim of achieving the most optimal result for the patient.
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Samenvatting)

Slokdarmkanker is een ziekte met een doorgaans slechte overlevingskans. In

Nederland is de standaardbehandeling voor patiënten met slokdarmkanker zon-

der metastasen neoadjuvante chemoradiotherapie (nCRT) volgens het CROSS

schema, gevolgd door een slokdarmresectie. Het primaire doel van chemoradio-

therapie is het verkleinen van de primaire tumor, zodat de kans op een radicale re-

sectie toeneemt. In deze thesis stond onderzoek naar de radiotherapiebehandeling

van patiënten met slokdarmkanker centraal. Voor iedere patiënt wordt een radio-

therapieplan gecreëerd met als doel om het tumorgebied zo nauwkeurig mogelijk

te bestralen. De berekende dosis uit dit plan wordt vervolgens verdeeld afgeleverd

over meerdere losse fracties over een periode van 5 weken, om de nadelige effecten

van radiotherapie zo veel mogelijk te beperken. Echter kunnen er tussen deze

behandelsessies verschillende anatomische veranderingen plaatsvinden in de tho-

rax, waardoor de vorm of positie van de tumor niet meer overeenkomt met het

plan. Door deze veranderingen kan het radiotherapieplan onnauwkeurig worden,

waardoor de dosis niet meer precies terecht komt op de gewenste locatie. Dit kan

leiden tot een onderdosering van de tumor en een overdosering van gezond weefsel.

Het is dus van belang om een hoge nauwkeurigheid van het radiotherapie plan na

te streven. Beeldvorming is een belangrijk hulpmiddel bij radiotherapie behan-

delingen. De planning voorafgaand aan een behandeling maakt gebruik van een

Computed Tomography (CT) scan. Op basis van deze CT scan wordt de tumor

gelokaliseerd waardoor het dosisplan kan berekend. De toepassing van beeld-

vorming in de radiotherapie wordt beeldgestuurde radiotherapie (image guided

radiotherapy, IGRT) genoemd. Tijdens de losse fracties wordt gebruik gemaakt

van beeldvorming met Cone Beam Computed Tomography (CB)CT, waarbij de

tumor meestal slecht te onderscheiden is van omliggend weefsel. Echter zijn slok-

darmtumoren onderhevig aan inter- en intrafractie bewegingen, waardoor de vorm

en positie van de tumor kan veranderen. Om hiervoor te compenseren worden

vaak grote marges tussen het clinical target volume (CTV) en planning target vol-

ume (PTV) gebruikt, zodat er een grote zekerheid is dat het doelgebied voldoende

dosis ontvangt gedurende de gehele behandelperiode. Het uiteindelijke doelgebied
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overlapt dan ook vaak met omliggend gezond weefsel. Een verhoogde dosis op het

omliggende gezonde weefsel leidt echter tot een vergrote kans op complicaties. Het

is daarom zeer belangrijk om de dosis op het gezonde weefsel te minimaliseren

door het tumor doelgebied accuraat te definiëren en mogelijk kleinere marges te

gebruiken. De afgelopen jaren is er veel vooruitgang in beeldvorming in de radio-

therapie geboekt. Met name het gebruik van Magnetic Resonance Imaging (MRI)

is enorm toegenomen. Met MRI kan zacht weefsel, zoals de slokdarm, beter afge-

grensd worden dan op CT beelden. Dit heeft geleid tot de ontwikkeling van de

MR-Linac, een versneller gecombineerd met MRI beeldvorming. Hiermee kun-

nen zeer duidelijke beelden tijdens een behandeling worden gemaakt. Door het

gebruik van MRI in radiotherapie kunnen veranderingen in de anatomie sneller

worden geobserveerd en zou men het plan zo kunnen aanpassen dat het doelgebied

voldoende dosis ontvangt terwijl de dosis op het omliggend gezonde weefsel kan

worden geminimaliseerd. Bovendien zou de verbeterde nauwkeurigheid kunnen

zorgen voor het gebruik van kleinere marges. Het toepassen van een MR-Linac

op een tumorgebied, zoals dat van de slokdarmtumor, dat onderhevig is aan ver-

schillende anatomische veranderingen biedt dus mogelijk voordelen. Het doel van

dit proefschrift was om te onderzoeken wat de voordelen van MR-gestuurde ra-

diotherapie zijn bij de behandeling van patiënten met slokdarmkanker en dit te

koppelen aan een klinisch implementatietraject.

