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Εντελέχεια· η ϰατάσταση ενός πράγµατος
του οποίου η ουσία πραγµατώνεται πλήρως.

Αυτό που είναι σπουδαίο στον άνϑρωπο είναι
ότι είναι µια γέφυρα ϰαι όχι ένας στόχος.

Entelechy; the condition of a thing whose
essence is fully realized.

— Aristotle

What is great in man is that he is a bridge
and not an end.

— Friedrich Nietzsche, Thus Spoke
Zarathustra
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CHAPTER 1
Introduction

Radiation Therapy (RT) uses ionizing radiation, prescribed in Gray (Gy), to destroy the
cancer cells present in primary tumours, oligometastatic disease and regional lymph
nodes by permanently damaging the DNA within these cells. Radiation can be delivered
either externally by the use of X-rays, electrons and heavier particles like protons in
External Beam Radiation Delivery (EBRT) or internally by placing radioactive sources
in the tumour vicinity (brachytherapy). In EBRT Mega Voltage (MV) X-rays generated
by a linear accelerator or linac are most frequently used (Khan et al., 2014).

The main RT goal is to deliver radiation to the tumour while limiting the radiation ex-
posure of the surrounding healthy tissue and thus its toxicity. The prescribed dose is
split and delivered to the patient among several days/fractions—typically over a few
weeks—in order to take advantage of the di�erent radiobiological characteristics of the
tumour and the normal tissue, maximizing the therapeutic e�ect (Baskar et al., 2012).

In the more recent years the inclusion of on-board imaging in the daily patient treat-
ments has enabled Stereotactic body radiation therapy (SBRT) or stereotactic ablative
radiotherapy (SABR) in the clinic. In SBRT high radiation doses are delivered over a
small number of fractions, typically 10 or fewer, targeting well-de�ned tumour regions
with steep dose fall-o� around the target(s) leading to increased disease control rates
and decreased overall toxicity (Chang et al., 2007).

In the coming years a new generation of treatment machines combining a linac and
diagnostic-grade high �eld Magnetic Resonance Imaging (MRI) (Section 1.4) will enter
the clinic providing the high quality visualization with superior soft tissue contrast of the
patient anatomy during RT treatment (Section 1.7). The presence of online volumetric
data during radiation delivery will enable unprecedented possibilities to further improve
RT by adapting the radiation dose on-the-�y. This thesis presents a novel algorithm
and the accompanying software pipeline needed to perform such adaptations between
the treatment fractions (interfraction) and/or during radiation delivery (intrafraction)
(Section 1.8). The developed methods, combined with these hybrid MRI accelerators
(MRI-linacs), enable an automated RT era where the system dynamically delivers the
prescribed radiation taking into account the anatomical motion ensuring target coverage
and healthy tissue sparing.

13



ckontaxis November 22, 2017 16:07 Page 14 �
�	

�
�	 �
�	

�
�	

Chapter 1

1.1 Main RT concept

In the clinical RT practice, a Computed Tomography (CT) (Hsieh et al., 2015) scan of
the patient is acquired in the pre-treatment phase. A radiation oncologist identi�es
and delineates the visible macroscopic tumour or Gross Tumour Volume (GTV) along
with the surrounding healthy Organs At Risk (OAR). Depending on the tumour charac-
teristics, the GTV is expanded to include the volume of suspected microscopic disease
or Clinical Target Volume (CTV). The available clinical structures/volumes collectively
form the Volumes Of Interest (VOIs). Subsequently, these planning VOIs and the patient
anatomy including the tissue electron densities used for the dose calculation are sent to a
Treatment Planning System (TPS). The TPS is used to translate the clinical prescription,
consisting of the required tumour dose and OAR constraints, into a set of machine pa-
rameters or treatment plan that instruct the respective linac how to deliver the intended
radiation dose—prescribed in linac Monitor Units (MU)—to the patient. This single treat-
ment plan is then delivered to the patient, principally during multiple treatment sessions
or fractions to allow for healthy tissue regeneration in-between. The accurate delivery
of the planned radiation dose depends on the localisation of the target(s) and OARs in
this treatment scheme. For the fraction-by-fraction repositioning the patient has been
traditionally positioned on the treatment couch by the use of skin tattoos registered to
the coordinate system of the original CT.

1.2 3D Radiotherapy

Several forms of 3D radiotherapy can be generated by a typical TPS for a linac that is
equipped with many pairs of individual moving leaves that can block the radiation �eld;
the Multileaf Collimator (MLC). In 3D Conformal Radiotherapy (3DCRT) (Zelefsky et al.,
1998) the treatment planner utilizes a number of beams and manually de�nes �xed MLC
shapes (segments) together with a speci�ed weight for each radiation beam during a
manual trial and error procedure.

In the more recent Intensity Modulated RT (IMRT) (Bortfeld, 2006), which is a more
advanced form of 3D radiotherapy, the intensity within each radiation �eld is allowed
to vary by delivering multiple segments with di�erent MLC shapes per beam. An IMRT
treatment plan is generated through an inverse optimization that automatically adjusts
the MLC leaf positions and segment intensities based on the input 3D target(s), OAR(s)
and their respective dose constraints.

IMRT optimization types utilizing either intensity (Bortfeld et al., 1994) or aperture
(Shepard et al., 2002) based approaches have been presented. In the former one, the ra-
diation �eld for each gantry angle is split into small �nite elements (beamlets) for which
the individual dose contribution to the patient anatomy is calculated. Then, via an opti-
mization routine known as Fluence Map Optimization (FMO), the beamlet weights are
adjusted leading to an ideal dose distribution that ful�ls a set of planning constraints
given the respective clinical prescription. Then, in a second sequencing step, the ideal
intensity distribution of every beam is converted into distinct segments deliverable by

14
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the underlying MLC and linac. In the aperture based approach, the optimization routine
directly optimizes the shape and weight of the beam shapes/apertures (Direct Aperture
Optimization (DAO)) simultaneously.

Due to the greatly increased degrees of freedom —practically impossible to achieve man-
ually in 3DCRT—IMRT leads to much more conformal dose distributions especially in
cases of multiple tightly spaced anatomical structures. IMRT can be delivered by beams
arranged over multiple �xed gantry angles with either static MLC leaves (step-and-shoot
IMRT) (Galvin et al., 1993) or moving leaves (dynamic MLC IMRT) (Ma et al., 1998) but
also by rotating the gantry around the patient with continuous radiation delivery in
volumetric modulated arc therapy (VMAT) (Otto, 2008). In this thesis, the developed
IMRT algorithm along with the presented methods and results, use a step-and-shoot
sequencing approach (Section 1.8).

1.3 Treatment Uncertainties

Several uncertainty factors pose limitations to the above procedure (Section 1.1) and thus
might lead to decreased coverage of the tumour volume (underdosage) and/or higher
radiation dose delivered to the target/OARs (overdosage) compared to the approved pre-
treatment plan. The main uncertainties arise from the inherent variability of the patient
anatomy, both on an inter- and intrafraction basis. Depending on the treatment site,
a range of physiological processes contribute to these changes, including the breathing
cycle, cardiac cycle, peristalsis, organ �lling and tissue changes such as tumour shrinking
due to radiation related e�ects (Langen et al., 2001). Moreover, external factors also
exist, including setup errors in the daily positioning of the patient and uncertainty in
the target volume de�nition due to the variation between di�erent physicians/observers
(Njeh, 2008).

In order to address the dosimetric e�ects of the above uncertainties and ensure tar-
get coverage, often a margin is applied to the CTV expanding it to the Planning target
Volume (PTV) as de�ned by the International Commission on Radiation Units and Mea-
surements (ICRU) (ICRU 83, 2010), at the expense of dose delivered to a larger volume of
healthy tissue. The extent of the margins is typically determined by population-based
margin formulas for the CTV - PTV expansion that model the systematic and random
errors which a�ect the whole treatment, or parts of it, respectively (Van Herk, 2004).

1.4 MRI

The CT has been predominantly used in RT for VOI delineation, dose calculations (via
the provided electron densities) and as the reference standard in the daily position veri-
�cation. In more recent years MRI has gradually emerged as a new part of the treatment
process due to the superior soft-tissue contrast and various types of imaging that it pro-
vides (Figure 1.1). For this reason MRI has been increasingly used during the planning
process, next to the CT scan, in order to better identify the tumour and surrounding

15
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structures.

(a) CT (b) MRI

Figure 1.1: Example showing the potential di�erence between CT and MRI in a transversal slice
through the GTV of a brain cancer case. CT slice (left) and T1 3D Turbo Field Echo
(TFE) MRI slice (right). The body (orange), GTV (yellow), brainstem (green) and optic
chiasm (red) contours are shown in both images.

A clinical MRI scanner consists of a very strong magnet usually 1.5 or 3 Tesla (T) along
with gradient and radio frequency (RF) coils, and essentially images the hydrogen atoms
in water and organic structures like proteins. The main magnetic �eld aligns the hydro-
gen nuclei (proton) spins in the tissue, while time-varying secondary �elds created by
RF pulses modify the proton spins in selected regions of the tissue which —after a time
interval related to the underlying tissue type—return to their original state and emit a
radio signal measured by receiver coils in the scanner. The amplitude of these signals
among di�erent frequencies and phases is converted to greyscale image values at the
corresponding image locations (Brown et al., 2014).

The various MRI parameters can be appropriately weighted in sequences according to
the feature we want to image/quantify, including T1, T2, di�usion and perfusion with
or without the administration of contrast agents. The underlying anatomy can be vi-
sualized in both two-dimensional (2D) planes and 3D volumes in arbitrary directions.
Moreover, unlike the CT, the MRI does not utilize ionizing radiation making it suitable
for repeated examinations and continuous online imaging of the patient anatomy.

1.5 Image-Guided Radiation Therapy (IGRT)

Various imaging modalities have been added to the pre-treatment and daily clinical
work�ow to improve tumour and OAR de�nition. Alongside the CT and MRI, positron

16
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emission tomography (PET) with di�erent radioactive tracers has been used to overlay
functional information of the disease on the anatomical CT/MR imaging (Grégoire et al.,
2007). Moreover, four-dimensional (4D) CT (Keall, 2004) and MRI (von Siebenthal et al.,
2007) acquisitions (4DCT and 4DMRI) consisting of multiple 3D volumes scans over a
certain time period have enabled the recording and analysis of the patients’ moving
anatomy. Several IGRT techniques have been employed in the treatment rooms in an
e�ort to reduce the overall uncertainty by improving localization during beam delivery,
and thus allowing a decrease in the PTV margin. During the daily work�ow, imaging
devices installed at the treatment rooms like Electronic Portal Imaging Devices (EPID)
(Balter et al., 1995) and gantry-mounted kilo Voltage (kV) Cone Beam Computed Tomog-
raphy (CBCT) (Ja�ray et al., 2002) are used to provide daily anatomical information and
improve patient setup.

1.6 Current Clinical Standard

The basic treatment concept (Section 1.1) has been augmented by technological advances
covering the whole RT spectrum. Fixed beam IMRT and VMAT IMRT (Section 1.2) treat-
ments have replaced conventional conformal radiotherapy in the majority of the treat-
ment centers. VMAT in particular has been favoured in multiple treatment sites due to
the faster delivery times it achieves, by allowing radiation to be delivered in continuous
arcs (Teoh et al., 2011).

The inclusion of conventional and various �avours of MRI acquisitions (multi-parametric
MRI) in the pre-treatment phase has been growing, mainly due to the ability of delin-
eation software tools and TPS to fuse di�erent imaging modalities, like CT and MRI,
in the work�ow. This has led to a more precise GTV de�nition (Figure 1.2) and thus
improved patient diagnosis.

(a) T2 (b) ADC (c) Ktrans

Figure 1.2: Prostate target delineation using T2-weighted MRI along with di�usion-weighted and
dynamic contrast enhanced imaging (DCE). Tumour has a) low signal in T2 imaging, b)
low values in the Apparent Di�usion Coe�cient (ADC) map extracted by the di�usion-
weighted MRI and c) high values in the Ktrans map extracted from the DCE scan. The
prostate (green) and GTV (red) contours are plotted.

The onboard imaging described in Section 1.5 has enabled more accurate and repro-

17
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ducible patient setup. CBCT and/or EPID imaging have been used during patient po-
sitioning by online visualization of the patient’s high density structures such as bones
and/or implanted markers. In all cases, the daily recorded position is matched to the
corresponding landmarks in the original CT leading to rigid translations and rotations
of the anatomy. While principally only the translations are actively accounted for by
performing a couch shift prior to radiation delivery, rotations (of up to 3 degrees) can be
corrected for treatments on specialized rotating table tops (Van Herten et al., 2008). Ro-
tational correction via modi�cation/update of the MLC shapes/angles and beam angles
has also been considered (Court et al., 2005; Rijkhorst et al., 2007).

For treatment sites that undergo large daily deformations like bladder, prostate and
cervix, clinical interventions such as emptying bladder and/or rectal �lling have been
added in the daily work�ow. Furthermore, a library-of-plans approach has been used
(Heijkoop et al., 2014), during which multiple o�ine plans are generated targeting dif-
ferent anatomical instances based on the pre-treatment imaging (i.e. empty vs. full
bladder). Then, during the daily fractions the plan that best matches the daily anatomy
is selected to be delivered e.g. by landmark registration on the daily CBCT imaging.

In the case of mobile tumour sites in the abdominal and thoracic region, like the kidneys
and the lungs, the introduction of 4DCT/4DMRI in the preparation phase has allowed
complex organ motion to be visualized and has led to a multitude of margin recipes and
treatment delivery strategies over the years. The preparation and radiation delivery can
take place either while the patient is breathing freely or during successive breath-holds.
In the latter case, the breathing phase for the breath-hold is selected based on the most
favourable anatomy in terms of tumour and OAR positions (Keall et al., 2006).

By dynamically visualizing the tumour during the pre-treatment session of the patient,
it is possible to estimate the actual tumour motion and introduce new target volume re-
gions such as the Internal Target Volume (ITV) (Rietzel et al., 2006) that encompasses the
tumour position over the whole breathing cycle. Moreover, the 4D motion information
can be used to calculate the anatomical instance in which the tumour and surrounding
structures are in their mean position, known as mid-ventilation (mid-vent) (Wolthaus
et al., 2006) and mid-position (Wolthaus et al., 2008b) volumes. These concepts lead to a
reduction of the systematic motion uncertainty in free-breathing treatments (Wolthaus
et al., 2008a).

1.6.1 Compensation techniques

Several techniques have been developed, with varying degrees of intervention, to com-
pensate for the anatomical motion during the treatment fractions.

The �rst motion-compensating technique in free-breathing delivery was gating where
radiation is only delivered when the target is at a speci�c part of the breathing cycle,
leading to reduced margins (Berson et al., 2004). By utilizing a variety of surrogate sig-
nals to monitor the breathing cycle the beam can be turned on only when the anatomy

18
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is within a prede�ned part of the cycle (gating window). The treatment plan has been
previously generated targeting the estimated patient anatomy in the same window, ex-
tracted in a similar fashion from the pre-treatment scans. By decreasing the gating win-
dow we can reduce the residual tumour motion within this space and produce tighter
dose distributions, but at the expense of a decreased duty cycle leading to longer treat-
ment times (Keall et al., 2006).

A more active compensation attempting to modify the machine parameters and thus the
treatment plan during delivery is tumour tracking, in which the MLC segment shapes
are adjusted during delivery to follow the tumour position as provided by surrogates,
similar to the gating paradigm above.

The position can be extrapolated by tracking external surrogates like re�ective markers
placed on the body surface (Kubo et al., 1996) or the diaphragm motion (Vedam et al.,
2003).

The correlation of the external surrogates with the actual anatomy of interest is not
trivial (Chen et al., 2001) and due to this reason the use of implanted markers close to
the tumour has been explored, by using either radiopaque metal markers (Shirato et al.,
2000) or electromagnetic transponders (Balter et al., 2005).

Tracking has been clinically implemented in several treatment sites including prostate
(Keall et al., 2014b) and lung (Booth et al., 2016) demonstrating increased geometric and
dosimetric accuracy.

1.6.2 Rigid body assumption in IGRT

A global characteristic of current positioning and compensation techniques is their de-
pendence on the rigid body assumption. During patient positioning rigid transforma-
tions are used to align the patient anatomy to the pre-treatment scan based on local
information, regardless of tissue deformation.

At the same time active treatment modi�cations during MLC tracking also assume rigid
translations by extrapolating the tumour position extracted from low resolution 2D
imaging or single-point landmarks to the whole body volume. Moreover, during tracking
the segments of the pre-calculated plan targeting the pre-treatment volume are modi�ed
without any online plan recalculation.

1.7 MRI guided Radiotherapy (MRIgRT)

The inherent characteristics of the MRI to provide superior soft-tissue contrast and per-
form very fast 2D and relatively fast 3D imaging, suitable for online anatomical visual-
ization, make it the logical step forward in the IGRT �eld.

The �rst incentive was improving daily tumour visualization by including the MRI scan
into the daily patient work�ow prior to radiation delivery. This was attempted by con-

19
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structing dedicating treatment rooms that host an MRI in the vicinity of the linac, in
which the treatment couch and/or the MRI can move on rails allowing for fast trans-
fer of the patient between the two machines (Karlsson et al., 2009; Ja�ray et al., 2014).
Nonetheless, in these setups positioning errors might still exist due to the patient move-
ment/transfer while, importantly, online visualization of the anatomy during treatment
is also not possible.

In order to take full advantage of the MRI capabilities and obtain accurate daily posi-
tioning and continuous patient visualization during treatment, a direct coupling of MRI
and a linac or MRI-linac that would enable simultaneous imaging and irradiation was
�rst investigated by Lagendijk et al. (2000) and Raaymakers et al. (2002, 2003). A design
featuring a diagnostic high-�eld 1.5 T MRI (Philips, Best, The Netherlands) in combina-
tion with a 7 MV Flattening Filter Free (FFF) linac (Elekta AB, Stokcholm, Sweden) able
to rotate fully around the MRI at up to 10 Revolutions Per Minute (RPM) was developed
at UMC Utrecht (Lagendijk et al., 2008; Raaymakers et al., 2009).

The e�ects of the transverse magnetic �eld on the X-ray radiation were investigated,
during the early development stages, including the beam’s decreased build-up distance,
the shifted asymmetric penumbra (Raaymakers et al., 2004) and the more prominent
electron return e�ect (ERE). The ERE is caused by electrons crossing tissues of high
density di�erence which follow an arc shaped trajectory back to the tissue and deposit
extra dose (Raaijmakers et al., 2005). It was shown that the ERE around static air cavities
can be �rst-order compensated by the use of opposing beams and further by multiple
IMRT �elds (Raaijmakers et al., 2007b,a). Furthermore, moving spherical air cavities can
be compensated when they are fully covered in the beam cross�re (Bol et al., 2015). To
fully account for the magnetic �eld e�ects dose engines utilizing Monte-Carlo simulation
should be incorporated in the treatment planning. Several implementations based on
Central Processing Unit (CPU) (Ziegenhein et al., 2015), Graphics Processing Unit (GPU)
(Hissoiny et al., 2011a,b) and hybrid (Tian et al., 2015) computing have demonstrated
promising results for online usage.

The currently installed clinical MRI-linac prototype (Figure 1.3), commercially named
UnityTM by Elekta AB, features a 160-leaf MLC, an integrated EPID and is capable of
IMRT delivery, gating and tracking. Recently, as a �rst clinical trial of the daily work-
�ow, the First-In-Man (FIM) treatment for four palliative spinal bone metastases patients
was successfully performed demonstrating a dose accuracy within 1.7% with a spatial
precision of 0.4 mm (Raaymakers et al., 2017).

Similar integrated systems utilizing other magnetic �eld orientations, radiation source
type and couch setups have been developed during previous years. The �rst commer-
cially available clinical system was the MRIdianTM (ViewRay Inc., Cleveland, OH, USA)
, which features a 0.35 T MRI with 3 60Co sources (Mutic et al., 2014). Moreover, a bipla-
nar 0.6 T MRI with a 6 MV linac (Fallone, 2014) and the Australian MRI-LINAC system
featuring a 1 T open-bore MRI with a 6 MV linac (Keall et al., 2014a) are also being de-
veloped.

20
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(a) Schematic (b) Clinical machine

Figure 1.3: Unity MRI-linac: a) Machine schematic showcasing the di�erent components and b)
Clinical system installed at the UMC Utrecht.

1.7.1 MRIgRT in the future clinic

The introduction of hybrid MRI-linacs in the clinic will drastically change RT both in
terms of daily work�ow and overall treatment capabilities. The presence of online volu-
metric imaging enables daily visualization of the patient anatomy in the pre-beam phase,
when the patient is positioned on the treatment couch prior to radiation delivery, and
more importantly will allow monitoring of the complex anatomical deformations during
radiation delivery (beam-on), without the need for external motion surrogates.

By utilizing this information the pre-treatment plan can be updated to target the lat-
est anatomical state of the patient (replanning) in an online setting. Full replanning, in
contrast to tumour tracking, takes into account the full patient 3D deformations in both
targets and OARs and includes the changes in dose due to the FFF beam pro�le and in-
�uence of the magnetic �eld. Within that context, several parts of the current work�ow
(Section 1.6) should be translated from an o�ine to an online setting. Speci�cally for
the treatment planning process, a new generation of TPS should be developed that will
be able to take into account the patient anatomical changes and allow for fast online
application/replanning.

1.8 Thesis outline

This thesis presents a novel sequencing approach for the next generation planning sys-
tems enabling online plan adaptation for the MRIgRT systems. The �rst part of the thesis
covers the newly developed sequencing methodology enabling the inclusion of patient
changes into the plan optimization while the second part demonstrates the possibilities
and presents potential applications of the pipeline/system in inter- and intrafraction
adaptive treatments respectively.

In chapters 2 and 3 a new sequencing strategy for IMRT is presented, the Adaptive Se-
quencer (ASEQ), which features a �exible pipeline open to anatomical changes. Given
an ideal prescribed dose to deliver to the patient, the algorithm iteratively generates
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deliverable IMRT segments while decreasing the remaining dose to be delivered, pro-
gressively converging to its goal. During every iteration the optimization targets the
up-to-date anatomy of the patient, enabling plan calculation for both static—in the case
of no update—and adaptive—in the case of updating anatomies—plan calculation. In this
way, ASEQ blurs the line between the treatment planning and delivery concepts, by
being able to follow anatomical changes, and deliver a static clinical prescription to a
dynamic patient anatomy.

Chapter 2 demonstrates how ASEQ can be utilized to generate clinical grade plans
for the conventional clinic for several treatment sites. The plans were validated and
passed the clinical Quality Assurance (QA) procedures in our clinic. In addition, the
Inter-Fraction Scheme (IFS) for multi-fractionated treatments is proposed which enables
dose convergence to an ideal dose distribution without the need of post-processing steps
like the Segment Weight Optimization (SWO).