Dit is in twee delen onderzocht. In het eerste deel van dit proefschrift (hoofd-

stukken 2 t/m 5) zijn de resultaten van de “REpeated magnetic resonance imaging

in esophageal cancer for Adaptive radiation treatment planning during neoadju-

vant ChemoradioTherapy” (REACT) studie beschreven. In deze studie werden

zes wekelijkse MRI scans opgenomen bij 32 patiënten tussen december 2015 en

april 2018 tijdens hun reguliere behandelingen. Het hoofddoel van deze studie was

om anatomische veranderingen tijdens de behandeling op basis van MR beeld-

vorming in kaart te brengen en in silico de rol van MR-geleide Radiotherapie

(MRgRT) te evalueren. De bevindingen van het eerste deel van dit proefschrift

werden vervolgens toegepast en klinisch gëımplementeerd in een workflow voor een

online adaptieve, MR-geleide radiotherapiebehandeling voor patiënten met slok-

darmkanker. Tussen juli 2019 en maart 2021 zijn de eerste negen slokdarmkanker-

patiënten behandeld op een 1,5T MR-Linac in het UMC Utrecht. In het tweede

deel (hoofdstuk 6 & 7) van dit proefschrift is deze workflow beschreven en geëval-

ueerd.

In hoofdstuk 2 zijn de veranderingen in tumorvolume die plaatsvonden tijdens

een nCRT behandeling geanalyseerd op basis van wekelijkse MR-beelden. Na vijf

weken werd een gemiddelde afname van het tumorvolume van 28% geconstateerd.

Bovendien begon de tumorregressie al na de eerste week van de behandeling, wat
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betekent dat optimalisatie van het doseringsplan al na één week van de behan-

deling nodig kan zijn voor het behalen van een optimale dosis aan het doelgebied

en het sparen van gezond weefsel. Een belangrijke bevinding van deze studie was

dat door tumorregressie het hart naar de hoge dosis-regio’s kon verschuiven naar-

mate de behandeling vorderde. Dit werd voornamelijk waargenomen voor grote

tumoren (>50cc) die zich dorsaal van het hart bevonden. Aangezien een ver-

hoging van de hartdosis in verband is gebracht met complicaties en een slechtere

algehele overleving zouden bij deze subpopulatie patiënten adaptieve strategieën

kunnen worden overwogen. Een eenvoudige maar doeltreffende strategie zou zijn

om deze patiënten standaard na twee weken behandeling opnieuw te plannen.

In hoofdstuk 3 hebben we een volledige dosimetrische analyse uitgevoerd om de

kleinste CTV-to-PTV marges te berekenen die een volledige dekking van het doel-

gebied opleverden tijdens een gehele gesimuleerde behandeling. Door een volledige

dosimetrische analyse uit te voeren, werd niet alleen rekening gehouden met het

dosimetrische effect van de dagelijkse translatie van de tumor zelf, maar werden

ook de dosimetrische effecten van alle morfologische veranderingen (zoals tumor-

regressie) in de loop van de behandeling meegenomen. Uit de geaccumuleerde

dosisanalyse bleek dat CTV-to-PTV-marges van 8, 9 en 10 mm in respectievelijk

posterieur & rechts, anterieur & craniaal en links & caudale richtingen, voldoende