Chapter 3 presents the modi�ed ASEQ pipeline adding all the necessary steps to per-
form intra-fraction plan adaptation based on Deformable Vector Fields (DVF). The re-
spective segment calculations are performed in the dynamic space of the latest anatomy
while the resulting dose distributions are transferred (warped) back to the reference
space of the original anatomy where the remaining dose is updated and the dose eval-
uation/convergence to the prescribed dose is performed. For a simulated baseline drift,
discretized in equal steps in-between segments, for multi-fraction and single-fraction
kidney treatments we demonstrate that ASEQ is able to accommodate for target motion
during the treatment fraction, while converging to the input prescribed dose and sparing
the surrounding structures.

Having established the technical feasibility of the ASEQ methodology, the next step was
to redesign the complete framework in order to support the various adaptive applica-
tions in terms of �exibility and performance. The research MRL Treatment Planning
system (MRLTP) in our clinic was redesigned from the ground-up to enable these future
inter- and intrafraction applications. ASEQ was also developed from scratch with per-
formance in mind and merged into MRLTP in several planning pipelines, designed for
fast adaptive applications under the current or future MRIgRT clinic. Chapters 4 and 5

utilize this new software in their methods.

Chapter 4 demonstrates the ability of ASEQ to perform fast daily replanning in prostate
radiotherapy enabling the �rst clinical implementation of the system in the near future.
For previously treated patients in our clinic we simulated a 35-fraction treatment while
performing daily replanning using their daily recorded translations and rotations ex-
tracted from implanted �ducial marker registration during the daily positioning. Two
replanning regimes were simulated, one that included only the rotations into the daily
anatomy assuming a couch correction for the translational component and one that in-
cluded the complete transformation, in order to assess its e�ect on replanning. Finally,
the two regimes were reproduced for multiple planning margins in order to establish the
stability of replanning and investigate the possible dosimetric bene�t from each margin
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reduction. For every margin the replanning was compared to the conventional plans
a�ected by daily rotations, by extracting Dose Volume Histogram (DVH) parameters of
the targets and the high dose regions of the OARs.

In Chapter 5 a new adaptive treatment for SBRT Renal Cell Carcinoma (RCC) under
the MRIgRT regime is presented. A single-fraction 25 Gy mid-position treatment was
simulated while performing inter-beam replanning based on online MRI with full DVFs.
The complete imaging work�ow was simulated, which included a 4DMRI for the pre-
beam phase and multiple 2D cine-MRI images corresponding to the beam-on phase. The
reference mid-position volume of the patient was extracted from the 4DMRI along with
a statistical motion model previously developed in our department. This motion model
is able to process the above 2D images leading to high-frequency 3D DVFs and their
corresponding volumes. By using the reference mid-position and the online anatomical
states, the adaptive treatment was simulated. Starting with a �xed beam IMRT plan tar-
geting the reference anatomy, each beam is delivered (to a linac emulator) and accurately
delivered on the underlying online anatomies, warped and accumulated in reference
space, by correlating the delivery to the anatomical motion timeline. The accumulated
beam dose updates the total delivered dose, while the corresponding DVFs during this
beam are used to update the mid-position volume of the patient. Finally, a new plan for
the remaining beams is calculated targeting the updated mid-position and including the
previously delivered dose into the optimization. The ability of the new pipeline to ac-
count for baseline variations/drifts, increase target coverage and spare healthy tissue is
investigated when compared to a non-adaptive treatment utilizing a conventional PTV
margin.

Chapter 6 includes a summary of this thesis while chapter 7 presents a comprehen-
sive discussion about the scope and impact of this work. Besides the treatment planning
advances presented in this thesis, the remaining parts of the MRIgRT pipeline are dis-
cussed, including their current status, open problems and future work.
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CHAPTER 2
Towards adaptive IMRT

sequencing for the MRI-linac

The following chapter is based on:

Kontaxis C., Bol G.H., Lagendijk J.J.W. and Raaymakers B.W. 2015b Towards adaptive
imrt sequencing for the mr-linac Physics in Medicine and Biology 60 2493
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Abstract

The MRI linear accelerator (MRI-linac) that is currently being installed in the University Medical
Center Utrecht (Utrecht, The Netherlands), will be able to track the patient’s target(s) and Organ(s)
At Risk (OARs) during radiation delivery. In this paper, we present a treatment planning system
for intensity-modulated radiotherapy (IMRT). It is capable of Adaptive Radiotherapy and consists
of a GPU Monte Carlo dose engine, an inverse dose optimization algorithm and a novel adaptive
sequencing algorithm. The system is able to compensate for patient anatomy changes and enables
radiation delivery immediately from the �rst calculated segment. IMRT plans meeting all clinical
constraints were generated for two breast cases, one spinal bone metastasis case, two prostate
cases with integrated boost regions and one head and neck case. These plans were generated by the
segment weighted version of our algorithm, in a 0 T environment in order to test the feasibility of
the new sequencing strategy in current clinical conditions, yielding very small di�erences between
the �uence and sequenced distributions. All plans went through stringent experimental quality
assurance on Delta4 and passed all clinical tests currently performed in our institute. A new inter-
fraction adaptation scheme built on top of this algorithm is also proposed that enables convergence
to the ideal dose distribution without the need of a �nal segment weight optimization (SWO). The
�rst results of this method con�rm that convergence is achieved within the �rst fractions of the
treatment. These features combined will lead to a fully adaptive intra-fraction planning system
able to take into account patient anatomy updates during treatment.
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2.1 Introduction

The University Medical Center Utrecht (Utrecht, the Netherlands), in cooperation with
Elekta AB (Stockholm, Sweden) and Philips (Best, the Netherlands), is building an MRI
linear accelerator (MRI-linac) for real-time, soft-tissue-based position veri�cation and
treatment monitoring for image-guided radiotherapy. The newest prototype combines
an Elekta 8 MV linear accelerator system with a Philips 1.5 T MRI scanner (Lagendijk
et al., 2002; Raaymakers et al., 2009; Crijns et al., 2014). During treatment delivery, the
magnetic �eld of the MRI causes a decreased build-up distance, a shifted asymmetric
penumbra and the electron return e�ect (ERE) (Raaymakers et al., 2004; Raaijmakers
et al., 2005; Kirkby et al., 2008, 2009; Oborn et al., 2009, 2010). These e�ects can be
compensated partly by using opposing beams (Raaijmakers et al., 2005) and further by
intensity-modulated radiotherapy (IMRT).

IMRT is an advanced form of 3D radiotherapy that allows the intensity of the beam to
vary within the treatment �eld. This leads to very conformal dose in the target(s) and
increased sparing of the Organ(s) At Risk (OARs).

Often in IMRT, each beam is split into several smaller elements (beamlets) with individ-
ual intensities. IMRT optimization then consists of two parts, the �uence map optimiza-
tion (FMO) where the optimal intensity pro�le for the entire set of beamlets (�uence
maps) is calculated and the leaf sequencing step where these �uence maps are split into
several beamlet clusters (segments) deliverable by the Multileaf Collimator (MLC) of the
linear accelerator. Many di�erent solutions to the FMO have been presented, including
a review on di�erent formulations of the problem (Shepard et al., 1999), a mixed-integer
programming approach in Lee et al. (2003)), a multi-criteria approach to the problem
(Küfer et al., 2003) and a convex programming model (Romeijn et al., 2006). The leaf
sequencing step has been also extensively researched (Baatar et al., 2005; Bortfeld et al.,
1994; Engel, 2005) in order to e�ciently reproduce the calculated ideal �uence maps by
the MLC system. Following a di�erent approach, several optimization methods (Direct
Aperture Optimization) that integrate the FMO and sequencing steps into a single model
have also been presented (Shepard et al., 2002; Romeijn et al., 2005). In Direct Aperture
Optimization methods, the algorithm receives the number of segments that should be
calculated as an input and initializes the leaf positions of all segments to the respective
Beam’s Eye View (BEV). Then, during a global optimization routine which takes into
account the MLC constraints, the leaf positions and segment weights are optimized at
the same time, thus eliminating the sequencing step.

Accurate IMRT delivery for the MRI linear accelerator needs online treatment optimiza-
tion software that includes the e�ects of the magnetic �eld. Pencil beam or superposi-
tion/convolution (Mackie et al., 1987; Liu et al., 1997) such as collapsed cone techniques
(Ahnesjö, 1989) are fast and therefore used for dose calculation by most treatment plan-
ning systems. Due to the surface orientation dependency of the ERE e�ect on large mass
density changes, speci�cally at tissue-air boundaries (Raaijmakers et al., 2007a), Monte
Carlo-based dose calculations should be used instead when a magnetic �eld is present.
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Monte Carlo dose calculations in combination with IMRT optimization is possible as
shown by Raaijmakers et al. (2007b). There are currently no commercially available
Monte Carlo-based treatment planning systems implementing a 1.5 T magnetic �eld.
The ViewRay System incorporates a Monte Carlo-based treatment planning system that
implements a 0.35 T magnetic �eld (Mutic et al., 2014).

Both inter and intra fraction translations, rotations and deformations of the targets and
OARs take place. Translations and rotations can be accounted for by changing the table,
gantry and/or collimator settings prior to treatment. Virtual Couch Shift (VCS) can also
take these rigid motions into account by moving the IMRT dose rather than moving
the patient (Bol et al., 2013). The MRI of the MRI-linac will constantly provide new
datasets of the patient anatomy and, via image registration routines, rigid and non-
rigid deformations of the patient anatomy will be available during treatment delivery.
Consequently, there is a need for a full IMRT optimization system which will be able to
adapt to the updated anatomy during intra-fraction delivery.

In this work, we present a new IMRT optimization system, the Adaptive Sequencer
(ASEQ), for the MRI-linac that features an iterative sequencing algorithm. Prior to the
beginning of the sequencing, an initial �uence optimization generates the optimal in-
tensity pro�le that faithfully represents the clinical prescription. The dose distribution
of this �uence forms the goal (doseideal ) that the sequencer will converge towards dur-
ing its subsequent iterations. Then, ASEQ in each iteration will calculate one segment
as well as the dose it will deliver and will decrease the current dose total accordingly
until convergence is achieved. More speci�cally, during each iteration of the sequencer,
optimization of the achievable �uence is performed with its goal being the remaining
doseideal . Then the resulting �uence maps of all beams are segmented to their respec-
tive BEV and one segment among all beams is selected based on a custom quali�er. The
dose that this segment will deliver is calculated and subtracted from the doseideal dis-
tribution. This residual dose dose distribution will be the target of the next iteration of
the algorithm. This loop is repeated several times until dose convergence is achieved.
The �uence optimization is done by a fast inverse dose optimization method proposed
in Ziegenhein et al. (2013) and uses the dose in�uence data generated by GPU-based
Monte Carlo dose (GPUMCD) calculation engine (Hissoiny et al., 2011a,b).

ASEQ’s pipeline is speci�cally suited for the new MRI-linac as it makes the inclusion
of external factors to the treatment planning possible. In the future, patient anatomy
changes can be fed into this system through real time MRI and taken into account in
subsequent iterations of the sequencer in the �uence optimization stage. Moreover, this
system could be utilized to start radiation delivery immediately before the full plan is
calculated. These features would require online planning which means that all subsys-
tems, from the �uence optimization to the dose calculation, should perform a segment
calculation in a few seconds.

Two di�erent variations of ASEQ were developed. In the �rst one, a conventional seg-
ment weight optimization (SWO) is performed at the end of the sequencing to fully con-
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verge to the desired dose. In the second implementation, a new inter-fraction scheme
is presented which allows convergence without the need of a segment weight optimiza-
tion by taking into account, during the calculation of subsequent fractions, the di�erence
between the ideal dose distribution and the dose delivered in the treatment so far.

Clinical plans for several treatment sites were generated by using a segment weighted
version of this system and quality assurance was performed on Delta4 phantom on con-
ventional linear accelerators in a 0 T environment. These results demonstrate the ability
of our system to generate clinical plans while opening the option of compensating for
patient anatomy updates in its work�ow. Furthermore, the �rst results of our new inter-
fraction scheme are presented for the same cases, demonstrating its ability to converge
to the ideal dose distribution after a few fractions.

These results along with ASEQ’s �exible loop design demonstrate that in the future this
new planning system can be used for adaptive real time IMRT treatment planning.

2.2 Materials and Methods

2.2.1 Algorithm

2.2.1.A Input

The initial input of our adaptive sequencing method (ASEQ) consists of the patient
anatomy, the delineated volumes of interest and the treatment prescription (�gure 2.1:
Input).

Prior to the beginning of the sequencing, beamlets for the corresponding anatomy are
generated and the �uence optimizer is used manually to create a constraints �le (section
2.2.1.D) that will faithfully reproduce the clinical prescription. The dose distribution
corresponding to this �uence is equivalent to the representation of the prescribed dose if
delivered by an ideal linear accelerator and thus is regarded as the goal dose distribution
(doseideal ) for the rest of the method. The algorithm will converge towards this dose
distribution.

This dose distribution, the constraints used by the optimizer along with the pre-calculated
beamlets and the MLC related parameters (leaf width etc.) form the �nal input of the
sequencer.

2.2.1.B Sequencing loop

During each iteration of ASEQ the following steps are performed (�gure 2.1: ASEQ):

1. Fluence Optimization:
A full �uence optimization is performed to produce a new set of optimal beamlet
weights. The goal of this optimization is the current doseideal dose distribution.
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2. Segmentation:
The �uence maps of all beams are segmented and one segment among them is
selected, according to a custom quali�er (section 2.2.1.E).

3. Segment dose calculation:
The dose of the selected segment is calculated.

4. Ideal dose update:
The dose of this segment is subtracted from the doseideal distribution resulting in
an updated goal for the new iteration.

2.2.1.B.1 This loop is repeated until a certain percentage of the ideal dose has been
accounted for and/or the desired number of segments has been calculated. In sections
2.2.1.C - 2.2.1.G the individual modules of system are presented.

Figure 2.1: System pipeline, consisting of two parts: Input and ASEQ

2.2.1.C Beamlet generation

Prior to the IMRT optimization the beamlets for each gantry angle have to be generated.
The beamlets were calculated by GPU-oriented Monte Carlo Dose (GPUMCD) (Hissoiny
et al., 2011a) which is a fast and accurate dose engine that can also incorporate magnetic
�elds into the calculations (Hissoiny et al., 2011b). The beamlets are 5.0 × 5.0 mm2 at
isocenter. The dose due to each beamlet was generated with a goal of approximately 1%
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statistical accuracy (resulting in a number of events per beamlet of an order of magnitude
of around 6). Calculation was performed on one Nvidia® GeForce GTX780Ti graphics
card. In order to reduce calculation time only the beamlets that intersect with at least
one of the targets, identi�ed by using a ray casting algorithm (Foley et al., 1994), were
then included in the Monte Carlo simulation. For this the targets were formed by adding
a margin of 0.4 cm to the real treatment targets of the patient while ensuring that the
margin stays within the body contour.

The CT is resampled to the dose grid with voxels of 3.0 × 3.0 × 3.0 mm3. For the pur-
poses of the Monte Carlo calculation the various tissue types were deduced from the
Houns�eld units (HU) of the CT. These HU values are converted to mass density (Jiang
et al., 2007) and then used to generate a composition phantom using four tissue types
(air, lung, soft tissue and bone) which will be used to describe the patient anatomy dur-
ing the Monte Carlo simulation. For the analytical source de�nition, the spectra of 6 MV
or 10 MV beams of Elekta linear accelerators were used depending on the treatment site
we were investigating. The Elekta Agility Multi Leaf Collimator with 160 leaves and
5.0 mm leaf width was used for the grouping of individual beamlets to segments.

2.2.1.D Fluence optimization

The �uence optimization is done using the fast CPU-based iterative IMRT optimization
method using pre-calculated beamlet data (Ziegenhein et al., 2013). In this model, four
individual matrices are used to describe the prescription of each anatomy voxel. Every
voxel is assigned with a minimum and maximum dose and two penalty values, one used
to penalize under-dosage and another used to penalize over-dosage. For the voxels of the
OARs the minimum dose is set to zero and only the maximum dose is taken into account.
The above constraints (�gure 2.2) formulate one objective function whose value should
be minimized and this is done by a quasi-Newton optimization method. The result of
this optimization is the optimal non-negative beamlet weights. Volume-weighting and
Dynamic importance weight assignment (DIWA) were added to the optimization (Bol
et al., 2012). The penalty values are volume-weighted before the beginning of the opti-
mization so that they are independent of the volume of their structures. DIWA can be
used in consequent runs of the algorithm to remove possible hotspots in the body by
automatically increasing the individual voxel penalty values based on the result of the
previous run. For matrix and vector operations as well as numerical solvers the high-
level C++ linear algebra Eigen (Guennebaud et al., 2010) was used. All calculations were
performed on a quad core 64-bit Intel® Xeon CPU E3-1240 V2 all cores running at 3.40
GHz on Debian Linux 7.4.

Prior to the beginning of the sequencing, the appropriate minimum/maximum dose and
minimum/maximum penalties for each case are manually found so that the input clinical
constraints are met. The dose (doseideal ) corresponding to this �uence will then be the
goal of ASEQ (�gure 2.1). At this point, the minimum and maximum dose matrix values
used by the �uence optimizer are re-initialized to the doseideal and during each iteration
of ASEQ will be updated accordingly.
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Figure 2.2: Example interface showing the minimum/maximum penalties (weights) and mini-
mum/maximum prescribed dose (in Gy) for two Volumes of Interest

2.2.1.E Segmentation

The calculated beamlet weights are used to generate a two-dimensional �uence map for
each gantry position used which is then blurred using isotropic Gaussian blurring of
5mm radius to smooth out small peaks and valleys that might exist in the calculated �u-
ence distribution. Each one of these blurred �uence maps is then split into 1000 discrete
intensity levels. For each one of these levels the largest connected segment is calculated
that includes all beamlets with intensity equal or greater than the current intensity level
and is deliverable by the given linear accelerator. Each segment is assigned with a qual-
i�er which is used to quantify the importance of the segment. This quali�er is given by
the following formula:

seдqualif ier = area × intensity_level × averaдe_beamlet_intensity (2.1)

where area describes the area of the open �eld of the segment which favors larger �elds,
intensity_level describes the discrete intensity of the segment which ensures that the
�nal segment intensity will be as high as possible and averaдe_beamlet_intensity is the
average value of the beamlets that are included in this segment and implicitly adds the
actual contribution of the included beamlets to the full three-dimensional �uence.

The above process identi�es one optimal segment per beam and �nally the most impor-
tant one among all beams is chosen to be delivered for this iteration.

2.2.1.F Ideal Dose Update

At �rst, Elekta’s Monaco research software is used to accurately calculate the dose of
the chosen segment for a �xed amount of 100 Monitor Units (MU) taking into account
the MLC performance and settings (dosemlc ). The segment dose is also calculated using
the information of the pre-calculated beamlets forming this segment and its previously
calculated intensity_level (dosebeamlets ). The MU of this segment are then calculated
by using the following equation:

seдmentmu =
favд(dosebeamlets )

favд(dosemlc )
× 100MU (2.2)

where favд(distribution) returns the average amount of the quantity that the voxels of
the target volumes of interest receive in the given distribution.

After having calculated the MU of the segment, the actual dose that this segment will
deliver is given by the following equation:

seдmentdose =
favд(dosebeamlets )

favд(dosemlc )
× dosemlc (2.3)
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We then subtract seдmentdose from our minimum and maximum dose distributions used
by the �uence optimizer. In this way, we update the goal of the next �uence optimization.
The over-dosed voxels, if any, are set to zero and the amount of the total over-dosage
per voxel is being tracked. After each subtraction, the maximum penalty of every over-
dosed voxel i is increased by the following equation:

max_penaltyi = initial_max_penaltyi × over_dosaдei (2.4)

where initial_max_penaltyi is the maximum penalty of voxel i in the initial constraints
used by the �uence optimizer and over_dosaдei is the amount of overdosage for this
voxel. This update penalizes overdosage in subsequent iterations of the sequencer.

2.2.1.G Termination criteria

We have implemented two independent convergence criteria for the sequencing algo-
rithm:

– Number of segments: the algorithm is terminated when a certain number of seg-
ments has been calculated

– Dose convergence: the algorithm is terminated when a certain percentage of dose
has been delivered to the target volumes of interest. This percentage is given by
the following ratio:

converдence =
dosedelivered
doseprescr ibed

(2.5)

where doseprescr ibed is the average dose value of the target voxels in the original
doseideal and dosedelivered is the average delivered dose from the segments calcu-
lated so far to the target voxels, excluding the overdosage of any voxels that have
exceeded their ideal dose.
In general the target percentage should be as close as possible to 100% to en-
sure convergence but the actual number is case speci�c and also depends on the
number of segments used. Moreover, the segment weighted optimization used by
commercial systems as a post processing step after sequencing increases overall
convergence, which makes the initial stopping criterion less crucial.

In all cases presented in this paper the ’number of segments’ criterion was used to termi-
nate the algorithm as we wanted to stay as close as possible to the number of segments
that were produced by commercial treatment planning software when the actual clinical
plans were generated for each case.

2.2.2 Variations of ASEQ

Two di�erent variations of ASEQ were implemented in this paper.
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(a) Segment weighted ASEQ (b) Multi-fraction ASEQ

Figure 2.3: Variations of ASEQ

2.2.2.A Segment weighted ASEQ

In the segment weighted version of the algorithm (�gure 2.3a), following the current
standard of most commercial software, segment weighting was added after the sequenc-
ing algorithm in order to reach close to full convergence. This version was used to test
the performance of our new algorithm by calculating plans for di�erent treatment sites
and performing quality assurance.

2.2.2.B Multi-fraction ASEQ

In this version of the algorithm, the sequencer is run once per fraction, while taking into
account the inter fraction di�erences between the ideal dose and the actual delivered
dose in the treatment so far. As in the segment weighted version, doseideal is calculated
once prior to the sequencing and is then used for all fraction calculations. For every
case all fractions were calculated using the same amount of segments. The number of
fractions ranged from 16 and 35 depending on the treatment site. Segment weighting is
skipped, allowing us to investigate the real inter fraction convergence of our sequencer.

As �gure 2.3b shows, ASEQ is run for each fraction and can be terminated either after a
certain number of segments or when the desired convergence for that speci�c fraction
has been reached. The inter fraction di�erence occured so far for fraction i is then
calculated by using the following equation:

inter_f raction_di f f erencei = ideal_f ractioni × i − delivered_dosei , i > 0

where ideal_f ractioni is the ideal dose of a single fraction (derived from the original
doseideal ) and delivered_dosei is the sum of all individually calculated fractions so far.

At the end of each fraction, the above di�erence is calculated and added to the original
doseideal dose distribution. This way the goal of the sequencer for the next fraction is

34



ckontaxis November 22, 2017 16:07 Page 35 �
�	

�
�	 �
�	

�
�	

Towards adaptive IMRT sequencing for the MRI-linac

C
ha

pt
er

2

updated to include the missing/excess dose of the previous fraction. Finally, the inter
fraction dose convergence is calculated by using equation 2.5, with ideal_f ractioni × i
being the prescribed dose and delivered_dosei being the delivered dose in the treatment
so far.

This version was used to investigate the inter-fraction convergence capabilities of our
new sequencing strategy.

2.2.3 Anatomy

Several cases from di�erent treatment sites were used to test the e�ectiveness of our
sequencer: two breast cases (Left breast and Right breast), two prostate cases with in-
tegrated boost —one with a de�ned EBV (Prostate EBV) and one with two additional
de�ned GTVs (Prostate GTV)—, one palliative spinal bone metastasis case (Vertebra)
and one head and neck (Head and Neck) case. For all cases the clinical constraints and
beam angle con�guration were used, except from the spinal bone metastasis case where
an experimental prescription and IMRT beam angle con�guration was used. Tables 2.1 -
2.4 show the constraints of each case and table 2.5 shows the beam angles used for each
case.

Volume of Interest Constraints
PTV 99% vol >= 66.5 Gy
EBV 99% vol >= 73.15 Gy
GTV >= 95 Gy
Rectum 50% vol <= 50 Gy

5% vol <= 72 Gy
PRV Rectum 2 cc <= 77 Gy
Bladder 10% vol<= 72 Gy

1 cc <= 80 Gy
Sphincter mean dose < 37 Gy

Table 2.1: Constraints for the prostate cases

Volume of Interest Constraints
PTV 99% vol >= 40.43 Gy

2 cc <= 42.56 Gy
Body 2 cc <= 42.56 Gy
Lungs mean dose < 7 Gy
Heart 10% vol <= 5 Gy

5% vol <= 10 Gy

Table 2.2: Constraints for the breast cases

2.2.4 Plan veri�cation

All cases were planned using the above constraints (2.2.3) and the results were then
veri�ed by expert planners in our department.
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Volume of Interest Constraints
PTV 90% vol >= 8 Gy
Vertebra 10% vol <= 10 Gy

Table 2.3: Constraints for the spine metastasis case

Volume of Interest Constraints
PTV69 97% vol >= 65.55 Gy
PTV66 98% vol >= 62.7 Gy
PTV51 97% vol >= 48.45 Gy

maximum dose < 54.57 Gy
Body maximum dose < 72 Gy
Myelum maximum dose <= 50 Gy
Submandibular gland mean dose < 40 Gy
Swallowing gland mean dose < 56 Gy
Carotis maximum dose < 50 Gy
Parotis gland as low as possible

Table 2.4: Constraints for the head and neck case

Case Beam angles
Prostate EBV 0◦, 50◦, 100◦, 155◦, 205◦, 260◦, 310◦
Prostate GTV 0◦, 50◦, 100◦, 155◦, 205◦, 260◦, 310◦
Left breast 143◦, 315◦
Right breast 57◦, 231◦
Vertebra 105◦, 120◦, 135◦, 150◦, 165◦, 195◦, 210◦, 225◦, 240◦, 255◦
Head and Neck 0◦, 40◦, 70◦, 155◦, 205◦, 290◦, 320◦

Table 2.5: Beam angles used for each case

Quality assurance was performed on a Delta4 (Scandidos, Uppsala, Sweden) phantom
which consists of 1069 p-type Silicon diodes in a crossed array inside a cylindrical poly-
methylmethacrylate (PMMA) phantom, and includes computer software that compares
the measured dose distribution for a complete treatment plan with the dose distribution
calculated by the treatment planning system. This three-dimensional phantom allows
us to measure the accuracy and quality of the delivered dose by our planning system.

2.3 Results

2.3.1 Segment weighted ASEQ

2.3.1.A Fluence - Sequence Comparison

In this section the resulting plan of each one of the above cases is presented.

Table 2.6 shows the number of segments calculated for each case. After the �nal segment
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weight optimization, a few of these segments were discarded as they were below the
minimum MUs per segment constraint of the linear accelerator.

Figures 2.4a, 2.5a, 2.6a, 2.7a, 2.8a, 2.9a show a transversal slice of the sequenced dose
distribution and �gures 2.4b, 2.5b, 2.6b, 2.7b, 2.8b, 2.9b show a transversal slice of the
absolute di�erence in Gy between the doseideal distribution and the sequenced dose dis-
tribution. Blue color implies small di�erence while red color represents a large di�erence
(exact magnitude given in the respective colorbars). In all �gures we can observe that
the di�erence between �uence and sequenced voxels is almost zero. Moreover the few
regions that show some larger di�erence values exist in the low dose non-target areas.
In �gure 2.5b a few relatively high di�erence voxels can be observed in the path of beam
angle at 100◦. This happened as this beam had an “OAR-free” direct path to the part
of the target that includes high dose GTVs with steep dose gradients. The sequencing
algorithm as well as SWO favoured this beam in order to spare OARs visible from other
beams.

Table 2.7 shows the local mean relative di�erence and the standard deviation of the target
voxels between the �uence and sequenced result for each of the cases. The average
di�erence and average standard deviation among all cases is 0.11% and 3% respectively.

Case Segments
Prostate EBV 70
Prostate GTV 70
Left breast 10
Right breast 10
Vertebra 57
Head and Neck 80

Table 2.6: Number of segments for the segment weighted ASEQ

(a) Sequenced result (b) Fluence - Sequence di�

Figure 2.4: Prostate case with EBV
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(a) Sequenced result (b) Fluence - Sequence di�

Figure 2.5: Prostate case with EBV and two GTVs

(a) Sequenced result (b) Fluence - Sequence di�

Figure 2.6: Left breast case

2.3.1.B Quality Assurance

Figure 2.10a shows an example of a Delta4 result for one prostate plan scoring 100% pass
rate in the gamma analysis test.

In table 2.8 the Delta4 gamma analysis at 3%/3mm results are presented for all the above
cases.

2.3.2 Multi-fraction ASEQ

Figure 2.11 shows the plot of the convergence achieved by the multi-fraction ASEQ in
individual fractions for each one of the above six cases. We observe that after the �rst
fraction a non-negligible percentage of dose still has to be delivered in the subsequent
fractions.

For all cases this missing dose is quickly delivered as the curve is steep in the �rst frac-
tions and convergence is quickly achieved without the need of segment weighting, thus

38



ckontaxis November 22, 2017 16:07 Page 39 �
�	

�
�	 �
�	

�
�	

Towards adaptive IMRT sequencing for the MRI-linac

C
ha

pt
er

2

(a) Sequenced result (b) Fluence - Sequence di�

Figure 2.7: Right breast case

(a) Sequenced result (b) Fluence - Sequence di�

Figure 2.8: Vertebra case

Case Mean Di�erence (%) Std (%)
Prostate EBV -0.08 1.96
Prostate GTV -0.29 3.12
Left breast 0.55 2.72
Right breast 0.52 2.42
Vertebra -0.22 4.48
Head and Neck 0.18 3.31
Mean 0.11 3.00

Table 2.7: Di�erence between �uence and sequenced plans

producing dose distributions very close to the ideal ones. It is also interesting to observe
that in a few occasions the convergence slightly decreases in one fraction before increas-
ing again towards a global maximum. This happens when the sequencer is severely pe-
nalizing some overdosed voxels by overall decreasing the dose for one fraction. Then,
having avoided this local maximum continues converging in the next fractions.
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(a) Sequenced result (b) Fluence - Sequence di�

Figure 2.9: Head and Neck case

(a) Planned on Delta4 Anatomy (b) Delta4 gamma analysis

Figure 2.10: Example of the Delta4 result for one prostate case

Case Pass rate (%)
Prostate EBV 100
Prostate GTV 100
Left breast 94.1
Right breast 98.8
Vertebra 97.9
Head and Neck 99.9

Table 2.8: Gamma analysis with 3%/3mm performed on Delta4 phantom

Table 2.9, shows the single fraction convergence, the convergence after 10 fractions and
the segment weighted single fraction convergence for each case. The multi-fraction
ASEQ is only smaller by 0.43% on average than the segment weighted single fraction
which con�rms that this new scheme is rapidly converging towards the desired dose
distribution.

It also important to note that these �rst experiments showed that the speed of the con-
vergence depends on the number of segments that the sequencer will be set to calculate,
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Figure 2.11: Per fraction convergence of the Multi-fraction ASEQ (y-axis starts at 88%)

Case Single
fraction (%)

Multi
fraction (%)

Single
fraction (SWO)(%)

Prostate EBV 97.03 99.28 99.28
Prostate GTV 96.75 98.72 98.92
Left breast 91.27 98.15 98.87
Right breast 89.23 98.27 98.9
Vertebra 90.41 97.69 98.52
Head and Neck 94.34 98.61 98.77
Mean 93.17 98.45 98.88

Table 2.9: Comparison of single fraction (with and without SWO) and multi-fraction convergence

as the �rst fraction sets the starting point of the convergence curve. The same number
of calculated segments was also used for this version of ASEQ (table 2.6), except from
the two breast cases where six segments were now used for each case. If fewer segments
are selected, the initial convergence will be lower and the curve steeper in the �rst few
fractions at the expense of the number of fractions needed to achieve full convergence.

2.4 Discussion

We demonstrated that ASEQ’s segment weighted version can generate clinically accept-
able IMRT plans passing our quality assurance tests. In addition, our inter-fraction
scheme resulted in true convergence through the inclusion of ideal to delivered dose
di�erence into the subsequent fraction calculations. For most cases (�gure 2.11), after
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a few fractions acceptable convergence is achieved. This can be contributed to the fact
that for a n-fraction calculation, n times the number of segments will be used to de-
liver the treatment while at the same time the target dose of each fraction is modi�ed
to compensate for any dose deviations that might occurred compared to the ideal dose
distribution. The modi�cation of the ideal dose distribution enables the optimizer to
escape the local minima encountered when striving for 100% convergence in a single
fraction and to focus on the over/underdosed parts of the anatomy in the subsequent
fractions. We are currently investigating the inter-fraction plans generated in order to
verify these claims. This scheme is able to produce a set of plans that when delivered
will collectively fully converge within the course of the treatment. This means that the
delivered dose will not be exactly the same for all fractions. However, this is already the
case in many treatments as positioning errors and/or organ motion may lead to slightly
varied inter-fraction dose.

ASEQ’s modular design (�gure 2.1) makes possible the substitution of its di�erent parts
by di�erent methods, e.g. di�erent �uence optimization methods or di�erent segmen-
tation methods can be used by their respective module.

In this pipeline every ASEQ iteration uses the best segment among all beams. It is im-
portant to note that in a single iteration it is also possible to generate and use multiple
segments, e.g. the best two segments among all beams or the best segments from two
consecutive beam angles.

The results presented in this paper were planned in 0 T environment as we wanted
to evaluate its performance in the clinical environment. However, we do not expect
signi�cant di�erences when planning in the 1.5 T environment of the MRI-linac as it
has been demonstrated that IMRT in 1.5 T is equally feasible (Bol et al., 2012).

These are the �rst necessary steps towards the full evaluation of this new online adaptive
planning system for the MRI-linac. Its novel pipeline includes a full �uence optimization
stage in which anatomy changes can be introduced. The multi-fraction scheme bears
similarities to the intra-fraction anatomy updates: updating the anatomy in-between
segments and accounting for the dose delivered so far is analogous to transferring the
missing/excess dose to the next fraction. The same non-trivial questions have to be ad-
dressed for both inter-fraction and intra-fraction calculations. Moreover, in the presence
of real time imaging, converging without the need of a segment weight optimization
makes the immediate delivery of radiation possible.

These future applications of our system will require that fast enough subsystems are
used to allow online replanning. The introduction of deformations will demand the re-
calculation of beamlet data. This can be done in real-time scenarios as demonstrated
by Bol et al. (2012) when using a GPU based Monte-Carlo dose engine with one GPU
per gantry angle available. Another prerequisite would be a fast and accurate image
registration module able to track the volumes of interest by using the real time imag-
ing information provided by the MRI-linac. Moreover, full automation of this pipeline
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demands a shift towards MR-based planning on pseudo CTs generated from MR images
only.

Consequently, this work can be considered as preliminary work towards a fully adaptive
intra-fraction sequencer, that will be able to take into account anatomy deformations in
the �uence optimizations of subsequent segments.

2.5 Conclusion

In this paper, we presented a new sequencing algorithm to facilitate the needs of inten-
sity modulated treatment. Its design makes the inclusion of external factors to the treat-
ment planning possible during the �uence optimization stage of each iteration. Its �ex-
ible algorithm allows various di�erent applications. The �rst results on static anatomy
con�rm that its segment weighted version yields very small di�erences between �uence
and sequenced distributions and is able to calculate clinical plans equivalent to those of
the commercially available planning systems. In our inter-fraction scheme, we showed
that convergence can be achieved when the missing/excess dose is taken into account in
the next fraction, without the need of segment weighting. This opens the possibility to
immediate delivery of the treatment and overall better plans in terms of target coverage
and OAR’s compared to non segment weighted, single fraction calculation. This inter-
fraction model provides valuable insight for the actual intra-fraction adaptation we are
aiming at. These are the �rst steps towards an Adaptive Sequencer that in the future
will allow intra-fraction plan adaptations making it suitable for use in the upcoming
MRI-linac.
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CHAPTER 3
A new methodology for inter-

and intrafraction plan

adaptation for the MRI-linac

The following chapter is based on:

Kontaxis C., Bol G.H., Lagendijk J.J.W. and Raaymakers B.W. 2015a A new
methodology for inter- and intrafraction plan adaptation for the mr-linac Physics in
Medicine and Biology 60 7485
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Abstract

The new era of hybrid MRI and linear accelerator machines, including the MRI-linac currently
being installed in the University Medical Center Utrecht (Utrecht, The Netherlands), will be able to
provide the actual anatomy and real-time anatomy changes of the patient’s target(s) and Organ(s)
At Risk (OARs) during radiation delivery. In order to be able to take advantage of this input, a
new generation of treatment planning systems is needed, that will allow plan adaptation to the
latest anatomy state in an online regime. In this paper, we present a treatment planning algorithm
for intensity-modulated radiotherapy (IMRT), which is able to compensate for patient anatomy
changes. The system consists of an iterative sequencing loop open to anatomy updates and an
inter- and intrafraction adaptation scheme that enables convergence to the ideal dose distribution
without the need of a �nal segment weight optimization (SWO). The ability of the system to
take into account organ motion and adapt the plan to the latest anatomy state is illustrated using
arti�cial baseline shifts created for three di�erent kidney cases. Firstly, for two kidney cases of
di�erent target volumes, we show that the system can account for intrafraction motion, delivering
the intended dose to the target with minimal dose deposition to the surroundings compared to
conventional plans. Secondly, for a third kidney case we show that our algorithm combined with
the interfraction scheme can be used to deliver the prescribed dose while adapting to the changing
anatomy during multi-fraction treatments without performing a �nal SWO.
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3.1 Introduction

The University Medical Center Utrecht (Utrecht, the Netherlands), in cooperation with
Elekta AB (Stockholm, Sweden) and Philips (Best, the Netherlands), is building an MRI
linear accelerator (MRI-linac) for real-time anatomy visualization during radiation de-
livery. The prototype combines an Elekta 8 MV linear accelerator system with a Philips
1.5 T MRI scanner (Lagendijk et al., 2002; Raaymakers et al., 2009; Crijns et al., 2014).

More hybrid systems have been developed in the same direction including the ViewRay™
system which combines three equidistant 60Co beam setup with an open 0.35 T MRI
system (Mutic et al., 2014) and the system combining a biplanar 0.6 T MRI with a 6 MV
linac (Fallone, 2014).

The MRI-linac will monitor the changing patient anatomy during treatment and thus
the target and Organ At Risk (OAR) anatomy deformations that occur will be available
through image registration algorithms.

In our previous work (Kontaxis et al., 2015b), we presented a new IMRT optimization
system, the Adaptive Sequencer (ASEQ), speci�cally suited for this new generation of
radiotherapy machines, like the MRI-linac. ASEQ features a novel sequencing algorithm
which enables online replanning based on incoming anatomy deformations. Given a de-
sired dose distribution, every iteration calculates one segment as well as the dose it will
deliver and decreases the current dose total accordingly. The residual dose distribution
will be the target of the next iteration of the algorithm. This loop is repeated several
times until dose convergence is achieved. At the core of this algorithm is the full �uence
optimization which is performed during every iteration. Every �uence optimization
targets the remaining dose distribution and optimizes the dose in�uence data of the re-
spective anatomy. In this way, each segment is calculated from this updated �uence
distribution, speci�cally targeting the current anatomy state. We showed that our se-
quencer can produce clinically acceptable results when used as conventional treatment
planning software by performing standard clinical Quality Assurance (QA). Further-
more, we proposed a new interfraction scheme which transfers the missing/excess dose
to the planning of the subsequent fraction and can be used to ensure convergence to
the prescribed dose without the use of a segment weight optimization (SWO) enabling
direct delivery of the treatment.

The purpose of this work was to further develop our system by adding all the mod-
ules needed in order to facilitate anatomy deformations during delivery. Moreover, we
wanted to verify that given a set of anatomy deformations, the pipeline can accurately
track the previously delivered dose and deliver the prescribed dose to the target(s) while
minimizing the dose to the surrounding structures during treatment.

Two variations of this treatment were tested. In the �rst one, a single-fraction treatment
is simulated while on-the-�y intrafraction plan adaptation is used. In the second one, a
multi-fraction treatment is assumed, during which both intrafraction adaptation and the
interfraction scheme are utilized. Kidney tumor sites with an experimental IMRT setup
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suitable for the MRI-linac (Stam et al., 2013a) were selected to give a proof of principle for
the system. For each kidney case, arti�cial baseline shifts were created that produce an
incremental shift of the target during the treatment fraction. We compared our adaptive
approach to static radiotherapy plans with no extra margins and to static radiotherapy
plans with Internal Target Volume (ITV) structures that include the motion of the target.

These results show that this new planning system implements the complete pipeline
needed, in order to successfully facilitate online-replanning IMRT treatment in the con-
text of hybrid radiotherapy machines like the MRI-linac.

3.2 Materials and Methods

3.2.1 Algorithm

3.2.1.A Pipeline

In this work we extended the pipeline originally presented in (Kontaxis et al., 2015b)
(Figure 3.1). Given a desired dose distribution (doseideal ), the original ASEQ performs
in every iteration a �uence optimization targeting the remaining doseideal . Then, the
resulting �uence maps of all beams are segmented to their respective Beam’s Eye View
(BEV) and the best segment among all beams is selected (Kontaxis et al., 2015b). The dose
of that segment is calculated and subtracted from thedoseideal distribution. This updated
dose distribution forms the target of the next iteration of the algorithm. The above loop is
repeated multiple times until dose convergence is achieved. Dose convergence is de�ned
by the following equation:

converдence =
dosedelivered
doseprescr ibed

(3.1)

wheredoseprescr ibed is the average dose value of the target voxels in the originaldoseideal
and dosedelivered is the average delivered dose from the segments calculated so far to
the target voxels, excluding the overdosage of any voxels that have exceeded their ideal
dose.

The dose in�uence data is generated by GPU-based Monte Carlo dose (GPUMCD) cal-
culation engine (Hissoiny et al., 2011a,b) and the �uence optimization is done by a fast
inverse dose optimization method presented in Ziegenhein et al. (2013)

In order to introduce anatomy changes into the pipeline extra modules were added to
the main algorithm. In contrast to the static anatomy of the previous algorithm, we
now split our calculations in either reference or dynamic space calculations. The �rst
CT/MRI exam of the patient used for conventional treatment planning forms the ref-
erence anatomy and the changing anatomy, as determined from the online MRI, corre-
sponds to the dynamic anatomy. The �uence optimization, segmentation and dose calcu-
lation are performed in the dynamic space while the update of the prescribed doseideal ,
the dose accumulation and dose convergence statistics are performed in the reference
space. Figure 3.2 shows the modi�ed ASEQ algorithm which is able to facilitate anatomy
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Figure 3.1: Static system pipeline

updates. The solid and dashed borders indicate that the module operates on the refer-
ence and dynamic grid space respectively.

The input of the algorithm is a voxel-by-voxel dose prescription calculated on the ref-
erence grid, the constraints used by the optimizer and the MLC related parameters (leaf
width etc.). Moreover, for these experiments the precalculated data of all intermediate
anatomy sets is used including the three-dimensional deformation �elds and the dose
in�uence data corresponding to each anatomy. Then, during each iteration of ASEQ the
following steps are performed:

1. Load new anatomy: The anatomy, deformation �elds and dose in�uence data cor-
responding to the new anatomy is loaded. The deformation �elds, consist of the
three-dimensional �eld that transforms the reference anatomy to the dynamic
anatomy as well as its inverse �eld which transforms the dynamic anatomy to
reference space. The target of the following �uence optimization is replaced by
the remaining doseideal distribution after it has been warped to the new dynamic
grid using trilinear interpolation.

2. Fluence Optimization:
A full �uence optimization is performed to produce a new set of optimal beamlet
weights. (Dynamic space)

3. Segmentation:
The �uence maps of all beams are segmented and one segment among them is
selected. The segment evaluation criteria consist of the area of the open �eld of
the segment which favors larger �elds, the discrete intensity of the segment which
ensures that the �nal segment intensity will be as high as possible and the average
value of the beamlets that are included in this segment and implicitly adds the
actual contribution of the included beamlets to the full three-dimensional �uence.
(Dynamic space)
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4. Segment dose calculation:
The dose of the selected segment is calculated using Elekta’s research software
tools taking into account the MLC settings. (Dynamic space)

5. Dose warping:
The dose of the selected segment is warped to the reference grid using trilinear
interpolation. (Reference space)

6. Dose accumulation:
The dose of this segment is added to the dose accumulation grid (doseacc ) used to
track delivered dose, penalise over-dosed voxels for the next iteration and acquire
the convergence statistics. (Reference space)

7. doseideal update: The dose of this segment is also subtracted from the doseideal
distribution resulting in an updated goal for the new iteration. (Reference space)

3.2.1.A.1 The above steps are repeated until either a certain percentage of the ideal
dose has been accounted for or a certain number of segments has been calculated.

Figure 3.2: Online replanning pipeline

3.2.1.B Interfraction Scheme

The above loop accounts for the intrafraction anatomy changes but can also be used to
facilitate interfraction adaptation. In current treatment planning systems, convergence
to the prescribed dose is not fully achieved after sequencing. This is typically tackled
by employing Segment Weighted Optimization (SWO) as a post processing step which
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guarantees dose convergence. In order to perform online replanning, ASEQ should fully
converge during the treatment without the need for a SWO.