waren om rekening te houden met interfractionele veranderingen in tumor volume,

vorm en positie in de loop van de behandeling bij toepassing van een dagelijkse

online bot match set-up strategie. Opgemerkt moet worden dat deze marges voor

twee patiënten niet afdoende was, wat de noodzaak van dagelijkse adaptieve ra-

diotherapie verder benadrukt. In de conventionele IGRT voor slokdarmkanker

wordt doorgaans niet gecorrigeerd voor dagelijkse vorm- en positieveranderingen

van de tumor en wordt een match van de botstructuur in de nabijheid van de

tumor gebruikt om een optimale afstemming op het behandelplan te waarbor-

gen. Hierdoor moeten niet alleen geometrische veranderingen van de tumor zelf,

maar ook de variabiliteit in tumorpositie ten opzichte van de botanatomie worden

meegenomen in de behandelingsmarges. In eerdere studies zijn verschillende po-

sitioneringsstrategieën onderzocht, zoals uitlijning op markers, gëımplementeerd

in en rond de tumor, een strategie gebaseerd op opstelling op de positie van de

carina, of opstelling op basis van een combinatie van de positie van zacht weefsel

en botanatomie. Geconcludeerd werd dat er momenteel geen gouden standaard

bestaat voor de instelling van de patiënt, maar dat de patiëntpositionering op

basis van de botanatomie veelal de beste nauwkeurigheid biedt voor de meeste

tumorlocaties. Online MR-geleiding maakt een betere visualisatie van de tumor en

evaluatie van de gehele 3D-geometrie van het gross tumor volume (GTV) en CTV

mogelijk, waardoor adaptieve behandelstrategieën kunnen worden toegepast. In

hoofdstuk 4 werden twee strategieën vergeleken die compenseren voor positionele

137



tumorveranderingen: een rigide positionering van de dagelijkse positie van het

CTV op de planning-CTV (adaptieve MR-geleide strategie) werd vergeleken met

een rigide positionering op basis van de botstructuur (conventionele CBCT strate-

gie). Het bleek dat directe CTV-registratiemethoden met behulp van MRI slechts

een matige toename van de dekking van het doelgebied opleverden (94% en 90%

van de fracties werden volledig bedekt met een marge van 10 mm bij gebruik

van respectievelijk CTV-match en bot-match strategieën) in vergelijking met de

klinische CBCT-IGRT-protocollen (botuitlijning). Voor beide strategieën werd de

dekking van het doelgebied bepaald als functie van een vooraf ingestelde isotrope

marge. Verder bleek, als gevolg van dagelijkse veranderingen in de maagvulling,

dat distaal gelegen tumoren vaak grotere marges nodig hadden om geometrisch

volledig gedekt te worden. Hieruit werd geconcludeerd dat een online adaptieve

workflow waarbij een nieuw plan wordt gemaakt op basis van de anatomie van

de dag, essentieel is bij het nastreven van zeer conforme doelbestralingen voor

alle behandelingsfracties. Stralingsdosis op nabijgelegen gezonde organen is on-

vermijdelijk bij radiotherapie voor slokdarmkanker. Verschillende studies hebben

aangetoond dat een verhoogde hartdosis en longdosis kan leiden tot een verhoogde

kans op complicaties en zelfs tot een verhoogd sterftecijfer. Naar aanleiding van de

hoofdstukken 2, 3 en 4 werd geconcludeerd dat dagelijkse aanpassing van het plan

op basis van de anatomie nodig is voor een optimale doelbedekking. In hoofd-

stuk 5 onderzochten we hoe de margereductie die we met een MR-gestuurde

behandeling zou kunnen realiseren zich zou vertalen naar dosimetrisch voordeel

voor de patiënt. Een vergelijking tussen een gesimuleerde conventionele IGRT-

strategie en een adaptieve MRgRT-strategie toonde aan dat verkleinde marges

kunnen leiden tot een grote dosisvermindering op risico-organen, vooral in het

hoge-dosisgebied (>40Gy), terwijl de dekking van het doelgebied tussen beide be-

handelingsstrategieën vergelijkbaar was. Daarbij werd aangetoond dat de gewon-

nen dosisvermindering met online adaptieve MRgRT ook kan worden gebruikt om

de dosis voor de primaire tumor te verhogen, terwijl de dosisniveaus van risico-

organen niet groter is dan de dosisniveaus wanneer conventionele niet-adaptieve

IGRT wordt gebruikt. Dit betekent dat online adaptieve radiotherapie nieuwe

perspectieven biedt voor lokale boosting-strategieën om mogelijk het resultaat

van de slokdarmkankerbehandeling te verbeteren.