For this purpose, we have developed an interfraction scheme (�gure 3.3) able to con-
verge to the prescribed dose without the need of a �nal segment weighting during the
course of the treatment (Kontaxis et al., 2015b). More speci�cally, given the initial dose
prescription, ASEQ (�gure 3.1) was used to generate a treatment plan for every treat-
ment fraction. The di�erence between the prescribed dose and the calculated dose was
acquired after every fraction and added to the prescription of the subsequent fraction.
In this way, the missing/excess dose was taken into account during the sequencing of
treatment fractions and convergence to the initial prescription was achieved without a
�nal SWO. We showed that this was feasible for several di�erent treatment sites used in
current clinical practice.

This interfraction algorithm was adapted to use the modi�ed ASEQ presented in this
work, enabling the transfer of missing/excess dose to the next fraction while also adapt-
ing to the inter- and intrafraction anatomy updates.

Figure 3.3: Multi-fraction ASEQ

3.2.2 Anatomy

Three kidney cases were selected to introduce anatomy changes to our pipeline. This
treatment site has been extensively researched under the context of MRI-guided radio-
therapy and has been demonstrated as a possible candidate for MRI-linac treatments
(Stam et al., 2012, 2013b,a).

For each case, we produced arti�cial intrafraction motion data that demonstrate a lin-
ear gradual shift in the cranial-caudal (CC) inferior direction during treatment. Every
motion set consists of several intermediate anatomy sets that together describe the �nal
shift at the end of the fraction. Each anatomy instance is shifted by 0.2 mm in the CC
direction compared to the previous state. This motion discretization was selected, in
order to stress test our pipeline by changing the anatomy after every iteration of the
sequencer. The target is thus gradually shifted during treatment and every calculated
segment targets the most recent anatomy state. Every anatomy set was generated by
shifting the whole patient volume in order to have a veri�able accurate dose accumula-
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tion. In this way, we were able to assess the performance of our system while excluding
possible artifacts and uncertainties of image registration.

Every intermediate anatomy set includes the three-dimensional grid containing the new
patient anatomy, the three-dimensional deformation �elds that describe the above men-
tioned linear shifts and are used to transform the anatomy between the reference and
dynamic grids, the propagated contours and the pre-calculated dose in�uence data cor-
responding to the respective anatomy.

The grid spacing for all cases was 3 × 3 × 3 mm3 and the calculations were done using
the MRI-linac prototype’s speci�cations (Crijns et al., 2014), an MLC with 80 leaf pairs
and 7 mm leaf width using 8 MV energy beams at 1.5 T.

The Gross Tumor Volume (GTV) of each one of the three cases used was 2.3 ml (Case
1), 9.1 ml (Case 2) and 12.7 ml (Case 3) respectively.

The GTV was prescribed with 25 Gy and no additional margins were used for the adap-
tive ASEQ plans. For these experiments the GTV (target), ipsilateral kidney (OAR) and
body (OAR) volumes were included in the optimization and the resulting plans satis�ed
all experimental constraints (table 3.1) proposed in Stam et al. (2013b), with kidney mean
dose adjusted from Dawson et al. (2010). The beam setup used is shown in table 3.2.

Volume of Interest Constraints
GTV 99% vol >= 20 Gy
Kidney 25% vol <= 5 Gy

mean dose <= 8 Gy
Liver 30% vol <= 2.5 Gy
Bowels 5% vol <= 20 Gy

maximum dose <= 21 Gy
Stomach 5% vol <= 22.5 Gy
Spinal cord maximum dose <= 13 Gy

Table 3.1: Constraints of the kidney cases

Case Beam angles
Kidney 0◦, 24◦, 48◦, 72◦, 96◦, 120◦,144◦, 168◦,

192◦, 216◦, 240◦, 264◦, 288◦, 312◦, 336◦

Table 3.2: Beam angles used for the kidney cases

Furthermore, in order to assess the adaptive plans we also generated conventional radio-
therapy plans with no additional margins (Static) and plans with ITV structures (ITV).
The ITV volume of interest was generated by only applying the tightest necessary mar-
gin in the CC inferior direction ensuring that the GTV was always fully inside the plan-
ning target.

The �rst two kidney cases were used in a single fraction treatment. Case 1 was planned

52



ckontaxis November 22, 2017 16:07 Page 53 �
�	

�
�	 �
�	

�
�	

A new methodology for inter- and intrafraction plan adaptation for the MRI-linac

C
ha

pt
er

3

using 60 segments and underwent a 1.2 cm shift, while Case 2 was planned using 62
segments and underwent a 1.24 cm shift.

Case 3 was used to test the interfraction adaptation ability of our system in a hypo-
fractionated kidney treatment of �ve fractions without the use of SWO. Every fraction
was sequenced using 40 segments during which the target exhibits a shift of 0.8 cm. In
order to introduce an interfraction variation in addition to the intrafraction shift, the
initial target position in every fraction is shifted by 1 mm in CC direction relative to the
previous one. This leads to a shift of the initial GTV position, that ranges from 1 mm in
the �rst fraction to 5 mm in the �fth fraction, when compared to the reference position.

3.3 Results

For all cases one adaptive plan using ASEQ was generated that passed the contraints
shown in table 3.1. Figure 3.4 shows one transversal slice of the dose for one kidney
case.

Figure 3.4: Transversal slice of the dose for one kidney case in Reference space (x axis range:
40 cm, y axis range: 37 cm)

3.3.1 ASEQ

Figures 3.5a and 3.5b show the intrafraction convergence for the �rst two kidney cases.
The Adaptive dashed line is the result of ASEQ that adapts every segment to the moving
anatomy while the Static dotted line is the result of a conventional segment weighted
plan when delivered to the moving anatomy.

In Case 1, Adaptive is on average 12.3% higher than Static and at the end of fraction
successfully converges to 98.7% compared to 88.9% for Static, while in Case 2 Adaptive
is on average 10.3% higher than Static and at the end of fraction converges to 97.5%
compared to 90.1% for Static (table 3.3).

The above di�erences show a signi�cant dose decrease in the Static plan due to the
intrafraction motion. More importantly, we observe that ASEQ converges close to 100%
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of the prescribed dose in a single fraction, very close or higher than their initial segment
weighted plans, 97.7% and 98.3% respectively (represented in the plot with a square).
These results con�rm the �ndings presented in (Kontaxis et al., 2015b), that showed that
SWO plans do not fully converge to 100% but still deliver the desired dose when the
initial ideal prescribed dose safely ensures the clinical constraints.

(a) Case 1 (b) Case 2

Figure 3.5: Intrafraction convergence for Cases 1 and 2

In order to qualitatively verify the dose distributions we also generated an ITV plan
for each case of �gure 3.5. Since the direction and range of the motion for these cases
were now known, the ITV for both cases was created by extending the GTV only in
the CC inferior direction by approximately 1.2 cm to tightly encompass the GTV during
treatment. The convergence achieved by the ITV plans when delivered to the moving
anatomy, represented in the plot with a triangle, was 98.6% and 99% respectively, very
close to the adaptive regime.

Figures 3.6 and 3.7 show a coronal slice for each one of the above kidney cases. Fig-
ures 3.6a and 3.7a show one slice of the dose delivered by the Adaptive scheme and
�gures 3.6b and 3.7b show the absolute dose di�erence for the respective slice between
the Adaptive scheme and the ITV plan delivered in the moving anatomy, both in ref-
erence space. For both cases, we observe that the tight ITV plans caused a signi�cant
overdosage in the region of the ITV below the GTV as well as in the region above the
GTV due to motion of the anatomy in the inferior direction. The dose di�erences in the
remaining regions are small and show that the adaptive sequencer is able to e�ciently
deliver the required dose in a comparable way to conventional plans.

3.3.2 Multi-fraction ASEQ

Figure 3.8a shows the intrafraction convergence of the �rst fraction for Case 3. Adaptive
reached 95.8% after 40 segments, 1.5% less than the SWO plan (represented with a cross
in the plot). Figure 3.8b shows the interfraction convergence for Case 3, in which the
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(a) Adaptive dose (b) Adaptive - ITV di�erence

Figure 3.6: Coronal slice of the dose for Case 1 in Reference space (x axis range: 12.9 cm, y axis
range: 10.5 cm)

(a) Adaptive dose (b) Adaptive - ITV di�erence

Figure 3.7: Coronal slice of the dose for Case 2 in Reference space (x axis range: 15.9 cm, y axis
range: 11.1 cm)

Adaptive dashed line is the result of the adaptive treatment when intra- and interfraction
adaptation is performed and the missing/excess dose is transferred to the next fraction.
The Static dotted line is the result of a conventional segment weighted plan of this case
when delivered to the anatomy sets of every fraction. The y-axis shows the convergence
of both regimes, calculated using the delivered dose up to the respective fraction in the
x-axis, relative to the initial prescribed dose that ideally should be have been delivered
so far. Both Adaptive and Static start from the convergence values reached at the end
of the �rst fraction (�gure 3.8a) and then diverge during the treatment fractions. After
�ve fractions, Adaptive converges to 98.3% compared to 89.6% of Static (table 3.3) and
higher than the initial static SWO plan (represented with a horizontal line in the plot).

This result con�rms that ASEQ is not a�ected by the addition of interfraction motion
and that, by transferring the dose to the next fraction, it can be used in a multi-fraction
treatment without relying on any �nal calculation step like SWO.
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(a) Intrafraction convergence for the �rst frac-
tion

(b) Interfraction convergence (y-axis starts at
88%)

Figure 3.8: Convergence for Case 3

Case Static (%) Adaptive (%)
Case 1 88.9 98.7
Case 2 90.1 97.5
Case 3 89.6 98.3

Table 3.3: Inter- and intrafraction convergence: intrafraction adaptation was performed for Cases
1 and 2 while both inter- and intrafraction adaptation was performed for Case 3

3.3.3 Timings

Table 3.4 shows the calculation time of the individual steps of our pipeline for each
one of the three kidney cases. The columns “Fluence Optimization”, ”Dose calcula-
tion“ and ”Segmentation“ cover the respective pipeline blocks of �gure 3.2. The col-
umn “Anatomy/Grid Operations”, shows the combined time spent on loading the new
anatomy (which includes the dose in�uence data and anatomy grid) as well as the time
spent on grid operations like dose warping (from reference space to dynamic space and
vice versa), dose accumulation and dose update.

These timings re�ect the performance of the �rst functional prototype of our pipeline.
Each individual step includes several variables that could be tweaked to improve its
speed, e.g. number of iterations for the �uence optimization and Monte Carlo uncer-
tainty for the dose calculation. Moreover, a signi�cant overhead caused by �le in-
put/output operations, dose engine initialization etc. is included in these results and
can be easily minimized in the future. Better integration and parallel implementations
of the individual steps taking advantage of multi-core/GPU systems will also lead to a
signi�cant speed increase that will bring the system close to clinical application.
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The calculation of the dose in�uence data for the new anatomies, which were precalcu-
lated for these experiments, is a computationally demanding task. We used GPUMCD
with Monte Carlo uncertainty set to 3% and the calculation time for every beam in 1.5 T
magnetic �eld was 43 seconds on average among all cases, leading close to 11 minutes
per new anatomy given the 15-beam con�guration used in these cases.

Case Fluence
Optimization

Dose
calculation Segmentation Anatomy/Grid

Operations Total

Case 1 6 13 4 16 39
Case 2 7 13 5 16 41
Case 3 9 16 5 24 54

Table 3.4: Pipeline timings per iteration (seconds)

3.4 Discussion

In this work we presented a treatment planning system that implements the complete
pipeline needed to perform online plan adaptation. Given the appropriate anatomy input
from new radiotherapy machines, like the MRI-linac, it incorporates these changes into
the calculation of subsequent segments. The experiments with kidney baseline shifts
showed that the system is able to adapt the segment to the moving anatomy and thus
to deliver the intended dose distribution to the patient without the use of any additional
margins. Conventional radiotherapy plans with no margin fail to deliver the intended
dose when the same motion is applied and when ITV structures are used for planning,
the plans severely overdose regions outside of the GTV in order to reach the desired
target coverage. In addition, following our previous work (Kontaxis et al., 2015b), we
show that the system can still ensure convergence for multi-fraction treatments without
the use of SWO, while adapting the radiation to the moving anatomy.

Kidney cases have already been suggested that will greatly bene�t from future MRI-linac
treatments compared to the current standard of care (Stam et al., 2013a). The range of
motion of kidney has been studied, with its principal component being in the cranial-
caudal direction (Wysocka et al., 2010; Stam et al., 2013b). In this work we investigated
the possible baseline-shifts that could hamper both breath-hold and free breathing treat-
ment variations that have been proposed for this treatment site.

For the purposes of this paper, we generated changing anatomy input sets by creating
arti�cial linear baseline shifts of several kidney cases as we wanted to verify the per-
formance of our system unbiased from possible image registration uncertainties. These
shifts were described by full body deformation vectors in order to have an accurate dose
accumulation. The magnitude of the shift in between segments in these data is con-
servative and serves to generate the above mentioned overall linear shift. These data
provided a proof of principle and veri�ed the stability of the system. This means that
the same performance is expected in less uniform shifts in terms of direction, range and
frequency of motion.
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In the future, we plan to test our pipeline with deformation vectors calculated by im-
age registration on actual MR acquisitions. Having veri�ed that our pipeline success-
fully works when provided with accurate deformation �elds, we can now focus on test-
ing di�erent image registration algorithms and the minimum acceptable �eld of view
for the deformation �elds in order to have accurate dose accumulation and ensure that
the replanning can correctly include the previously delivered dose into its calculations.
Moreover, when non-arti�cial deformation �elds are available, we will investigate the
additional margins that a static approach should employ in order to match the conver-
gence of our system and assess their impact on the OARs.

The introduction of online replanning to the clinic will require that all components of
this pipeline are fast enough to match the input from the MRI. The results presented in
this work tested the feasibility of this pipeline with the extreme scenario of changing the
anatomy after every delivered segment. This update frequency heavily depends on the
motion pattern, range and frequency which greatly varies between di�erent treatment
sites and will be researched in future work. Several improvements, that range from
multi-threaded/GPU implementations to parameter tweaking, can be made to improve
the speed of each iteration of our method and thus bring it close to clinical application.
Regarding the calculation of dose in�uence data of the incoming anatomies which is the
most time consuming step, this has been shown that can be done in real-time (Bol et al.,
2012).

In order to take full advantage of the future radiotherapy machines in the clinic, a move
from CT-based to MR-based planning should also be made. Several techniques that can
provide electron density information from acquired MR data have been researched (De-
vic, 2012).

Furthermore, a new set of Quality Assurance (QA) procedures should be developed. Full
online replanning, is also restricted by the plan approval policy currently granted by the
physician prior to treatment. These clinical procedures are currently being investigated
in order to allow adaptive treatments while maintaining all patient safety protocols.

We consider this work as the �rst steps towards adaptive treatments enabling inter- and
intrafraction plan adaptation for the MRI-linac.

3.5 Conclusion

In this paper, we have presented a treatment planning system for IMRT that is able
to facilitate online replanning under the context of the new hybrid MRI-radiotherapy
machines, like the MRI-linac. Its algorithm enables the inclusion of anatomy changes
during sequencing that will be provided by the online and real time MRI embedded
in these machines. Furthermore, we have coupled our sequencer to a novel interfrac-
tion scheme that guarantees convergence to the prescribed dose without the need of a
segment weighted optimization. We have created intrafraction baseline shifts for three
kidney cases and demonstrated that the system can account for motion and converge
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to the desired dose, while the static plans with no additional margins showed a severe
decrease in the expected target dose when delivered to the moving anatomy. This was
demonstrated in both single and multi fraction kidney treatments where the interfrac-
tion scheme is also utilized. For two cases we showed that while ITV plans could achieve
the desired dose coverage, they produced a signi�cant overdosage in regions outside of
the GTV. These results con�rm that our system can accurately adapt the treatment to the
moving anatomy and pave the way for future highly hypofractionated boost treatments
in the MRI-linac.
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Fast online replanning for

interfraction rotation

correction in prostate

radiotherapy

The following chapter is based on:

Kontaxis C., Bol G.H., Kerkmeijer L.G.W., Lagendijk J.J.W. and Raaymakers B.W. 2017a
Fast online replanning for interfraction rotation correction in prostate radiotherapy
Medical Physics 44 5034–5042
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Abstract

Purpose: To enable fast online replanning for prostate radiotherapy with the inclusion of interfrac-
tion rotations and translations and investigate the possibility for margin reduction via this regime.

Methods: Online daily replanning for a 35-fraction treatment for �ve prostate cases is simulated
while accounting for anatomical transformations derived from �ducial marker data available in
our clinic. Two online replanning strategies were simulated, compensating for: (1) rotation-only
in combination with a couch shift, (2) both translation and rotation without a couch shift. They
were compared against our current clinical protocol consisting of a single o�ine plan used over all
fractions with daily couch repositioning (translations only). For every patient the above methods
were generated for several planning margins (0 − 8 mm with 2 mm increments) in order to as-
sess the performance of online replanning in terms of target coverage and investigate the possible
dosimetric bene�t for the Organs At Risk. The daily DVHs for each treatment strategy were used
for evaluation and the Non Tumor Integral Dose (NTID) for the di�erent margins was calculated
in order to quantify the overall reduction of the delivered energy to the patient.

Results: Our system is able to generate a daily automated prostate plan in less than 2 minutes. For
every patient the daily treatment plans produce similar dose distributions to the original approved
plan (average CTV D99 relative di�erence: 0.2%). The inclusion of both shifts and rotations can
be e�ectively compensated via replanning among all planning margins (average CTV D99 di�er-
ence: 0.01 Gy between the two replanning regimes). Online replanning is able to maintain target
coverage among all margins while —as expected—the conventional treatment plan is increasingly
a�ected by the interfraction rotations as the margins shrink (average CTV D99 decrease: 0.2 Gy
at 8 mm to 2.9 Gy at 0 mm margin). The possible gain in total delivered energy to the patient was
quanti�ed by the decreased NTID ranging from 12.6% at 6 mm to 32.9% at 0 mm.

Conclusions: We demonstrate that fast daily replanning can be utilized to account for daily rota-
tions and translations based on the daily positioning protocol. A daily plan can be generated from
scratch in less than 2 minutes making it suitable for online application. Given the large magni-
tude of prostate rotation around the LR axis, online correction for daily rotations can be bene�cial
even for the clinical 8 mm margin and could be utilized for treatments with small margin reduction
mainly limited then by anatomical deformations and intrafraction motion. Our online replanning
pipeline can be used in future treatments with online MR-guidance that can lead to further safe
reduction of the planning margins.
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4.1 Introduction

To enable better dose conformality, dose escalation and Organ At Risk (OAR) sparing
there is a continuous e�ort to improve Image Guided Radiotherapy (IGRT) in prostate
cancer (Al-Mamgani et al., 2008; Zelefsky et al., 2008; McPartlin et al., 2016).

In the clinical setting �ducial markers, implanted in the prostate, are being used to pro-
vide online information of the prostate position (Balter et al., 1995; Dehnad et al., 2003).
During every treatment fraction, prior to radiation delivery, an electronic portal imag-
ing device (EPID) acquires the latest position of the markers and thus provides the rigid
translation and rotation transformation.

Daily online position veri�cation based on the translational part of this transformation
has been employed by shifting the treatment couch prior to radiation delivery in order
to reduce the systematic and random positioning errors (Litzenberg et al., 2002; Beaulieu
et al., 2004). Moreover, couch rotation of limited angles has been employed to partially
correct for the registered prostate rotations (Van Herten et al., 2008).

The magnitude of these rotations can be signi�cant, reaching a systematic mean of 3 de-
grees with systematic and random standard deviations (SD) of approximately 5 degrees
around the Left-Right (LR) axis (De Boer et al., 2005). These rotations undergo large vari-
ations and their dosimetric impact on the target dose can be quite signi�cant without
the use of appropriate Planning Volume Target (PTV) margins (Amro et al., 2013; Shang
et al., 2013).

The use of replanning software is able to fully account for these changes in an online
clinical setting. This software should be able to generate clinical acceptable plans in
a very short time period in order to avoid the time-dependent intrafraction prostate
motion that could occur between patient positioning and radiation delivery (Both et al.,
2011; Cramer et al., 2013).

In this work we present an online daily replanning application by simulating a 35-
fraction prostate treatment, accounting for both translational and rotational components
of interfraction motion as recorded by the implanted prostate �ducial markers. For ev-
ery case we simulate the whole treatment for several decreasing PTV and boost volume
margins (EBV) and compare it against a conventional static plan in terms of target cover-
age and high dose OAR sparing. We investigate the feasibility and the possible bene�ts
of online replanning for rotational correction by enabling margin reduction and healthy
tissue sparing.

4.2 Materials and Methods

We simulated online daily replanning utilizing our research planning platform (Sec-
tion 4.2.1) for �ve prostate patients previously treated in our clinic. The available daily
prostate translations and rotations for these patients, based on implanted �ducial mark-
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ers, were used to generate the daily anatomies for the replanning (Section 4.2.2.A). Two
replanning regimes were developed, based on the underlying transformation used to
generate the daily anatomy (Section 4.2.2.B.1) and were compared to the current clin-
ical approach of using a single pre-treatment plan over the course of the 35-fraction
treatment (Section 4.2.2.B.2). Finally, the same experiments were performed for a set
of decreasing planning margins in order to assess the pipeline’s ability to ensure target
convergence and possibly spare healthy tissue (Section 4.2.2.B.3).

4.2.1 Planning System

In our previous work (Kontaxis et al., 2015b) we have presented the Adaptive Sequencer
(ASEQ), a novel treatment planning methodology for online IMRT applications suitable
for both current clinic and hybrid MRI-linear accelerator machines. ASEQ is an adaptive
sequencing strategy which iteratively converges to an ideal dose distribution that ful�lls
all clinical constraints. We have showed that ASEQ can be successfully used to generate
clinical-grade plans, when combined with a Segment Weight Optimization (SWO). We
have recently reimplemented ASEQ and integrated it in our new MRI-linac treatment
planning system (MRLTP) that enables fast online replanning.

MRLTP incorporates all the necessary optimization modules including beamlet gener-
ation (dose contribution of each beamlet to every anatomical voxel in Gy/MU), �uence
optimization, and �uence map segmentation. The dose engine in use is the research ver-
sion of the GPU-based Monte Carlo dose (GPUMCD, Elekta AB) (Hissoiny et al., 2011a).
Our �uence optimizer utilizes a quasi-Newton method for the inverse dose optimiza-
tion problem (Ziegenhein et al., 2013). The optimization uses minimum and maximum
dose prescription per voxel/structure along with weights to penalize under- and ove-
dosage respectively. MRLTP’s prescription �le also follows a similar format including
the Volume Of Interest (VOI) and dose/weights used to drive the initial optimization that
produces the ideal dose distribution which ful�lls the clinical constraints.

MRLTP includes several planning pipelines utilizing ASEQ (e.g. conventional SWO plan,
daily replanning etc.). It is compatible with anatomical changes described by both rigid
transformations and three-dimensional (3D) Deformation Vector Fields (DVF) in order
to facilitate di�erent adaptation strategies.

In this work the daily replanning pipeline shown in Fig. 4.1 is used to simulate the
prostate adaptive treatments in which during every treatment fraction: the daily anatomy
is loaded, the beamlet data corresponding to this anatomy are calculated and an ASEQ
replan (followed by a SWO) is generated targeting the fraction’s anatomy.

All plans were made for an Elekta Versa HD 10 MV linear accelerator with an Elekta
Agility MLC. The dose grid resolution was 3x3x3 mm3 and the beamlet size 5x5 mm2.
The Monte Carlo uncertainty for GPUMCD was set to 3% for both beamlet and segment
calculations. The following gantry angles were used: 40◦, 100◦, 180◦, 260◦ and 320◦. All
plans were calculated using 50 segments prior to SWO.
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Figure 4.1: MRLTP interfraction pipeline

Case Translation Rotation
1 1.4 (1.0), 3.4 (2.3), 1.7 (1.6) 5.0 (4.8), 1.1 (1.1), 3.6 (1.7)
2 1.8 (1.3), 2.4 (1.7), 1.8 (1.3) 4.8 (2.3), 1.2 (0.8), 1.2 (0.8)
3 3.5 (2.6), 3.3 (1.9), 1.8 (1.1) 5.3 (3.7), 1.1 (0.7), 1.6 (1.0)
4 1.9 (1.3), 2.8 (2.2), 1.8 (1.3) 10.9 (6.4), 2.7 (1.4), 3.9 (1.5)
5 1.7 (1.5), 3.0 (2.3), 3.0 (1.8) 2.5 (1.4), 0.7 (0.4), 1.1 (0.9)

Table 4.1: Mean magnitude and SD of marker translation (mm) and rotations (degrees) per com-
ponent LR (SD), AP (SD), SI (SD)

The development and experiments of this work were performed on a system with a dual
Intel® Xeon® E5-2670 v3, 64 GB RAM and two NVIDIA® GTX Titan X cards dedicated
to the GPUMCD dose engine, comparable in specs with the current industry standard
for a treatment planning computer system.

4.2.2 Experiments

4.2.2.A Anatomy

4.2.2.A.1 Marker data Five prostate cases previously treated in our clinic during
35-fractions were used for these experiments. Three gold markers were implanted in
the prostate of the patient prior to the planning CT. Then, for every case, a rigid trans-
formation including shift and rotation per fraction was available from the online setup
correction protocol used during the treatment based on �ducial markers.

For every fraction during the previous clinical treatment of the patients, the online de-
termined position of the marker set was used to correct the patient position. This on-
line correction excluded any rotations and consisted of a couch translation according
to the registered transformation of the markers compared to their baseline position in
the planning CT. Table 4.1 shows the average magnitude and SD for the translation and
rotational components of the included cases during the 35-fractions relative to the plan-
ning marker coordinates. Their combined average and SD rotational magnitude is 5.7
(5.0), 1.4 (1.2), 2.3 (1.7) degrees in LR, Anterior-Posterior (AP) and Superior-Inferior (SI)
directions respectively, in line with what has been reported in literature (Aubry et al.,
2004; De Boer et al., 2005). Cases 4 and 5 are indicative of larger and smaller magnitudes
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respectively.

4.2.2.A.2 Daily anatomy generation For replanning the original anatomy was rig-
idly transformed (Rijkhorst et al., 2007; Van Herten et al., 2008) based on the daily marker
set. The original body volume from the pre-treatment CT was maintained while the tar-
gets along with the bladder and rectum were transformed according to the daily recorded
transformations. More speci�cally, the CT densities of the original body volume were
maintained while the daily transformed VOIs were assigned to water. In this way, the
bulk of the bony anatomy is preserved and taken into account during replanning while
the uniform assignment of the internal structures enables the unbiased calculation and
evaluation of the daily dose distributions.

VOI Constraints
PTV 99% vol >= 66.5 Gy
EBV 99% vol >= 73.15 Gy
Rectum 50% vol <= 50 Gy

5% vol <= 72 Gy
Bladder 10% vol <= 50 Gy

1 cm3 vol <= 80 Gy
Sphincter mean <= 38 Gy

Table 4.2: Prostate planning constraints

4.2.2.A.3 Planning VOIs The targets consisted of the prostate including the tumor
(Boost Volume [BV]) and the Clinical Target Volume (CTV) which included both the
prostate body and seminal vesicles. The CTV to PTV margin clinically used was 8 mm
isotropically. The same margin was clinically used to form the EBV by expanding the
BV isotropically while excluding any overlap with the seminal vesicles and the OARs.
The PTV and EBV were prescribed with 70 and 77 Gy respectively. Table 4.2 shows the
clinical planning constraints and Table 4.3 shows the PTV and EBV target volumes for
each margin.

4.2.2.B Replanning

For every patient a conventional plan based on the planning CT (REF) was generated
which satis�ed the clinical constraints (Table 4.2).

4.2.2.B.1 Replanning regimes Subsequently, for each treatment fraction, two on-
line replanning regimes were simulated depending on the transformation used to gener-
ate the daily anatomy: 1) replanning targeting the rotated-only patient anatomy based
on the daily rotations where a couch correction is necessary to account for the daily
shifts (DYN_R) and 2) replanning targeting the patient anatomy which was transformed
using both daily rotations and translations without the need of an external couch cor-
rection (DYN_RT).
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Case 8 mm 6 mm 4 mm 2 mm 0 mm
1 PTV 168.5 124.4 109 78 54

EBV 89.4 70.4 64.5 51.6 40
2 PTV 169.7 124.8 113 82.4 58.8

EBV 93.9 80 74 61.4 48.2
3 PTV 143 106.6 90.6 66.5 48.9

EBV 82 68.3 61.7 50.1 40.6
4 PTV 161.2 117.4 103.6 73.7 49.2

EBV 90.5 72.8 66 50.8 36.6
5 PTV 146.9 104.2 92.9 64.4 42.4

EBV 69.2 56 51.2 41.1 31.4
Mean PTV 157.9 115.5 101.8 73 50.7

EBV 85 69.5 63.5 51 39.4

Table 4.3: Volume Sizes (cm3)

4.2.2.B.2 Motion a�ected reference plans In order to assess the e�ect of the mo-
tion in the static plans, all REF plans were delivered on the transformed patient anatomy
that included only the recorded rotations (REF_R). By excluding the recorded shifts we
simulate the current clinical treatment, where a couch shift is performed prior to radi-
ation delivery in order to account for the daily translational error. Thus REF_R forms
the ground truth motion a�ected dose distributions generated by the conventional treat-
ment.

4.2.2.B.3 Margin The above 35-fraction treatment was simulated for several CTV
to PTV and BV to EBV margins including: 8 (clinical), 6, 4, 2 and 0 mm, in order to
investigate the smallest achievable margin at which dynamic replanning ensures proper
CTV and BV coverage and how would the reference plan at these margins perform when
delivered to the daily anatomy.

4.2.2.B.4 MethodEvaluation For every patient, one REF, 35 DYN_R and 35 DYN_RT
full prostate plans were generated for each one of the di�erent margin sets. Moreover,
the REF plan was recalculated on each daily anatomy leading to 35 REF_R dose distri-
butions per margin set. Among the di�erent margin sets, a total of 530 dose distribu-
tions/dose volume histograms (DVH) per patient were used for the evaluation. For the
evaluation of the results the D99 points (dose delivered to 99% of the volume) for the
PTV, CTV, EBV, BV structures as well as the Bladder and Rectum V72 points (percent-
age of the volume that received more than 72 Gy) were extracted from the DVHs. By
these points we can evaluate the target and critical OARs in the high dose region close
to the target.

Moreover, the Non-Tumor Integral Dose (NTID) was calculated for all REF plans to eval-
uate how the margin decrease a�ects the overall delivered energy to the patient. The
integral dose (ID) for a VOI i of uniform density ρi, consisting of equally sized voxels
with total volumeVi and average delivered dose D̄i, can be calculated using equation 4.1
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(D’Souza et al., 2003). The non-tumor VOI was generated by subtracting the CTV from
the body volume and was assigned with a uniform density of 1 д/cm3.

IDi = ρiViD̄i (4.1)

4.2.2.B.5 Automated plan generation Regarding user interaction, for every pa-
tient - margin combination, the MRLTP prescription was manually tweaked in order to
achieve the clinical constraints for the initial REF plan. Subsequently the full 35-fraction
treatment was simulated in a fully automated way by using the same prescription �le
for all dynamic replans.

4.3 Results

4.3.1 Daily replanning

Having generated all the datasets and extracted the DVH points described in Section
4.2.2.B, the average values per treatment fraction among the di�erent cases were calcu-
lated. Figure 4.2 shows the REF 8 mm DVH summed among all patients.

4.3.1.A Replanning strategies DYN_R and DYN_RT
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Figure 4.2: REF DVH among 35-fractions averaged over all cases

We �rst compared the two dynamic replanning regimes to establish the e�ect of the
included shifts. For every structure the average di�erence over all planned fractions
between DYN_R and DYN_RT was calculated (Table 4.4). The di�erences show that
the two regimes produce very similar dose distributions among the 35 fractions. More
speci�cally the CTV and BV had average di�erences of 0.01 Gy and -0.02 Gy respectively
among the di�erent planning margins. Bladder and Rectum had a V72 average di�erence
of -0.02% and -0.01% respectively. DYN_RT can compensate for both shifts and rotations,
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without a�ecting the resulting dose distributions and thus a physical couch shift is not be
necessary as the full transformation can be accounted for in the online replanning prior
to radiation delivery. Consequently, DYN_RT was selected for the rest of our analyses
to represent the replanning capabilities of our pipeline.

Case 8 mm 6 mm 4 mm 2 mm 0 mm
PTV D99 0.06 -0.06 -0.12 -0.12 -
EBV D99 -0.11 -0.06 -0.01 -0.13 -
CTV D99 0.05 0.03 0.07 -0.05 -0.06
BV D99 -0.02 0.01 -0.04 -0.02 -0.04
Bladder V72 -0.05 -0.0004 -0.07 0.03 0.003
Rectum V72 0.06 -0.05 -0.02 0.0007 -0.03

Table 4.4: Mean di�erences DYN_RT - DYN_R (D99 in Gy and V72 in volume %)

4.3.1.B Evaluation of replanning DYN_RT and reference plans

Figures 4.3 and 4.4 show boxplots of the complete 35-fraction datasets. Medians are vi-
sualized with horizontal red lines and means with blue circles. For each VOI and margin
set one boxplot for the respective REF, DYN_RT and REF_R is plotted. This allows a
direct comparison between the several regimes and margins sets simultaneously. For
every structure the average di�erence over all planned fractions between REF, DYN_RT
and REF_R was calculated.

4.3.1.B.1 REF vs. DYN_RT Compared to the REF plans, DYN_RT stays very close
to the intended clinical dose distributions of the patients, while sparing the high dose
regions of the critical OARs. CTV and BV points yield di�erences of -0.1 and 0.1 Gy
on average while Bladder and Rectum V72 are decreased by 0.2% and 0.1% on average
among the di�erent margins.

4.3.1.B.2 REF_R vs. DYN_RT We then established how DYN_RT compares to the
motion a�ected REF plans (REF_R). Regarding the targets (Fig. 4.3), DYN_RT consis-
tently generates higher dose coverage among all margins. Even at the standard clinical
8 mm margin, DYN_RT leads to an average 0.2 Gy increase in both BV and CTV. As
the margins are decreased DYN_RT continues to provide the expected coverage while
REF_R is increasingly a�ected by the interfraction rotation. While a decrease in the
PTV and EBV structures is to be expected, CTV also experiences high underdosage in
all margins < 8 mm, ranging from 0.7 to 2.9 Gy (1% - 4.2%) and BV coverage drops by an
average of 0.4 Gy.

As far as the OARs are concerned (Fig. 4.4), Bladder V72 is similar in both DYN_RT
and REF_R (average di�erence 0.2%), while staying very close to the original REF plan
in both regimes. Rectum V72 is consistently decreased by the DYN_RT regime with a
di�erence ranging from 0.3% - 0.5% compared to the REF_R.
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Figure 4.3: Boxplots of the target DVH D99 points comparing REF, DYN_RT and REF_R averaged
among all cases

4.3.1.B.3 Margin decrease viaDYN_RT DYN_RT maintains equal coverage among
the di�erent margins. By comparing the 6, 4, 2 and 0 mm results to the clinical 8 mm
margin, we establish that the CTV and BV coverage is una�ected (average di�erence
-0.06 Gy for both) while Bladder and Rectum V72 progressively decrease along with the
margin reaching a di�erence of 4.1% and 2.4% respectively at the 0 mm.

The possible bene�t of margin reduction can also be quanti�ed by evaluating the NTID
delivered by each respective REF plan. Table 4.5 shows the NTID values of all cases
across the di�erent margins. The relative reduction of the mean integral dose among
all cases compared to the 8 mm margin is 12.6%, 16.2%, 27.4% and 32.9% at 6, 4, 2 and
0 mm margins respectively. This decrease is to be expected due to the reduction of PTV
volume reported in Table 4.3, where the corresponding percentages of relative decrease
in irradiated volume compared to the 8 mm PTV are 26.8%, 35.5%, 53.8% and 67.9% at
6, 4, 2 and 0 mm respectively. This e�ect can also be qualitatively observed in Fig. 4.5
which shows the central CTV sagittal dose slice from the REF 8 and 0 mm plans as well
as the absolute dose di�erence between the two.
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Figure 4.4: Boxplots of the OAR DVH V72 points comparing REF, DYN_RT and REF_R averaged
among all cases

(a) 8 mm (b) 0 mm (c) Absolute di�erence

Figure 4.5: Dose comparison of the central sagittal CTV slice for the REF 8 and 0 mm plans (Blad-
der, CTV and Rectum respectively are visualized in the AP direction)

Case 8 mm 6 mm 4 mm 2 mm 0 mm
1 139.7 123.9 118.6 104.8 99.7
2 136.8 119.9 116.3 98.2 91
3 138.2 122.5 114.6 101.1 94.7
4 134.2 116.4 113.9 98.2 86.2
5 113.2 96.1 92 78.5 73

Mean 132.5 115.8 111 96.2 88.9

Table 4.5: NTID per case (J )

4.3.2 Timings

In this section we present timings of the daily replanning pipeline. Table 4.6 shows
timings of the SWO plans (Fig. 4.1) for each one of the included cases using the clinical
8 mm margins.

The presented timings show that online daily replanning is already achievable by gen-
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Case Dose
in�uence

Process
anatomy

Single
Iteration SWO Full

plan
1 22.2 5.6 1.5 12.8 121.2
2 22.2 6 1.3 10.1 107.8
3 21.9 5.8 1.3 6.9 102.8
4 21 5.2 1.3 12.4 111.6
5 19.6 4.9 1.2 10.3 98.4

Mean 21.4 5.5 1.3 10.5 108.4

Table 4.6: SWO plan MRLTP timings (seconds)

erating from scratch a new prostate plan consisting of 50 segments in 108.4 seconds
on average, with an average ASEQ iteration calculating a new segment in around 1.3
seconds.

4.4 Discussion

We have simulated a 35-fraction prostate treatment during which a daily replan is made
targeting the fraction anatomy according to marker transformations available from pre-
viously treated patients in our clinic. The major advantage of daily replanning would
be the inclusion of rotations into the optimization, which are often not corrected for
in the clinical work�ow. An average daily rotation of 5.7 (± 5.0) degrees around the
LR axis was observed in our sample following the values reported in literature (Aubry
et al., 2004; De Boer et al., 2005). Rotations of these magnitudes have been shown that
can have a signi�cant dosimetric e�ect and thus limit further reduction of the planning
margins (Shang et al., 2013; Amro et al., 2013).

4.4.1 Online replanning performance

The utilization of daily full replanning is able to address beam related e�ects and gen-
erate optimal dose coverage/OAR sparing given the daily anatomy but its long compu-
tational times have restricted online application. Several methods have been proposed
in an e�ort to partly substitute daily replanning within the online time requirements,
from updating the multi-leaf collimator (MLC) leaf positions (Court et al., 2005) and ad-
justing gantry/mlc angle (Rijkhorst et al., 2007) to a combination of an o�ine preshifted
plan library with online correction for the beam un�attening e�ect and target changes
(Ahunbay et al., 2016). In this work we present a system that enables full replanning for
prostate in less than 2 minutes making it compatible with clinical application.

4.4.2 Clinical work�ow - Online application

Under the daily replanning framework presented in this work, our pipeline could also be
used to utilize rigid transformations extracted by di�erent modalities/systems including
Cone Beam CT (CBCT) and the Varian Calypso® implantable Beacon® transponders.
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An important aspect of online replanning that could hamper online application is the
plan evaluation procedure of the daily automated plans. In our pipeline all 35-fractions
for every patient are calculated in an automated fashion using the same prescription
�le which was con�gured once before the calculations. By using the same internal con-
straints the resulting dose distributions of the DYN_RT regime stay very close to the
original approved REF plans among all fractions (Fig. 4.3, 4.4) and thus can simplify the
daily plan evaluation which could then be performed by recalculating the new online
plan in a secondary external dose engine prior to radiation delivery.

Furthermore, our pipeline is able to include both shifts and rotations in the replanning
without a�ecting the resulting plans (Table 4.4), which means that an external couch
correction could be excluded from the clinical protocol. Instead, the patient would be
positioned on the table and the calculated translation and rotation would be directly fed
into the planning system for replanning.

4.4.3 Planning margin

4.4.3.A Contributing factors

The selection of the clinical planning margins depends on several factors that include
prostate/OAR deformations, marker localization and contouring uncertainty (Nichol
et al., 2007). The anatomical deformations can be a product of the prostate volume
change during radiotherapy, the relative motion between prostate and seminal vesi-
cles, and the motion of the surrounding structures e.g. changes in bladder/rectal �lling.
Moreover, the possible intrafraction motion should also be characterized and considered
during the margin calculation phase. It has been suggested that for prostate a margin of
2 mm is necessary to account for the intrafraction motion alone (Kotte et al., 2007).

4.4.3.B Rigid motion

Following the work�ow in our clinic, clinical �ducial marker data were used to provide
the online rigid daily transformations for the prostate. Given that this motion informa-
tion is limited to the target and its vicinity as well as the fact that the prostate rotations
around the LR axis are correlated to the rectal volume (Hoogeman et al., 2005), we ap-
plied the transformation to the target and OARs (Rijkhorst et al., 2007; Van Herten et al.,
2008) while maintaining the original body volume. We then evaluated only the high
dose regions of the OARs as described by the V72 DVH point in the clinical protocol
while the targets were analyzed by using the D99 points to provide a strict dose cover-
age evaluation.

Under this rigid motion assumption, we show that by accounting for daily rotations in
the replanning phase, better target coverage is achieved while the volume of the Rectum
in the high dose region is decreased among all margins, including the current clinical
8 mm. As can be observed in Fig. 4.3d and 4.4b the prostate D99 is higher by 0.2 Gy
and the Rectum V72 reduced by 0.5% on average when comparing the DYN_RT to the
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REF_R results for the 8mm margin. We are now working towards introducing the online
replanning pipeline in our clinic under the current clinical protocol used in this work.

Moreover, while replanning ensures target coverage and OAR sparing as the planning
margins decrease, the actual margin reduction is limited by the treatment uncertainties
covered in Section 4.4.3.A. Given all these considerations, CTV to PTV margins of 4 mm
have already been clinically introduced in our clinic in the FLAME-trial which consisted
of a 35-fraction treatment with integrated Gross Tumor Volume (GTV) 95 Gy boost while
only correcting for daily rotations based on �ducial markers of up to 3 degrees around
AP/LR axis and 6 degrees around SI axis by changing the gantry/table/collimator angle
(Lips et al., 2011).

4.4.4 Hybrid MRI-linear accelerators

The online applicability of our system makes it also suitable for the new generation of
hybrid radiotherapy machines like the MRI-linac (Lagendijk et al., 2014) which will be
able to provide the patient 3D anatomical changes during treatment. Under this context
—given the online intrafraction MRI —both intrafraction motion and anatomical defor-
mations (Section 4.4.3.A) will be available via Deformable Image Registration (DIR) and
can be taken into account during replanning, allowing for safe margin reduction. It has
already been suggested that given online MRI imaging in combination with DIR and
adaptive planning strategies the prostate CTV to PTV margins could be further reduced
to <= 3 mm (McPartlin et al., 2016).

In our previous work (Kontaxis et al., 2015a) we have shown that ASEQ can be used for
intrafraction plan adaptation under the presence of a magnetic �eld based on the in-
coming motion information described by 3D DVFs. The current implementation of our
system was designed to e�ciently handle DVFs and enables very fast plan adaptation
that will be required in these future treatment scenarios. In that context the thorough
validation of the DIR methods and resulting DVFs that describe the underlying motion
is then critical for the application of such pipelines. We are currently investigating the
utilization of MRLTP in hypofractionated MRI-guided prostate treatments for daily re-
planning and evaluation of its possible clinical bene�ts.