In hoofdstuk 6 werd verslag gedaan van de klinische implementatie en haal-

baarheid van gefractioneerde MR-geleide chemoradiotherapie voor patiënten met

slokdarmkanker. Onze eerste ervaringen met adaptieve MR-geleide behandeling

van patiënten met slokdarmkanker gingen gepaard met enkele technische en lo-

gistieke complexiteiten die vaak onbekend zijn bij andere behandelingslocaties

waar online adaptieve MR-geleide workflows zijn gebruikt. De online definitie
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van het doelgebied van slokdarmtumoren vereist een accurate hercontouring van

zowel het doelgebied als de omliggende risico-organen. Gezien de ruime omvang

van het doelgebied is dit proces arbeidsintensief gebleken wat gevolgen heeft voor

de sessietijd. Ook bestaat de totale neoadjuvante behandeling uit 23 fracties,

wat op zijn minst ongebruikelijk is binnen het algemene kader van online adap-

tieve MRgRT. Deze elementen maakten de online adaptieve MR-geleide workflow

voor slokdarmkankerbehandelingen niet alleen veeleisender voor patiënten en per-

soneel, maar vereisten ook een uitgebreide logistieke planning. Bovendien resul-

teerde de huidige workflow in langere behandeltijden; de gemiddelde behandeltijd

bedroeg 53 minuten, waarvan een groot deel bestond uit contouraanpassing (20

minuten) om de meeste veranderingen van de dagelijkse anatomie in het doserings-

plan op te nemen. Bij vergelijking van de opnieuw gedefinieerde doelgebieden van

de eerste fracties met de laatste fracties bleek dat de volumes van de doelgebieden

in de loop van de tijd afnamen, hetgeen onze bevindingen in hoofdstuk 2 beves-

tigt. Sommige patiënten vertoonden grotere tumorreducties dan andere. Deze

patiënten zouden het meeste baat hebben bij een adaptieve behandelingsstrate-

gie; daarom moet worden onderzocht of deze patiënten vooraf te identificeren zijn.

Voorlopig is adaptieve behandeling matig uitvoerbaar, ook aangezien twee van de

negen patiënten wegens ongemak gedurende meer dan 5% van de fracties op een

conventionele versneller behandeld moesten worden. Daarom is een verkorting

van de behandelingstijd wenselijk, om het comfort van de patiënt te verhogen

en ook de logistieke planning rond de behandelingen te vergemakkelijken. Ni-

ettemin werd aangetoond dat de adaptieve behandelingsstrategie resulteerde in

een dosisvermindering voor risico-organen in vergelijking met het conventionele

back-up plan. Verder onderzoek is nodig om het volledige potentieel van MR-

geleide radiotherapie voor patiënten met slokdarmkanker te ontsluiten. Hoewel

dagelijkse planaanpassing de invloed van interfractiebeweging heeft weggenomen,

kan de tumorbeweging tijdens de behandelingssessie nog steeds een punt van zorg

zijn. De gemiddelde intrafractiebeweging (drift) tussen de positieverificatie-MRI

en de MRI na de behandeling varieerde tussen patiënten. Verdere analyse van

de intrafractiebeweging werd uitgevoerd in hoofdstuk 7. Na analyse werd vast-

gesteld dat twee van de negen patiënten een marge van 5 mm in craniaal-caudale

richting nodig hadden ter compensatie van drifts en ademhalingsbeweging, terwijl

bij zeven patiënten een marge van slechts 3 mm noodzakelijk was. Deze marges

zijn aanzienlijk kleiner dan de marge van 6 mm die is gebruikt bij de behandeling

van deze patiënten zoals beschreven in hoofdstuk 6.