4.5 Conclusion

We have presented a replanning pipeline for online daily rotational correction based on
�ducial marker data in a 35-fraction prostate treatment and investigated its e�ects for
a varied set of planning margins. A full prostate plan can be calculated in less than 2
minutes and for every patient the daily plans are generated in a fully automated fashion
leading to very similar dose distributions to the pre-treatment plans allowing for simpli-
�ed daily plan evaluation and acceptance procedures. We showed that online replanning
is able to accommodate for both shifts and rotations without requiring an extra couch
correction. We demonstrated that daily replanning ensures the intended target cover-
age and OAR sparing over all margin sets, while the conventional plans are increasingly
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a�ected by daily rotations. Fully accounting for the daily translations and rotations can
lead to higher target coverage and OAR sparing even at the current clinical margin of
8 mm and enables margin reduction mainly constrained by the anatomical deformations
and intrafraction motion. Our pipeline can also be utilized in future MRI-guided treat-
ments for daily online replanning enabling further margin reduction.
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CHAPTER 5
Towards fast online

intrafraction replanning for

free-breathing stereotactic

body radiation therapy with

the MRI-linac

The following chapter is based on:

Kontaxis C., Bol G.H., Stemkens B., Glitzner M., Prins F.M., Kerkmeijer L.G.W.,
Lagendijk J.J.W. and Raaymakers B.W. 2017b Towards fast online intrafraction
replanning for free-breathing stereotactic body radiation therapy with the mr-linac
Physics in Medicine & Biology 62 7233
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Abstract

The hybrid MRI-radiotherapy machines, like the MRI-linac (Elekta AB, Stockholm, Sweden) in-
stalled at the UMC Utrecht (Utrecht, The Netherlands), will be able to provide real-time patient
imaging during treatment. In order to take advantage of the system’s capabilities and enable
online adaptive treatments, a new generation of software should be developed, ranging from mo-
tion estimation to treatment plan adaptation. In this work we present a proof of principle adaptive
pipeline designed for high precision Stereotactic Body Radiation Therapy (SBRT) suitable for sites
a�ected by respiratory motion, like Renal Cell Carcinoma (RCC). We utilized our research MRL
Treatment Planning system (MRLTP) to simulate a single fraction 25 Gy free-breathing SBRT
treatment for RCC by performing inter-beam replanning for two patients and one volunteer. The
simulated pipeline included a combination of (pre-beam) 4D-MRI and (online) 2D cine-MR acqui-
sitions. The 4DMRI was used to generate the mid-position reference volume, while the cine-MRI,
via an in-house motion model, provided three-dimensional (3D) Deformable Vector Fields (DVFs)
describing the anatomical changes during treatment. During the treatment fraction, at an inter-
beam interval, the mid-position volume of the patient was updated and the delivered dose was
accurately reconstructed on the underlying motion calculated by the model. Fast online replan-
ning, targeting the latest anatomy and incorporating the previously delivered dose was then sim-
ulated with MRLTP. The adaptive treatment was compared to a conventional mid-position SBRT
plan with a 3 mm Planning Target Volume (PTV) margin reconstructed on the same motion trace.
We demonstrate that our system produced tighter dose distributions and thus spared the healthy
tissue, while delivering more dose to the target. The pipeline was able to account for baseline vari-
ations/drifts that occurred during treatment ensuring target coverage at the end of the treatment
fraction.
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5.1 Introduction

In the recent years Stereotactic Body Radiation Therapy (SBRT) has been applied in
both primary cancer and oligometastatic disease in various treatment sites showcas-
ing increased tumor local control and reduced toxicity (Alongi et al., 2012; Rubio et al.,
2013). Compared to conventional External Body Radiation Therapy (EBRT), SBRT con-
sists of hypofractionated treatments with high dose per fraction along with steep gradi-
ents around the target and thus highly depends on the accurate geometrical delivery of
the planned dose.

Four dimensional (4D) CT and MR imaging have been utilized to investigate the motion
of organs a�ected by respiratory motion in the thoracic and abdominal regions which
can experience large displacements reaching amplitudes of more than 2 cm (Brandner
et al., 2006) in the Superior-Inferior (SI) direction. Indicatively, during free breathing,
the left and right kidneys can undergo displacements of up to 2.4 and 3.5 cm (Moerland
et al., 1994). Moreover, baseline variations/shifts compared to the pre-treatment refer-
ence position can occur during treatment reaching displacements of more than 1 cm
(von Siebenthal et al., 2007).

Several combinations of planning techniques and margin selection have been developed
in an e�ort to account for the positioning uncertainty and motion enabling better target
coverage and/or healthy tissue sparing. They span from Internal Tumor Volume (ITV)
where the volume covering the whole breathing cycle is targeted (Rietzel et al., 2006),
to gating where irradiation is only performed in a part of the respiratory cycle (Berson
et al., 2004) and the mid-position approach where the geometric time-weighted mean
tumor position is used (Wolthaus et al., 2008a). Online compensation via MLC tracking
has recently been clinically employed in lung SBRT based on implanted electromagnetic
transponders (Booth et al., 2016). Dose reconstruction techniques based on both CT and
MR data have been used to assess the actual delivered dose (Velec et al., 2012; Glitzner
et al., 2015a).

The variation of the frequency and amplitude of the respiratory motion along with the
potential baseline changes demand the presence of online 3D imaging during treatment.
The new hybrid MRI-radiotherapy machines —like the MRI-linac (Elekta AB, Stockholm,
Sweden) which combines a 7 MV linear accelerator with a 1.5 T MRI scanner recently
installed in University Medical Center Utrecht (Lagendijk et al., 2014), the MRIdian
(ViewRay Inc., Cleveland, OH, USA) which was the �rst commercially available clini-
cal system combining a 0.35 T MRI with 3 60Co sources (Mutic et al., 2014) and similar
systems (Keall et al., 2014a; Fallone, 2014)—will be able to visualize the patient’s anatomy
in a real-time fashion during treatment.

The presence of intrafraction imaging also demands a new set of online tools ranging
from motion estimation to treatment plan adaptation. In our institute we have previ-
ously developed a method which combines a statistical motion model, derived from a
4D-MRI, with fast 2D cine-MR images to generate Deformable Vector Fields (DVFs) able
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to provide the 3D anatomical changes of the patient, including baseline and/or inter-
cycle variations, with a temporal resolution of less than 0.5 sec (Stemkens et al., 2016).

Given these high frequency online 3D motion data, a new generation of planning sys-
tems should be developed that is able to: (1) include anatomical changes into the plan
optimization process in a fast online manner, (2) adapt the plan based on these anatom-
ical changes, in both an o�ine and online fashion, (3) ensure convergence to the in-
tended dose at the end of the adaptive treatment and (4) be fast enough to facilitate
online applications. In our previous works (Kontaxis et al., 2015b,a), we have presented
the Adaptive Sequencer (ASEQ), a new treatment planning methodology for intensity-
modulated radiation therapy (IMRT) which enables replanning based on 3D anatomical
changes. We have recently optimized and integrated ASEQ into our MRL Treatment
Planning (MRLTP) speci�cally designed to support fast online pipelines for the new hy-
brid radiotherapy machines.

In this work we present the technical feasibility of a novel adaptive free-breathing SBRT
treatment for Renal Cell Carcinoma (RCC) based on 3D anatomical deformations pre-
calculated from high frequency MRI motion data, for two patients and one volunteer.
A single fraction high dose IMRT treatment was simulated by performing inter-beam
replanning while: 1) incorporating the previously delivered dose —accurately accumu-
lated on the underlying moving anatomy—into the optimization and 2) updating the
patient anatomy according to the online 3D DVFs. The adaptive approach was com-
pared to a conventional o�ine plan with prede�ned margins a�ected by the underlying
motion. The ability of the system to account for baseline variations and lead to tighter
dose distributions was evaluated in terms of target coverage and healthy tissue sparing.

5.2 Materials and Methods

A single fraction SBRT adaptive treatment was simulated for two RCC patients and one
healthy volunteer (Figure 5.1). The simulated treatment consists of two parts, which
under an MRI-linac setting, would be the time period between patient positioning and
treatment delivery (pre-beam) and the time period during the actual treatment (online).
For each subject a 4D-MRI and multiple 2D cine-MR images were acquired correspond-
ing to the pre-beam and online phases of this study. The reference volume was extracted
from the 4D-MRI and an initial treatment plan was calculated based on a prede�ned set
of beam angles. Consequently, each beam was delivered to a linac emulator. The cal-
culated 3D motion states during the beam delivery, based on the 2D MR data, are used
to update the anatomical volume and accurately reconstruct the beam dose which in-
crements the total delivered treatment dose. The updated anatomy and the previously
delivered dose are then fed into the planning system which performs a full replanning
for the remaining beam angles.
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Figure 5.1: Treatment pipeline consisting of simulated pre-beam and online phases

5.2.1 Treatment Planning Software

MRLTP was initially developed in our clinic as an IMRT planning platform able to
include the magnetic �eld into the �uence plan optimization (Bol et al., 2012). We
have recently upgraded MRLTP to a full planning system including the necessary mod-
ules to perform a two-phase IMRT optimization for several linear accelerator (linac)
and multi-leaf collimator (MLC) combinations including the MRI-linac. It utilizes the
research version of the GPU-based Monte Carlo dose engine (GPUMCD, Elekta AB)
(Hissoiny et al., 2011a,b) which supports calculations under the presence of the mag-
netic �eld, along with our custom implementation of the inverse dose optimization pre-
sented in (Ziegenhein et al., 2013), based on minimum and maximum dose prescription
per voxel/structure.

MRLTP can be used in a variety of di�erent treatment scenarios by implementing sev-
eral planning pipelines whose core is ASEQ, a sequencing methodology that iteratively
converges to an ideal dose distribution (Kontaxis et al., 2015b). Its pipeline enables the
inclusion of anatomical changes described by 3D DVFs in a segment-by-segment basis
during the plan calculation, by performing a �uence optimization targeting the latest
anatomical state in each iteration (Kontaxis et al., 2015a). In this work we utilize MRLTP
and ASEQ to simulate an inter-beam replanning application targeting the latest anatom-
ical state of the patient, updated in these time intervals.

The experiments were performed on a system with a dual Intel® Xeon® E5-2670 v3,
64 GB RAM and two NVIDIA® GTX Titan X cards for the GPUMCD dose engine, similar
in specs with the current industry standard for a treatment planning computer system.
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5.2.2 Imaging and motion estimation

In this section, the di�erent MRI acquisitions and their role in the simulated treatment
are presented (Figure 5.1, Imaging).

5.2.2.A MRI

For every subject, an exhale-triggered T2-weighted Turbo Spin Echo (TSE) was acquired
(spatial resolution = 0.6x0.6x3.5 mm3) to be used for delineation of the volumes of inter-
est (VOIs). Furthermore, a respiratory-correlated 4D-MRI (3D bSSFP, �eld-of-view (FOV)
= 300x300x132 or 300x300x152 mm3, spatial resolution = 1.88x1.88x4.0 mm3, �ip angle
= 30◦, TR/TE = 3.0/1.45 ms, readout bandwidth = 866.9 or 1868.8 Hz/px) was acquired
(Stemkens et al., 2015). The FOV of every subject was adjusted so that both kidneys were
fully included in the volume.

Finally, for the purpose of online motion estimation, two fast interleaved 2D cine-MRI
slices (2D bSSFP, FOV = 450x347 mm2, slice thickness = 8 mm, spatial resolution =
2.34x2.34 mm2, �ip angle = 30◦, TR/TE = 3.0/1.45 ms, readout bandwidth = 2034.2 Hz/px)
were acquired over a certain period of time. For all subjects sagittal and coronal orthogo-
nal slices were positioned through the tumor and the ipsilateral kidney. Each set of slices
were acquired with a temporal resolution of 360 ms. For this work, cine-MR imaging
was performed over a period of 5 minutes for the two patients due to study restrictions
and 7 minutes for the healthy volunteer.

5.2.2.B Reference volume and motion estimation

Throughout this work motion estimation was performed by utilizing the 3D optical �ow
algorithm Roujol et al. (2010) previously validated by Østergaard Noe et al. (2008) and
Stemkens et al. (2016).

5.2.2.B.1 Pre-beam The 3D reference treatment volume followed the mid-position
(Wolthaus et al., 2008a) concept, extracted from the 4D-MRI by applying the average mo-
tion DVF to the exhale volume. The mid-position volume contains all patient structures
in their time-weighted mean respiratory 3D position.

The same average DVF was applied to the T2 scan used for delineation. For all subjects
the same radiation oncologist delineated on this volume all VOIs, while in the volunteer
the tumor volume was arti�cially positioned in the left kidney. In an MRI-linac treat-
ment analogy, the T2 scan and the delineation process would be either performed in the
pre-beam phase or —due to time restrictions—during a pre-treatment simulation phase.
In the latter case, during each daily fraction, the pre-treatment delineations would be
propagated to the daily anatomy prior to the online plan calculation.

5.2.2.B.2 Online The image-based motion model previously presented in (Stemkens
et al., 2016), was used to generate the online 3D motion �elds. More speci�cally, PCA
was applied to the 4D-MRI to generate a parameterized motion model. Then, via an
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optimization procedure, each set of the acquired 2D cine-MR images produced one set
of 3D DVFs (along with a dynamic 3D volume) by calculating the appropriate param-
eter weights that scale the model so that the corresponding warped reference volume
matches the 2D slices. Under the MRI-linac setting, the cine-MR imaging would be per-
formed during the treatment and the motion model would be applied to calculate the
anatomical changes in an online fashion.

5.2.3 Experiments

Treatment planning was performed using the latest speci�cations of the MRI-linac sys-
tem installed in UMC Utrecht. The installed MLC is �xed at 90 degrees rotation, has
80 leaf pairs with 7.15 mm leaf width and a maximum �eld size of 57.2 and 22 cm in
the perpendicular and parallel to leaf travel direction respectively. A beamlet size of
7.15 x 2.5 mm2 and a dose grid of 3x3x3 mm3 were used while all the dose calculations
were performed under the presence of 1.5 T transverse �eld using 3% MonteCarlo sta-
tistical uncertainty. The latest 7 MV Flattening Filter Free (FFF) beam model calibrated
in our department as described in Wolthaus et al. (2015) and a dose rate of 740 MU/min
were used. The planning volumes were generated by assigning the density of the body
to 1.0 д/cm3 (Stam et al., 2013a).

Case Beam angles
Patient 1 72◦, 96◦, 120◦, 144◦, 168◦, 192◦
Patient 2 192◦, 216◦, 240◦, 264◦, 288◦, 312◦
Volunteer 48◦, 72◦, 96◦, 120◦, 144◦, 168◦

Table 5.1: Beam angles used for the individual cases

A single fraction SBRT treatment was simulated where the Gross Tumor Volume (GTV)
was prescribed to 25 Gy (Siva et al., 2016). For each subject six IMRT beam angles were
used depending on the location of the tumor (Table 5.1). The beam angles were selected
from the experimental 15-beam con�guration in Stam et al. (2013a), after establishing
that they were adequate to provide the required coverage for each subject. Table 5.2
includes the clinical constraints used, from which the Organ At Risk (OAR) constraints
were proposed in Table 3 of Siva et al. (2016). For all subjects the same operator per-
formed the planning for both the conventional and adaptive treatments. The GTV vol-
ume for the two patients and the healthy volunteer was 1 cm3 (female, 43 years, solid
tumor in the upper pole of the left kidney), 8.5 cm3 (male, 63 years, cystic tumor in the
upper pole of the right kidney) and 4.4 cm3 (male, 31 years, arti�cial lesion interpolar of
the left kidney) respectively.

For all simulations, the calculated plans were delivered to a linac emulator (computer
software imitating the physical linac and its functions) (Elekta AB, Stockholm, Sweden)
of the currently installed MRI-linac in our department. For every delivered beam a log
�le including the complete machine state (leaf positions, dose rate, delivered MUs etc.)
every 40 ms, is generated. The log �les are then used to match the machine parameters
to the timepoints of the dynamic 3D volumes described in Section 5.2.2.B.2 leading to
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several segment-to-dynamic volume combinations (Glitzner et al., 2015a). These seg-
ments were then delivered using the MRLTP dose engine and their dose was warped
and summed to the reference grid leading to the respective reconstructed dose. Due to
the limited amount of online data, in the cases where treatment time exceeded the avail-
able imaging data, the timeline was extended by copying the motion trace (DVFs and
dynamic volumes) in an unmirrored fashion.

VOI Constraints
GTV 99% vol >= 25 Gy

max <= 37.5 Gy
PTV 99% vol >= 23.75 Gy

99% vol minimum 22.5 Gy
1% vol <= 27.5 Gy

Spinal cord 1 cm3 <= 8 Gy
0.03 cm3 <= 12 Gy

Small Bowel 20 cm3 <= 14 Gy
Full circumference <= 12.5 Gy

Stomach 10 cm3 <= 11 Gy
5 cm3 <= 22.5 Gy

Skin max <= 24 Gy
Heart 15 cm3 <= 16 Gy
Large bowel As Low As Reasonably Achievable (ALARA)
Ipsilateral kidney ALARA
Contralateral kidney ALARA

Table 5.2: Planning constraints

5.2.3.A Adaptive treatment

For the adaptive treatment (ADAPT) no PTV margin was used in an e�ort to gener-
ate the tightest possible dose distributions. Initially, given the reference mid-position
volume, the delineated VOIs (Section 5.2.2.B) and the beam con�guration (Table 5.1), a
treatment plan was generated satisfying the clinical constraints (Table 5.2). Then, an
inter-beam adaptive treatment was simulated, given the precalculated dynamic DVFs
and 3D volumes as the underlying online anatomical changes. As depicted in Figure 5.1
(Inter-beam replanning), starting from the beam with the maximum prescribed MUs,
each beam was delivered on an MRI-linac emulator, where the resulting linac log �les
were used to correlate the beam delivery time (Tbeam) to the appropriate dynamic mo-
tion data (DYNbeam). The beam dose was reconstructed using the DYNbeam volumes and
was added to the total treatment dose. Moreover the mean DVF during Tbeam —which
describes the average motion for all structures—was calculated and used to propagate
the reference mid-position volume along with the pre-treatment VOI contours to the
updated treatment position. Finally, the delivered beam is removed from the beam con-
�guration and a new MRLTP plan is generated targeting the updated anatomy while
taking into account the previously delivered treatment dose during the optimization.
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The following beam angle is then processed in the same fashion while continuing the
motion timeline from the last timepoint of the previous beam.

5.2.3.B Static treatment

The adaptive treatment presented above was compared to a conventional single plan
treatment utilizing the mid-position volume with a 3 mm PTV margin (REF_PTV) —fol-
lowing the kidney SBRT treatment guidelines in our clinic—using the same beam an-
gle con�guration and constraints. The dose of the static plan was also reconstructed
using the dynamic motion data to provide the ground truth motion-a�ected plan (RE-
CON_PTV).

5.3 Results

The two treatment regimes, Static and Adaptive, were simulated by generating MRLTP
plans that ful�lled all clinical constraints. The treatment parameters were similar be-
tween the two regimes where an average of 32 and 26 segments respectively were used
between the three subjects for Static and Adaptive while the mean treatment delivery
time was 16.7 min and 18.5 min. The average interval between the inter-beam replan-
nings was 2.8 minutes among all cases. For both regimes, the available motion data were
concatenated in order to accommodate for the extended treatment times.

5.3.1 Motion

Figures 5.2a, 5.2b and 5.2c show the mean GTV SI displacement in mm during the simu-
lated treatments from the reference mid-position volume for all subjects. The mean dis-
placement in mm and standard deviation of the motion in the Left-Right (LR), Anterior-
Posterior (AP) and SI directions was -0.2 (0.3), -0.4 (0.1), 3.3 (1.1) for Patient 1, -0.1 (0.5),
-0.4 (1.2), -0.5 (2.5) for Patient 2 and 0.2 (0.3), 0.1 (0.4), -0.8 (1.3) for the volunteer re-
spectively. Patient 2 and the healthy subject showed high amplitude breathing cycles
with small baseline displacements, with the target being on average at an inferior po-
sition compared to the pre-treatment volume. In contrast, patient 1 had a more stable
breathing cycle but underwent a baseline shift of approximately 3 mm superiorly after
the 4D-MRI and prior to the online imaging.

5.3.2 Motion-a�ected Static plans (RECON_PTV)

Figure 5.3 shows the e�ect of motion on the conventional pre-treatment plans with the
3 mm PTV margin for all subjects. Underdosage can be observed (positive values in the
color scales) in the cranial direction in Patient 1 and primarily in caudal direction in
Patient 2 and the healthy volunteer. For Patient 1, as expected from the small GTV size
and the initial baseline variation, target coverage was greatly reduced leading to a D99%
of 23.1 Gy against 26.1 Gy in the REF_PTV plan and a GTV minimum dose of 21.4 Gy
compared to 25.7 Gy. While the other two subjects were not greatly a�ected due to the
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Figure 5.2: Mean GTV motion relative to the pre-treatment position in the SI direction during the
simulated treatments as calculated by the motion model (The static 3 mm PTV treat-
ments lasted on average 108 seconds less than the maximum plotted motion traces).

relatively larger target size and more stable motion, in both cases the minimum GTV
dose dropped below the 25 Gy threshold to 24.9 and 24.5 Gy respectively.

5.3.3 Inter-beam replanning

The intrafraction adapted plans were generated by producing the tightest possible dose
distributions around the GTV during the plan adaptations in-between beam deliveries
which ful�lled all clinical constraints (Table 5.2). Figure 5.4 shows the central coronal
GTV slice from the ADAPT replanning regime for all subjects.
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(a) Patient 1 (b) Patient 2 (c) Volunteer

Figure 5.3: Central sagittal GTV slice for REF_PTV - RECON_PTV di�erence for all subjects. The
delineated GTV (white) and PTV (black) contours are plotted. Four isodose lines are
used to illustrate the dose di�erence regions.

(a) Patient 1 (b) Patient 2 (c) Volunteer

Figure 5.4: Central coronal GTV slice for the ADAPT regime for all subjects. The delineated GTV
contour (white) is plotted. The 60%, 80%, 100% and 115% isodose lines are also shown.

5.3.3.A Mid-position update

Table 5.3 shows the average GTV displacement relative to the reference imaging, ex-
tracted from the updated anatomies used during the inter-beam plan adaptation. These
displacements are visualized with horizontal dashed lines in Figure 5.2 (vertical dashed
lines indicate the di�erent replanning segments). The mean mid-position GTV displace-
ment was very close to the actual treatment GTV displacement (Section 5.3.1). By com-
paring the mid-pos displacement of each replanning phase to the true displacement of
that period, we establish the performance of the mid-position update regime (Table 5.3,
Di�).

Small mean di�erences are overall observed, only hampered by the baseline variations
occurring between the delivery of the �rst beam and the pre-treatment mid-position.
As shown in the last column, the mid-position update employed after the initial beam,
greatly decreases these di�erences, leading to a relative magnitude reduction by 72.2%,
68.9% and 68.3% for each motion component.

5.3.3.B Target coverage

Figures 5.5a, 5.5c and 5.5e show the DVH plots of the REF_PTV (solid lines), RECON_PTV
(dashed lines) and ADAPT (dotted lines) for all subjects.
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Case ADAPT Overall ADAPT (after beam 1)
Pat. 1 Mid-pos -0.2, -0.3, 2.8 (0.1, 0.2, 1.4) -0.2, -0.4, 3.4 (0.02, 0.02, 0.03)

Di� -0.03, -0.07, 0.56 0.002, 0.001, -0.01
Pat. 2 Mid-pos -0.1, -0.3, -0.3 (0.1, 0.3, 0.4) -0.1, -0.3, -0.4 (0.1, 0.2, 0.4)

Di� -0.01, -0.05, -0.06 0.001, 0.02, 0.04
Volun. Mid-pos 0.1, 0.1, -0.7 (0.1, 0.1, 0.4) 0.2 0.1 -0.8 (0.0, 0.1, 0.2)

Di� 0.03, 0.03, 0.15 0.004, -0.01, -0.04

Table 5.3: Mean mid-position displacements (SD) relative to pre-treatment reference volume and
di�erences to the true displacements as calculated by the adaptive replanning pipeline in
mm. The two columns show the corresponding values by either including or excluding
the �rst beam targeting the pre-treatment anatomy.

In all cases the online replanning ensured higher GTV coverage than RECON_PTV (25.7
vs. 23.1 Gy, 26.1 vs. 25.8 Gy and 25.9 vs. 25.2 Gy respectively). The minimum GTV dose
was maintained above 25 Gy (25.3, 25.2 and 25.2 Gy) while the mean delivered GTV dose
was higher (27.3 vs. 26.9 Gy, 28.5 vs. 27.8 and 28 vs. 27.4 Gy).

Regarding baseline variations, the initial 3 mm target shift exhibited by Patient 1 was
captured after the �rst delivered beam leading to full GTV coverage at the end of treat-
ment. This is also visualized in �gure 5.6 where the GTV curve of the motion recon-
structed static plan with no PTV margin (RECON), along with the RECON_PTV and
ADAPT plans are plotted. The V25Gy (minimum acceptable 99%) increased from 71.5%
in RECON to 90.5% in RECON_PTV to 100% in the ADAPT regime.

5.3.3.C Healthy tissue sparing

Besides the better overall target coverage, the adaptive regime generated tighter dose
distributions, the e�ect of which can be observed in �gures 5.5b, 5.5d and 5.5f which
show the di�erence between RECON_PTV and ADAPT for the central sagittal GTV
slice. ADAPT considerably reduced the dose to the GTV surroundings (positive col-
ormap scale), also depicted by the shallower DVH lines of the 3 mm PTV expansion in
all subjects. The higher dose at the cranial direction of the GTV in the ADAPT plan of
Patient 1, is a combination of e�ects caused by the initial baseline shift. These consist
of the severe underdosage that RECON_PTV underwent at that region (Figure 5.3a) and
the extra dose that the ADAPT regime deposited in order to compensate for the loss
from the �rst non-adapted beam.

The sparing of the high dose region around the target can be quanti�ed by the average
delivered dose in a 2 cm radius area around the GTV which was reduced by 27.8% on
average (10.5 vs. 7.7 Gy, 12.8 vs 10.4 Gy and 12.4 vs. 10 Gy). Similarly, the mean dose
delivered to the ipsilateral kidney was reduced by 22.9% on average (3.5 vs. 2.7 Gy, 6.2
vs 5.1 Gy and 6.0 vs. 5.1 Gy).
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Figure 5.5: DVH plots for the REF (solid), RECON_PTV (dashed) and ADAPT (dotted) (left) and
the RECON_PTV - ADAPT di�erences (right) for all subjects. The delineated GTV
(white) contour is plotted and four isodose lines are used to illustrate the dose di�erence
regions.

5.3.4 Timings

Table 5.4 presents indicative replanning timings for the di�erent subjects during the
individual steps of the adaptive treatment, while using the same number of calculated
segments. Each replanning includes the time required to process the input anatomy,
delineations and DVFs, calculate the corresponding dose in�uence data, followed by an
iterative ASEQ segment calculation and a �nal Segment Weight Optimization (SWO).
MRLTP replanning ranged from 43.3 sec on average for the 6-beam pre-treatment plans
to 10.9 sec on average for the �nal single beam plans. For every subject the adaptive
replanning took on average 25.6 seconds, enabling future online usage of MRLTP.
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Figure 5.6: Patient 1 DVH for the di�erent motion-a�ected plans

Replanning
beams/segments Patient 1 (sec) Patient 2 (sec) Volunteer (sec)

6/35 32 53.2 44.6
5/29 26.1 40.6 35.7
4/23 21.3 31.8 29.4
3/17 17.3 25.1 22.6
2/11 12.7 19.4 16.6
1/5 10.3 11.8 10.6

Mean 19.9 30.3 26.6

Table 5.4: MRLTP timings for the adaptive replanning (seconds). Each row covers one stage of the
adaptive treatment progressively reducing the number of beams/segments ranging from
6 beams / 35 segments for the pre-treatment plan to 1 beam / 5 segments for replanning
before the last beam.

5.4 Discussion

We have presented a new intrafraction adaptation pipeline for online replanning on hy-
brid radiotherapy machines like the MRI-linac. We utilized our fast research planning
system to simulate inter-beam replanning while updating the 3D mid-position volume
of the patient and including the previously delivered dose into the subsequent optimiza-
tions. The mid-position update enables the pipeline to capture and correct for baseline
variations/drifts that might occur during treatment. By taking into account the deliv-
ered dose to the patient —reconstructed on the actual 3D anatomy—emerging hotspots
or underdosed regions caused by more subtle 3D anatomical changes can be addressed.
We demonstrate that by combining the two, we can generate free-breathing SBRT treat-
ments with tighter dose distributions leading to increased tissue sparing in the high
dose regions. At the same time the framework ensures equal or higher target coverage
compared to precalculated static plans with prede�ned PTV margins.
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5.4.1 MR-only treatment

The reference volume was generated by assigning the whole body to water-equivalent
tissue (Stam et al., 2013a), which was then warped accordingly to generate the dynamic
volumes. Several techniques (bulk assignment-based, voxel-based and atlas-based) have
been developed for MR-only pseudo-CT generation in an e�ort to fully substitute the
electron density information included in a CT scan (Maspero et al., 2017). Generally,
dose di�erences in a dynamic setting can be attributed to two factors, the change of
the physical path length and the varying tissue density information. The former one
forms the main contributing factor in treatment sites with kidney-like tissue properties
(Stam et al., 2010). Since the path length changes are included in the dynamic volumes
produced by the pipeline, we regard the bulk-assignment technique to be adequate for
the purpose of this work.

5.4.2 Performance

The presented results show the technical feasibility of a replanning framework that uti-
lizes multiple components previously developed in our department. MRLTP has been
optimized for the performance requirements of online interventions and the average
replanning time of 25.6 sec is already promising for online usage in timeframes simi-
lar to the presented application. MRLTP was developed to take advantage of parallel
CPU/GPU computing and its scalability to higher-end computer con�gurations should
be further investigated.

The other components of the pipeline were originally developed for o�ine usage and
thus should be optimized to qualify for online application. The dose reconstruction
module (Glitzner et al., 2015a) currently performs a beam reconstruction in the order
of minutes, while the motion model (Stemkens et al., 2016) is able to calculate a new
3D dynamic volume in the order of seconds. We are now working towards the full
integration of the individual modules and the optimization of the complete framework.

5.4.3 Motion data

Due to the high dose 25 Gy single fraction prescription, the simulated treatment resulted
in long delivery times of around 18 minutes. Consequently, the available motion data of
5 and 7 minutes for the patients and the volunteer respectively had to be concatenated
to facilitate the whole treatment time. The range of motion has been correlated to the
imaging/treatment times (von Siebenthal et al., 2007), which would mean that the actual
motion trace could exhibit further drifts and/or amplitude variations as the treatment
progresses. Observed over the time scale of a single-beam replanning in this work, these
changes could lead either to better agreement between the reference anatomy and the
online target position or to larger deviations caused by new baseline variations/drifts.
Consequently, these changes would have either neutral or further negative impact to
the conventional static treatment. In contrast, our method would lead to tighter distri-
butions in the case of small changes (Figures 5.5d and 5.5f) and ensure target coverage
in the case of larger variations (Figures 5.5b and 5.6).
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Due to the limited motion data available, the replanning time was not included in the
treatment timeline. In this way, the results represent the technical feasibility of fast
online adaptation and its possible clinical bene�ts as replanning times further decrease
in the future.

5.4.4 Quality Assurance (QA)

The introduction of intrafraction adaptive treatments will require thorough QA proce-
dures. Both the motion estimation and the online-adapted dose distributions should
be carefully evaluated. In Stemkens et al. (2016) an MR-compatible motion phantom
was used to quantify the geometric accuracy of the model leading to an average di�er-
ence of 1-1.5 mm. For a simultaneous end-to-end test of both motion estimation and
plan adaptation, a motion phantom in combination with 3D dosimetric gel target could
be used, ideally with the ability to introduce controlled 3D deformations (Mann et al.,
2017). However, the relatively high systematic deviations of approximately 5% in gel
dosimetry (Vandecasteele et al., 2013) should be carefully factored in when evaluating
high precision SBRT treatments.

5.4.5 Replanning frequency

In the proposed framework large anatomical variations during the beam-on time in-
tervals between the online adaptations can produce deviations from the planned dose.
This is especially the case for the �rst beam targeting the reference anatomy and the last
beam prior to the end of treatment. These e�ects can be reduced leading to even better
conformality and overall plan quality, by utilizing more beam angles/replanning steps,
which would reduce the contribution/dose of each beam and provide a more up-to-date
mid-position volume.

The scale of the anatomical changes that could be accounted for by this regime depends
on the replanning frequency which is mainly limited by the performance capabilities
of the complete system. This includes the individual hardware latencies, imaging and
motion estimation as well as the replanning speed. The mid-position update frame-
work allows for a direct correlation between the replanning interval and the underlying
anatomical changes. By increasing the replanning frequency, we can progressively ac-
count for more subtle changes with the mid-position converging to a single anatomical
instance and the replanning to real-time inter-segment plan adaptation.

Under this context the same concept could be applied in dynamic IMRT treatments with
volumetric arc therapy (VMAT) where individual beams can be substituted with sepa-
rate arcs with in-between replanning sections. The replanning frequency will then be
correlated with the number and angles of the utilized arcs depending on the application.

5.4.6 Method Scope

Respiratory-gated treatments have been employed in an e�ort to reduce the free-breathing
motion, by delivering radiation only to part of the treatment cycle with the smallest rel-
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ative residual motion and healthy tissue exposure. The reduced duty cycle can lead to
4-15 times longer IMRT treatments (Keall et al., 2006). This increase in treatment time
would be restrictive for applications like the single fraction 25 Gy treatment used in this
work.

Tracking techniques have also been used to follow the tumor by dynamically adjust-
ing the MLC leaf positions based on several tumor-localization methods, leading to in-
creased target conformality and high duty cycle (Giraud et al., 2013). However, during
tracking the dosimetric impact of the (smaller) out-of-plane motion and, more impor-
tantly, the 3D deformations of the target and OARs are not taken into account. Fur-
thermore, during target tracking the spatial dependence of �uence in FFF beams is not
addressed.

In our method, we utilize MR-imaging data to extract the 3D anatomical deformations of
the target and OARs during treatment and perform inter-beam replanning based on an
updated patient volume. The mid-position concept enables high duty cycle treatments
suitable for ablative radiotherapy applications. Moreover, the inclusion of the previ-
ously delivered dose to the patient into the planning, accounts for the dosimetric e�ects
of residual motion and/or 3D deformations occurring during the beam delivery. Future
applications of our method can also be combined with tracking techniques during radi-
ation delivery in-between replannings to compensate for baseline variations occurring
during beam-on.

5.5 Conclusion

We have presented the proof of principle of an intrafraction adaptation framework for
treatment sites a�ected by respiratory motion under the new hybrid MRI-radiotherapy
regime. We simulated a single fraction free-breathing SBRT adaptive treatment for Renal
Cell Carcinoma, by performing inter-beam replanning targeting a dynamically updated
3D mid-position volume and including the previously delivered dose into the plan adap-
tation. The underlying online high-frequency 3D motion data provided by a statistical
motion model, were used to accurately reconstruct each beam dose and calculate the
corresponding anatomical changes over the beam delivery time. We showed that the
adaptive replanning framework is able to produce much more conformal dose distri-
butions when compared to a static mid-position SBRT plan with a 3 mm PTV margin
and thus reduces the dose in healthy tissue. In addition, by updating the mid-position
volume baseline variations/drifts can be corrected in the replanning interval window,
ensuring convergence to the prescribed target dose.
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CHAPTER 6
Summary

The advent of hybrid MRI and linear accelerator (MRI-linac) machines is introducing a
paradigm shift in the RT world. The ability of the system to provide online intrafrac-
tion volumetric imaging during radiation delivery along with the superior soft tissue
contrast of the diagnostic high quality MRI enables enormous potential in future treat-
ments. Initially, the conventional radiotherapy work�ow will transfer from an o�ine to
an online setting, where in every treatment fraction the patient will be treated with an
up-to-date plan targeting the latest anatomical state as captured a few minutes, instead
of several days, ago. Next, this online cycle will proceed to the intrafraction real-time
regime, where radiation will be adapted on-the-�y to the changing anatomy, based on
online volumetric imaging and the previously delivered dose to the patient.

In this context, a new generation of planning systems is needed for online plan adapta-
tion based on the MRI-derived position and motion data. This work attempts to formu-
late the requirements for such a system and proposes a new sequencing methodology to
facilitate fast online replanning along with indicative inter- and intrafraction adaptive
applications. This newly developed Adaptive Sequencer (ASEQ), is able to incorporate
anatomical changes into the IMRT planning process, essentially allowing the successful
optimization and delivery of a static clinical prescription on a dynamic patient anatomy.

In chapter 2 ASEQ is presented, a new sequencing algorithm which enables the inclu-
sion of the latest patient anatomical state during IMRT optimization. ASEQ (Figure 2.1)
is an iterative process which gradually converges to an input prescribed dose. Utiliz-
ing a two-phase IMRT process, initially the dose contribution on the patient anatomy
(dose in�uence data) of each beam —split into smaller elements (beamlets)—is calcu-
lated with a MonteCarlo dose engine. Each iteration includes a �uence optimization
step which targets the current status of the anatomy and updates the �uence contribu-
tion of each beam accordingly. Then a segmentation algorithm sequences the �uence
map of each beam into deliverable segments and chooses a single segment to be deliv-
ered. The segment dose is calculated/delivered and subtracted from the remaining dose
that should be delivered to the patient. The whole process is repeated until a conver-
gence criterion is ful�lled. The convergence selected in this work was the percentage
of dose delivered to the target(s) relative to the prescribed dose. This process is then
followed by a Segment Weight Optimization (SWO), generally performed in planning
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systems, which optimizes the segment Monitor Units (MU) to provide a better agree-
ment to the intended target dose. This demonstrated that ASEQ with SWO can generate
clinical grade plans for several treatment sites, including prostate, head and neck, spinal
bone metastasis and breast. The resulting dose distributions faithfully reproduced the
ideal input prescriptions, resulting in a mean dose di�erence of 0.1% with 3% standard
deviation (SD). All plans were delivered on a 3D diode phantom and passed the QA pro-
cedures employed in our clinic, reaching an average 98.5% in 3%/3mm gamma analysis.
Furthermore, the Inter-Fraction Scheme (IFS) was developed, during which the SWO is
omitted and instead any missing/excess dose is transferred in a voxel-by-voxel basis to
the next fraction’s prescription. For all cases we showed that by allowing small dose
deviations from the daily fractionated prescription, ASEQ could successfully converge
to the prescribed dose without the need of any post-processing steps like the SWO (Fig-
ure 2.11). This means that ASEQ is suitable for non-deterministic applications like the
online plan adaptation during treatment that will produce new segments dependent on
the changing anatomies, which are unknown at the pre-treatment phase.

In chapter 3 the steps required for inter-segment, i.e. intrafraction, plan adaptation are
added in the ASEQ pipeline (Figure 3.2). More speci�cally, the calculation is split into a
reference and dynamic space respectively. During every iteration of the algorithm, the
new anatomy —described by 3D DVFs—is loaded and the currently remaining dose that
should be delivered is transferred (warped) to this dynamic space of the latest anatomy.
Then, all the steps, including �uence optimization, that lead to the segment selection
and dose calculation take place in this dynamic space. After the segment dose has been
established the dose is warped back to reference space and is subtracted from the remain-
ing dose. The feasibility of intrafraction adaptation was tested by simulating single- and
multifraction kidney treatments with arti�cially generated gradual baseline drifts up to
1.2 cm, discretized in 0.2 mm steps. The adaptive regime was compared to a conventional
ITV approach that covered the induced baseline drift. ASEQ was able to follow the target
and fully converge to the prescribed dose, performing equally to the ITV plans (Figure
3.5), while greatly decreasing the delivered dose in the healthy tissue around the GTV
(Figures 3.6 and 3.7). The same behaviour was observed in a multifraction experiment,
where both intrafraction adaptation and the IFS were employed by skipping SWO and
transferring missing/excess dose to the next fraction (Figure 3.8). By converging to the
prescribed dose while generating segments targeting the changing anatomy, this work
demonstrates the design hypothesis—formulated in chapter 2—that ASEQ is capable of
intrafraction plan adaptation.

Following this work demonstrating that ASEQ is able to generate valid clinical plans
in the presence of both static and dynamic anatomies, the complete framework was re-
designed to facilitate very fast applications needed for inter- and intrafraction adaptive
treatments in the clinic. ASEQ was integrated in the research MRL Treatment Planning
system (MRLTP) of our clinic in di�erent pipelines depending on the intended usage;
either targeting the current clinical work�ow (chapter 4) or the future MRIgRT clinic
with the MRI-linac (chapter 5). By utilizing the new version of MRLTP, chapter 4

presents a daily replanning application for rotational correction in prostate radiother-
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apy. For �ve patients and 35-fractions two replanning pipelines were simulated based
on transformations extracted from �ducial marker based positioning data from previ-
ously treated patients in our clinic. In the �rst replanning regime, the daily anatomy
was generated using the recorded rotations assuming a couch shift correction for the
remaining translations, while the second one targeted the patient anatomy transformed
by both translations and rotations. The transformed VOIs consisted of the targets, Rec-
tum and Bladder while the original body contour was maintained. The results were
compared in terms of target coverage and OAR exposure to the high dose region as ex-
tracted by appropriate DVH points for each fraction. The two replanning regimes were
found to be very similar (average CTV D99 di�erence: 0.01 Gy), demonstrating that the
complete transformation could be compensated during replanning and thus an external
couch shift correction would not be necessary. Moreover, the same set of calculations
was repeated for decreasing margins, including 8 (clinically used), 6, 4, 2 and 0 mm in
an attempt to test the performance of replanning and establish the possible dosimetric
bene�t. The replanning regime was able to lead to the desired target coverage among
all margins while the reference plans were increasingly underdosing the target (aver-
age CTV D99 decrease: 0.2 Gy at 8 mm to 2.9 Gy at 0 mm margin) due to the motion
as recorded by the �ducials. The Rectum and Bladder volume exposed to the high dose
region was on average reduced among all margins (average V72 decrease: 0.5% and 0.2%
respectively). An important �nding was that even under the current clinical margin, ro-
tation correction via replanning, is able to produce more consistent plans both in terms
of coverage and high dose OAR sparing. Moreover, it was shown that with the cur-
rent implementation of MRLTP a full prostate plan can be generated in under 2 minutes
enabling online application. When combined with the presence of daily deformable reg-
istration and DVFs, which can be utilized by MRLTP and ASEQ as shown in chapters

3 and 5, this work can be immediately applied to an MRI-linac work�ow for daily plan
adaptation.

Chapter 5 presents a new intrafraction adaptive treatment for Renal Cell Carcinoma
(RCC) under the MRI-linac regime. A 25 Gy single fraction SBRT treatment was sim-
ulated based on 3D deformations calculated from online MR data. The proposed MR
imaging pipeline includes a 4DMRI acquired during the pre-beam phase and multiple
sets of orthogonal 2D-cine MR images acquired during the beam-on phase at 2.8 Hz
frequency for the purpose of motion estimation. From this 4DMRI the reference mid-
position volume of the patient was extracted and a statistical motion model via Principal
Component Analysis (PCA) was calculated. This motion model is used to process the 2D
images and, via an iterative optimization procedure, warp the reference volume, produc-
ing 3D DVFs and their corresponding 3D online volumes, with the same high frequency.
MRLTP is then utilized to simulate inter-beam adaptation utilizing a novel mid-position
update scheme while including the previously delivered dose to the patient, accurately
calculated on the online anatomies. More speci�cally, starting from a plan targeting
the pre-treatment mid-position, each beam is delivered (in this case on an MRI-linac
emulator) and the treatment log �les, that include the linac state (leaf positions, MU
etc.) at a 40 ms interval, are correlated with the online anatomical motion state, leading
to several segment-dynamic volume combinations. The corresponding dynamic dose
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distributions are calculated, warped back and accumulated in reference space. The re-
constructed beam dose is then used to increment the total delivered treatment dose. At
the same time, the DVFs corresponding to the beam delivery time are averaged and used
to update the reference mid-position. Finally, MRLTP performs fast replanning targeting
the new mid-position and including the previously delivered dose into the optimization.
The adaptive plans were generated with no PTV margin in an e�ort to produce the tight-
est dose distributions possible and were compared to a conventional mid-position SBRT
plan with a 3 mm margin also exposed to the same motion. By updating the mid-position
volume of the patient, this method is able to account for baseline variations/drifts that
might occur during treatment. This is illustrated in Figure 5.2a where a shift of approx-
imately 3 mm, occurring prior to radiation delivery, was corrected for after the �rst
delivered pre-treatment beam, leading to full target coverage by the end of treatment
(Figure 5.5a), while the static plan considerably underdosed the target (25.7 vs. 23.1 Gy).
In all cases adaptation lead to higher target coverage (GTV D99: 25.7 vs. 23.1 Gy, 26.1
vs. 25.8 Gy and 25.9 vs. 25.2 Gy) and dose escalation (GTV Mean dose: 27.3 vs. 26.9 Gy,
28.5 vs. 27.8 and 28 vs. 27.4 Gy) while sparing the surrounding healthy tissue (mean
dose at a 2 cm radius area around the GTV: 7.7 vs. 10.5, 10.4 vs. 12.8 and 10 vs. 12.4
Gy and mean ipsilateral kidney dose: 2.7 vs. 3.5 Gy, 5.1 vs 6.2 Gy and 5.1 vs. 6.0 Gy).
This work presents a proof-of-concept pipeline that covers all the aspects of an MRIgRT
treatment and forms a good candidate for the �rst truly adaptive treatments after the
daily adaptive MRI-linac treatments give su�cient con�dence to the community. For
similar work�ows end-to-end tests should be performed evaluating the di�erent com-
ponents from motion estimation to plan adaptation, with the main focus being on the
DVF accuracy which could limit potential applications (Sections 7.3 and 7.6). From a
computational standpoint, the replanning under these timescales is already feasible (26
sec on average in these results), while future work should be focused on online dose
accumulation (currently performed in the order of minutes for long beams) and motion
estimation (currently performed in the order of seconds per volume) (Section 7.4).
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CHAPTER 7
General discussion

This thesis focused on advancing the current treatment planning concept towards the
next generation hybrid MRI-linac systems by introducing a new planning methodology
along with its indicative applications in various settings. The new TPS should evolve
from an o�ine, relatively slow, software package to a combination of fast online mod-
ules, able to process 3D anatomical deformations and adapt the treatment accordingly.

A novel planning algorithm, the Adaptive Sequencer (ASEQ) was developed ful�lling the
minimum requirements for the next generation systems, which were also formulated in
this work. Under these speci�cations the MRIgRT TPS should be able to:

• include anatomical changes into the plan optimization in an online manner

• adapt the plan based on these anatomical changes in o�ine/online settings

• ensure convergence to the clinical prescription during the adaptive treatment

• be fast enough to facilitate online applications

This method can be realized in the context of a new RT paradigm, the individual parts
of which will take place in an online parallel fashion instead of their current o�ine se-
quential nature. These include existing stand-alone processes in the IGRT pipeline which
will integrate into a uni�ed fast software architecture, covering motion estimation, dose
accumulation, treatment assessment and treatment adaptation (gating, tracking, replan-
ning etc.).