Door de toepassing van MRI in radiotherapiebehandelingenvoor slokdarmkanker

is de visualisatie van de tumor verbeterd. Hierdoor is het mogelijk om nauwkeuriger

de doelgebieden te definiëren, waardoor de marges verkleind kunnen worden. Dit
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leidt tot een vermindering van de toxiciteit voor hart, longen en andere organen

waarbij een verlaagde dosis wenselijk is. Vervolgens opent dit de mogelijkheid

om de behandelingsprotocollen van slokdarmkanker te verbeteren, bijvoorbeeld

door mogelijke toevoeging van boosting-strategieën om de lokale tumorcontrole

te verbeteren. Naar aanleiding van de resultaten van dit proefschrift hoop ik te

hebben bijgedragen aan de totstandkoming van verbeterde behandelstrategieën

met als doel om het meest optimale resultaat voor de patiënt te bereiken.

140



A
p

p
en

d
ic

es

141



142



A
p

p
en

d
ic

es

List of publications

Published papers

Mick R. Boekhoff, Ingmar L. Defize, Alicia S. Borggreve, Noriyoshi Takahashi,

Astrid L.H.M.W. van Lier, Jelle P. Ruurda, Richard van Hillegersberg, Jan J.W.

Lagendijk, Stella Mook and Gert J. Meijer. (2020) 3-Dimensional target cover-

age assessment for MRI guided esophageal cancer radiotherapy. Radiother Oncol.

147:1-7. doi: 10.1016/j.radonc.2020.03.007

Ingmar L. Defize, Mick R. Boekhoff, Alicia S. Borggreve, Astrid L.H.M.W. van

Lier, Noriyoshi Takahashi, Nadia Haj Mohammad, Jelle P. Ruurda, Richard van

Hillegersberg, Stella Mook and Gert J. Meijer. (2020) Tumor volume regression

during neoadjuvant chemoradiotherapy for esophageal cancer: a prospective study

with weekly MRI. Acta Oncol. 59(7):753-759. doi: 10.1080/0284186X.2020.1759819

Mick R. Boekhoff, Ingmar L. Defize, Alicia S. Borggreve, Richard van Hillegers-

berg, Alexis N.T.J. Kotte, Jan J.W. Lagendijk, Astrid L.H.M.W. van Lier, Jelle

P. Ruurda, Noriyoshi Takahashi, Stella Mook and Gert J. Meijer. (2021) CTV-to-

PTV margin assessment for esophageal cancer radiotherapy based on an accumu-

lated dose analysis. Radiother Oncol. 161:16-22. doi: 10.1016/j.radonc.2021.05.005

Mick R. Boekhoff, Ingmar L. Defize, Alicia S. Borggreve, Richard van Hillegers-

berg, Alexis N.T.J. Kotte, Jan J.W. Lagendijk, Astrid L.H.M.W. van Lier, Jelle P.

Ruurda, Noriyoshi Takahashi, Stella Mook and Gert J. Meijer. (2021) An in-silico

assessment of the dosimetric benefits of MR-guided radiotherapy for esophageal

cancer patients. Radiother Oncol. 162:76-84. doi: 10.1016/j.radonc.2021.06.038

Mick R. Boekhoff, Roel Bouwmans, Patricia A.H. Doornaert, Martijn P.W.

Intven, Jan J.W. Lagendijk, Astrid L.H.M.W. van Lier, Marnix J.A. Rasing,

Saskia van de Ven, Gert J. Meijer and Stella Mook. (2022) Clinical implementa-

tion and feasibility of long-course fractionated MR-guided chemoradiotherapy for

143



patients with esophageal cancer: an R-IDEAL stage 1b/2a evaluation of technical

innovation. Clin. Transl. Radiat. Oncol. 34:82-89. doi: 10.1016/j.ctro.2022.03.008

Mick R. Boekhoff, Jan J.W. Lagendijk, Astrid L.H.M.W. van Lier, Stella Mook,

Gert J. Meijer. (2023) Intrafraction motion analysis in online adaptive radiother-

apy for esophageal cancer. Physics and Imaging in Radiation Oncology (2023)

26, 100432. doi: 10.1016/j.phro.2023.100432

Additional papers

Alicia S. Borggreve, Sophie E. Heethuis, Mick R. Boekhoff, Lucas Goense, Pe-

ter S.N. van Rossum, Lodewijk A.A. Brosens, Astrid L.H.M.W. van Lier, Richard

van Hillegersberg, Jan J.W. Lagendijk, Stella Mook, Jelle P. Ruurda. and Gert

J. Meijer. (2020) Optimal timing for prediction of pathologic complete response

to neoadjuvant chemoradiotherapy with diffusion-weighted MRI in patients with

esophageal cancer. Eur Radiol. 30(4):1896-1907. doi: 10.1007/s00330-019-

06513-0

Hidde Eijkelenkamp, Mick R. Boekhoff, Maaike E. Verweij, Femke P. Peters,

Gert J. Meijer and Martijn P.W. Intven. (2021) Planning target volume margin

assessment for online adaptive MR-guided dose-escalation in rectal cancer on a 1.5

T MR-Linac. Radiother Oncol. 162:150-155. doi: 10.1016/j.radonc.2021.07.011

Abstracts and conference proceedings

Mick R. Boekhoff, Alicia S. Borggreve, Alexis N.T.J. Kotte, Astrid L.H.M.W.

van Lier, Jan J.W. Lagendijk, Noriyoshi Takahashi, Stella Mook and Gert J. Mei-

jer. Dosimetric evaluation of in-silico simulated MR-guided esophageal cancer

radiotherapy. Oral presentation at 8th MRinRT, 2021

Mick R. Boekhoff, Ingmar L. Defize, Alexis N.T.J. Kotte, Noriyoshi Takahashi,

Alicia S. Borggreve, Astrid L.H.M.W. van Lier, Jan J.W. Lagendijk, Stella Mook

and Gert J. Meijer. CTV-to-PTV margin assessment for esophageal cancer ra-

diotherapy based on an accumulated dose analysis Poster Discussion at ESTRO

39, 2020

144



A
p

p
en

d
ic

es

List of publications

Mick R. Boekhoff, Stella Mook, Alicia S. Borggreve, Lucas Goense, Peter

S.N. van Rossum, Noriyoshi Takahashi, Astrid L.H.M.W. van Lier, Alexis N.T.J.

Kotte, Jan J.W. Lagendijk and Gert J. Meijer. MRI guided set-up corrections for

esophageal cancer: what margin do we need? Oral presentation at ESTRO 38,

2019

Mick R. Boekhoff, Alexis N.T.J. Kotte, Stella Mook, Alicia S. Borggreve, Lu-

cas Goense, Sophie E. Heethuis, Peter S.N. van Rossum, Astrid L.H.M.W. van

Lier, Jan J.W. Lagendijk and Gert J. Meijer. What CTV-to-PTV margins are

required for esophageal cancer radiotherapy? Poster at ESTRO 37, 2018

145



Authors and affiliations

University Medical Center Utrecht, Utrecht, The Netherlands

Department of Radiation Oncology

Roel Bouwmans

Patricia A.H. Doornaert, MD, PhD

Sophie E. Heethuis, PhD

Martijn P.W. Intven, MD, PhD

Alexis N.T.J. Kotte, PhD

Jan J.W. Lagendijk, PhD

Astrid L.H.M.W. van Lier, PhD

Gert J. Meijer, PhD

Stella Mook, MD, PhD

Marnix J.A. Rasing, MD

Peter S.N. van Rossum, MD, PhD

Saskia van de Ven, MD

Department of Surgery

Alicia S. Borggreve, MD, PhD

Ingmar L. Defize, MD

Lucas Goense, MD, PhD

Richard van Hillegersberg, MD, PhD

Jelle P. Ruurda, MD, PhD

Tohoku University Graduate School of Medicine, Japan

Department of Radiation Oncology

Noriyoshi Takahasi, MD, PhD

146



A
p

p
en

d
ic

es

147



148



A
p

p
en

d
ic

es

Dankwoord

Dit proefschrift is dankzij de bijdrage van velen tot stand gekomen en graag zou

ik iedereen die in welke vorm dan ook heeft bijgedragen willen bedanken.
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