In section 7.1 a general overview of the next generation RT pipeline is presented. Sec-
tions 7.2 - 7.6 discuss the important aspects for the clinical MRIgRT introduction re-
lated to this work along with the current unresolved issues that should be addressed in
the near future. Section 7.7 presents a roadmap for the MRIgRT application—including
its current clinical status—gradually increasing in treatment complexity following the
technological advances. Finally, Section 7.8 includes the author’s thoughts on the future
MRIgRT and its potential.
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7.1 MRIgRT pipeline

Figure 7.1 shows a schematic of the future MRIgRT consisting of an o�ine pre-treatment
simulation phase (section 7.1.1) and the online patient treatment work�ow on the daily
fractionated basis (section 7.1.2).

Online treatment 
planningTreatment Delivery

Image acquisition 
and VOI delineation 

Assess 
Treatment

ReplanningDose 
Accumulation

Load 
anatomy

T1, T2, Diffusion, 
DCE, etc.

4DMRI, 2D 
cine-MRI etc.

Treatment Simulation

Assess 
Treatment

ReplanningDose 
Accumulation

Load 
anatomy

Simulation/Offline Daily/Online Phase

Figure 7.1: Treatment pipeline consisting of o�ine and online phases

7.1.1 Simulation phase

Although the advantage of hybrid MRI-linacs is the ability to perform online imaging,
a great need still exists for a thorough pre-treatment simulation phase. During this
stage, a comprehensive imaging session will take place, including several MRI sequences
depending on the treatment site.

In this way the sequences can be adapted to the speci�c subject in order to remove any
MR geometric distortions that might hamper treatment planning (Moerland et al., 1995).
Besides geometrical information, multi-parametric MRI including anatomical T1/T2-
weighted acquisitions and DCE or di�usion-weighted imaging can be performed in order
to provide the necessary information needed for an accurate characterization of the tu-
mour. Moreover, in the case of tumours a�ected by respiratory motion, 4D imaging will
be performed to visualize and study the patient-speci�c anatomy.

The �rst involvement of the next generation fast TPS in the future work�ow will be
during the simulation phase. At this stage the treatment related parameters, including
margin regime and delivery method, can be tailored to each patient based on their in-
dividual characteristics. Starting with a population/study based protocol, the feasibility
of di�erent planning options will be assessed.

Depending on the favourability of the target/OAR arrangement, di�erent prescribed
dose levels could be tested to establish if dose escalation is feasible. Similarly the plan-
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ning margin could be modi�ed accordingly, ensuring optimal balance between target
coverage and OAR sparing. Active interventional decisions could also take place on a
patient-speci�c basis. For example, in the case of prostate radiotherapy, the prostate
deformations caused by the adjacent bladder/rectum structures can be evaluated during
the simulation phase. An empty bladder/rectum protocol or the usage of radiotherapy
spacers, like biodegradable gels, placed between the prostate rectum interface could be
explored and then also used during the daily treatment phase.

In the case of mobile tumours, like the thoracic and abdominal regions, mid-position
and gating strategies could be simulated based on the patient’s recorded motion trace
during the 4DMRI scan. Then the automated adaptive TPS that will also be used during
the actual treatment (Section 7.1.2), as presented in the ASEQ application in chapter 5,
could be employed to perform dry-run treatment simulation without radiation utilizing
online patient data. This process could be performed while the patient is still being
scanned during the pre-treatment phase or by recording the online data and using them
at a later intermediate stage. In this way, the intended treatment can be simulated with
real data for each patient leading to personalized treatments, e.g. by customizing the
planning margin or the gating window based on the results of these simulations.

7.1.2 Treatment phase

7.1.2.A Daily imaging

During every treatment fraction the patient will be positioned on the treatment couch, a
new daily MRI image will be acquired and registered to the simulation-phase reference
image. Then the o�ine contours will be transferred to the daily anatomy, veri�ed and
edited if needed by the operator. In this way, time consuming MRI sequences performed
o�ine can be fused with the daily anatomy to provide extra information. The several
aspects of VOI contouring and image segmentation are further discussed in section 7.3.

7.1.2.B Online replanning

Following the de�nition of the anatomy and structures, a new daily plan using the clin-
ical constraints is generated. Depending on the treatment site’s size and complexity,
several planning methods could be utilised for the interfraction plan generation (section
7.7.1) complying to the online performance requirement. The plan will then be evaluated
and approved prior to continuing to the delivery (Section 7.6).

7.1.2.C Treatment delivery

The plan will then be sent to the linac to be delivered to the patient (Section 7.7). During
delivery, depending on the application, constant imaging will be acquired as needed by
the underlying image-guided regime. Fast planar imaging for MLC tracking applications
or 3D motion estimation models can be combined at di�erent intervals with volumetric
imaging.
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At an intermediate stage, the system will be able to calculate the anatomical deforma-
tions and assess the current status of the treatment. This will be done by performing dose
reconstruction/accumulation during the radiation delivery. The basis of the assessment
should be clearly indicated during the simulation phase, including the prioritization of
the goals like target coverage over OAR sparing.

Finally, at a later stage the online TPS modules will be used to monitor the treatment and
adapt accordingly to the incoming anatomical changes. Then, the appropriate motion
quanti�cation will be continuously extracted from the data, 2D vector for MLC tracking
and 3D DVF in the case of full replanning and fed into the TPS which in turn will update
the plan/machine parameters at the appropriate timescale.

7.2 MR-only

In the MRIgRT the inability of the MRI, in contrast to the CT, to provide electron densities
needed for the dose calculation should be addressed. E�orts to generate an arti�cial CT
(pseudo-CT) which contains electron density information derived from MR data have
been made, leading to several bulk assignment-based (White et al., 1992), voxel-based
(Korhonen et al., 2014) and atlas-based (Uh et al., 2014) methods.

Hybrid CT-MRI methods have been explored in the MRIgRT �eld including a CT in the
diagnostic phase used to extract the electron density information (Hoogcarspel et al.,
2014; Acharya et al., 2016). During the treatment fraction on the MRI-linac the o�ine
CT is then warped to the daily MRI volume enabling the usage of its electron density
information in the online planning.

Ideally though an MR-only pipeline should be used to skip the extra CT examination
but more importantly to avoid the inter-modality and image registration uncertainties
between the CT and the MRI. For several treatment sites like prostate and pancreas with
similar tissue properties to water, dose comparison studies have shown good agreement
between the pseudo and the ground-truth CT (Prior et al., 2016) while further work
should be done for sites with more varying tissue densities.

7.3 Image segmentation and registration

The correct identi�cation and contouring of the daily target(s) and OARs is an essential
part for accurate RT. In the context of online RT, manual daily contouring is a time con-
suming process and thus an auto-segmentation of the VOIs followed by manual approval
is highly desirable for the clinical work�ow.

While in the current clinical setting rigid registration is prevalently used, a major point
in the MRIgRT implementation is the Deformable Image Registration (DIR) software,
essential to provide the anatomical changes in their full extent. Especially, in the case of
the MRI-linac where manual adjustments of the couch are not possible due to the limited
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space inside the MR bore, VOI de�nition is critical for the accurate radiation delivery to
the patient.

Several DIR methods exist using image intensity metrics like correlation coe�cient and
mutual information or image features like point- and contour-based, varying in their
applicability to single- and/or multimodality imaging. Moreover, model- or atlas-based
methods exist in which information from previously segmented images of, either the
same patient or di�erent patients, are used to estimate the new anatomy (Brock et al.,
2017).

The accuracy of the resulting DVFs is critical and can be hampered by several factors
including spatial distortions, algorithm limitations/settings and is ultimately limited by
the actual imaging resolution. Quantitative error metrics have been developed, including
dice coe�cient, registration error of point-landmarks, mean-distance to agreement and
the Jacobian determinant, but determining a ground-truth comparison method in the
clinic has not yet been achieved (Brock et al., 2017).

In that sense, current DIR software might fail to automatically register the patient VOIs
between treatment fractions due to the large day-to-day variations, e.g. bladder defor-
mations in cervical cancer. For this reason the qualitative evaluation and the potential
manual editing by a trained operator will be necessary for the daily adaptive treatment
in an interfraction basis, leading to a strong demand for optimized modular visualization
software that will provide the appropriate information in an intuitive way.

On the other hand, proceeding to the intrafraction applications, DIR software has an eas-
ier task of following the anatomical structures given the online MR imaging with high
temporal sub-second resolution. This is especially the case in sites like the lung and
kidney were there is adequate contrast for intensity based algorithms to identify the tu-
mour and OARs. This has been shown in chapter 5 where 2D imaging and a statistical
motion model (Stemkens et al., 2016) estimating 3D anatomies based on the optical �ow
algorithm —originally developed for High Intensity Focused Ultrasound (HIFU) applica-
tions for fast abdominal organ motion tracking (Ries et al., 2010; Roujol et al., 2010) —was
used in kidney SBRT to update the mid-position volume of the patient. Nonetheless, a
strong need for optimizing the registration algorithms with the speci�c MRI sequences
that will be used during each patient’s simulation/treatment phase still exists, in order
to achieve the best possible results.

7.4 Performance

Another important point for the application of adaptive treatments is the system per-
formance in terms of speed and integration. The delivery system described in this thesis
will be a complex network of distinct modules, which were initially developed for dif-
ferent/o�ine purposes and veri�ed for the speci�c task at hand, e.g. image registration
and treatment planning.
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Integrating all these modules into a uni�ed system, allowing for inter-module commu-
nication and synchronization is a non-trivial task which requires a thorough analysis of
the system endpoints. The possible treatment scenarios should be formulated �rst, and
then the available options/degrees of freedom of the software will be decided.

The design and performance of the system should also take into account the type, vol-
ume and use of data. The various MRI sequences in the pre-treatment stage along with
the continuous imaging during treatment will dramatically increase the data manage-
ment workload in the clinic. In addition, the 4D datasets which will be routinely acquired
demand an e�cient storage, data handling and user interfaces both for the purposes of
diagnosis and treatment adaptation.

From a computational perspective, implementation of online, and real-time, software
modules will be feasible in the near future. Part of this work was focused on developing
a very fast TPS able to produce a new plan from scratch in sub-minute timings at the time
of writing of this thesis. This was achieved by implementing the TPS from the ground-
up and utilizing CPU multi-threading routines in all the appropriate submodules. The
integrated research GPUMCD dose engine (Hissoiny et al., 2011b) (Elekta AB), is also
greatly optimized for GPU computing and can currently achieve online dose calculation
under the presence of the magnetic �eld on a regular consumer gaming card. Image
registration packages, like the optical �ow RealTITracker (Zachiu et al., 2015) used in
chapter 5, are able to register 2D images in sub-second intervals.

7.4.1 System latency

The system capabilities are ultimately a�ected by the overall system latency, the time
between acknowledging that the treatment should be modi�ed and the actual update.
From the perspective of the above online software modules, this latency ranges from
the linac related parameters like gantry/MLC speed and dose rate (i.e. rate of radiation
delivery expressed in MU/min) to the imaging time depending on the application.

The planar 2D MR imaging is inherently fast, and tracking based on orthogonal cine-
MRI planes has been shown to be feasible with a sub-second latency in an MRI-guided
setting (Bjerre et al., 2013).

Full resolution 3D volumetric acquisitions can be relatively slow for fast free-breathing
online adaptations. Depending on the application, lower resolution 3D-MR images could
be used for image registration leading to comparable DVF accuracy while speeding up
a 3 sec 3D acquisition by a factor of 4, as shown by Glitzner et al. (2015c) mainly for
peristaltic motion in gated imaging. At the same time, as the DIR and overall software
performance increases, motion estimation statistical models can be used by using MRI-
de�ned anatomical surrogates to produce online 3D volume and DVFs in both thoracic
and abdominal regions undergoing rapid changes (King et al., 2012; Stemkens et al.,
2016).

As we progress to intrafraction plan adaptation, extra factors like replanning time con-
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tribute to the system latency and should be taken into account in a similar fashion to the
tracking applications, raising the important question of how often we should perform
online replanning.

7.4.2 Replanning frequency

Given the future performance increases of the system modules reach an ideal scenario
where inter-segment plan adaptation is feasible, a new treatment parameter will arise,
namely the replanning frequency. The adaptation interval will primarily depend on
the clinical need and will be greatly in�uenced by the potential bene�t that frequent
intrafraction adaptation enables in multiple treatment sites.

In chapter 5 the fast MRLTP/ASEQ implementation combined with full dose accumu-
lation simulated inter-beam replanning for RCC tumours at an average interval of 2.8
minutes for a 25 Gy single fraction treatment at the Unity MRI-linac. For these simulated
treatments lasting 18.5 min on average, the above replanning frequency was adequate
to capture emerging baseline shifts and correct for the e�ects of the random component
of the respiratory motion.

At this intrafraction adaptation timescale, the captured anatomical changes are related
to the linac characteristics and more prominently to its dose rate. In these experiments
a dose rate of 740 MU/min was used, the maximum e�ective value at the time. For
example, by increasing the dose rate closer to values of conventional FFF beams (around
1500 MU/min) the plan update frequency should be increased if we were to achieve
similar performance and capture the same motion e�ects. The exact replanning interval
then depends on the respective motion trace and its possible interplay with the radiation
delivery.

While in this work, inter-beam replanning was simulated as a �rst potential application,
in a clinical setting active monitoring should be also employed, triggering replanning in
the case of baseline drifts occurring even during the delivery of the beam.

Performing even more frequent plan adaptation during the fraction and proceeding to
inter-segment replanning, will progressively account for �ner anatomical details leading
to tighter dose distributions. Such adaptations will demand the integration of motion
prediction algorithms in the TPS optimization (Seregni et al., 2016). In this way, the sys-
tem will be able to predict the upcoming anatomical states of the next few seconds based
on the previous motion trace and adapt the plan accordingly. By utilizing the delivered
dose, similarly to the presented ASEQ application, possible anatomical mispredictions
will be accounted for during the subsequent optimizations.

7.5 Dose accumulation

Another important prerequisite for adaptive treatments is the dose accumulation us-
ing deformable bodies. The calculated DVFs from an image registration algorithm are
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used to warp the dynamic dose distribution(s) back to the reference grid where the dose
analysis takes place. Distributing the dose from dynamic space image elements to the
reference space is most commonly performed in Direct Dose Mapping (DDM) by us-
ing linear interpolation among the neighbouring points/voxels. Energy/Mass Transfer
(EMT) (Heath et al., 2006) methods transferring energy and mass between dynamic-
reference space based on the physical de�nition of dose could be more favourable in
high precision treatments where steep dose gradients occur (Li et al., 2013).

Strongly related to the previous section, the update frequency of the anatomical volumes
utilized for dose accumulation may vary per application. In lower frequency motion or
stationary targets, like prostate and bone metastases, a full 3D volume every few seconds
might be su�cient to capture the delivered dose accurately. That is not the case for sites
a�ected by respiration, like the liver and the kidneys, where sub-second resolution will
be required to capture breathing motion. Hybrid motion models combined with fast
surrogates or full 3D MRI can be utilized depending on the site, as described in Section
7.4.1. In chapter 5 the presented methods utilized 3D volumes updated every 360 ms for
the purposes of dose reconstruction.

7.6 QA

The complex nature of the hybrid MRI-linacs demands QA procedures for all the indi-
vidual parts of the system. The current validation methods for MR image acquisition,
image registration and motion estimation, treatment planning, dosimetry, linac delivery
and control system should be modi�ed and included into a single QA pipeline.

In a daily replanning basis, the daily plans calculated by the TPS should be recalculated
in a secondary external dose engine followed by a gamma analysis test as an additional
3D dose check prior to radiation delivery (Acharya et al., 2016; Raaymakers et al., 2017).

Especially under the context of dose accumulation and plan adaptation, motion estima-
tion tools should be thoroughly tested during the commissioning of the algorithms but
also when new treatments are devised. End-to-end tests should be performed utilizing
appropriate, ideally deformable, motion phantoms.

Applications that involve active plan adaptation will require deformable dosimetry phan-
toms. Several deformable phantom setups that include dose measuring components,
like thermoluminescent dosimeters (Zhong et al., 2016) and dosimetric gels (Mann et al.,
2017) have been presented and could be used to quantify the performance of DIR soft-
ware, motion models and adaptive TPS (Yeo et al., 2013).

Even after evaluation of all the MRIgRT components, the true delivered dose to the pa-
tient will always slightly deviate from the planned dose. In contrast to the current IGRT
clinic, where the planned-to-true dose deviations are caused by the lack of high quality
imaging during positioning and delivery, in the MRIgRT the main contributor would be
the DIR performance. On an interfraction basis the automated contours could be man-
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ually corrected if needed while during intrafraction adaptation visualization software
o�ering quantitative evaluation (Section 7.3) of the calculated DVFs should be present
for manual/automated treatment assessment.

Nevertheless, in the context of the new adaptive RT, the operators responsible for the
daily treatments should constantly evaluate the proposed adaptations. This also de-
mands �exible and concise treatment software to e�ciently assist the user to monitor
and interact with the machine. In the �rst treatments, an interdisciplinary team includ-
ing physicists, radiation oncologists and technicians will be present in the treatment
room, each assigned to a di�erent task. With the gradual increase in experience in
the MRIgRT, specialized operators could be trained to handle the daily treatment de-
cisions, i.e. being responsible for a speci�c treatment site, inspecting and editing VOI
delineations, approving modi�ed plans and addressing machine related issues that might
arise.

7.7 MRIgRT clinical roadmap

The majority of the �rst adaptive treatments will almost exclusively involve interfrac-
tion adaptation. In this context the original Adaptive Radiotherapy (ART) (Yan et al.,
1997) concept by which the treatment plan is adapted to better match the daily anatomy
during a multi-fractionated treatment will become mainstream. As hybrid MRI-linacs
become widely available and the clinical/technical personnel become acquainted to the
new work�ows, more advanced interventional treatments will be developed that ac-
tively use the online MR imaging to modify the treatment in an intrafraction manner.

7.7.1 Interfraction adaptation

Generating a new plan daily from scratch is a challenging task for the current commer-
cial systems. While —performance-wise—online full replanning is already possible for
non-complex treatment sites with relatively small targets, its general online application
is still not feasible.

Several planning regimes have been presented in an e�ort to alleviate this issue in
the early adoption of the systems in the clinic. A virtual couch shift (VCS) technique
has been presented which uses the daily recorded rigid transformation to transfer the
dose of the pre-treatment plan to the daily anatomy (Bol et al., 2013). Furthermore, hy-
brid approaches that combine a precalculated library-of-plans targeting several rigidly-
transformed pre-treatment anatomies with online recalculation including the daily tar-
get deformation have also been shown to be feasible in an online fashion given the cur-
rent commercial software (Ahunbay et al., 2016). In chapter 4 it was demonstrated that
the current implementation of MRLTP enables full daily replanning for prostate can-
cer in less than 2 minutes, starting from patient daily anatomy, delineation and clinical
prescription.

While dose accumulation is not required for daily interfraction ART, the next step would
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be to perform o�ine dose accumulation using the treatment records from each fraction.
The accurate dose reconstruction/accumulation of the daily dose will enable response
assessment based on the truly —or a much better estimated—delivered dose.

Going even one step further, this dose can be warped and included in the plan calculation
of the subsequent fractions. This closely resembles then the ASEQ Inter-Fraction Scheme
(IFS) proposed in chapter 2 which allows small modi�cations of the daily dose, and can
lead to better results as it takes into account the daily patient anatomy. By speeding up
the system, this daily feedback loop will translate to the intrafraction domain.

7.7.2 Intrafraction adaptation

The next logical step would be intrafraction interventions based on the online MR imag-
ing. The existing compensation techniques of gating and tracking will be improved due
to the continuous superior soft-tissue contrast MR imaging that will be available during
treatment. In an MRI-linac setting, target motion can be directly captured from 2D or 3D
imaging of the patient anatomy instead of motion surrogates, like the implanted �ducial
markers currently used in the IGRT clinic.

During beam gating the radiation delivery of the daily generated plan will be performed
when the targeted anatomy lies in a prede�ned window. Fast 2D-cine MRI can be used
to extract the target motion, based on which the linac radiation can be controlled in an
integrated 1.5 T MRI-linac system (Crijns et al., 2011). Beam gating has been also inves-
tigated in a 0.35 T setting (Olsen et al., 2012) and clinically introduced by the MRIdianTM

(ViewRay Inc., Cleveland, OH, USA) system in treatment sites a�ected by respiratory
motion (Fischer-Valuck et al., 2017).

Tumour tracking will also be employed to actively follow the target based on the same
fast cine-MR imaging. Orthogonal 2D slices intersecting the tumour, angled according
to the principal axis of motion should be ideally utilized to capture the 3D trajectory of
the target (Bjerre et al., 2013). The feasibility of target tracking with an MRI-linac has
been demonstrated both in a technical and dosimetric point of view (Crijns et al., 2012;
Menten et al., 2016).

Similarly to the interfraction adaptation, 3D MRI will be acquired in an interleaved fash-
ion with the 2D imaging to reconstruct and accumulate the dose to the reference volume,
initially in an o�ine manner (Glitzner et al., 2015b). Real-time dose accumulation based
on precalculated dose in�uence data for the current clinic is already feasible (Kamerling
et al., 2016) and thus similar developments are also imminent in the MRIgRT �eld.

7.7.3 Feedback-informed intrafraction adaptation

The presence of online tools across the whole RT spectrum along with the presence of
the latest patient anatomy and the corresponding delivered dose during treatment will
enable us to establish deviations from the planned dose in a 3D setting during treatment
and (re)act accordingly. Full replanning —in contrast to tumour tracking—can then be
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used to fully account for 3D deformations of the targets/OARs and the possible FFF beam
e�ects.

In chapter 5 the proof-of-principle technical feasibility of such a system was presented.
By performing inter-beam IMRT replanning based on the 3D anatomical updates and
accumulated dose, higher target coverage and OAR sparing was demonstrated compared
to a conventional treatment for kidney RCC.

While in the above work the mid-position treatment concept was used to de�ne and
update the patient anatomy, the same ASEQ regime could be applied to a free-breathing
gated application to account for baseline drifts occurring during treatment. In a similar
fashion any bulk tumour shift from the gating window would be captured in the subse-
quent replanning steps, while by including the truly delivered dose, any plan deviations
due to the residual motion within the gating window would be accounted for.

7.7.4 Clinical prescription/fractionation regime

The notion of modifying the plan parameters and thus the dose during treatment, in
both an inter- and intrafraction regime based on the truly delivered dose, challenges
the rationale of the current clinical prescription/fractionation regime. Given the future
MRIgRT capabilities, the current multi-fractionation RT scheme splitting the radiation
dose equally among the daily fractions irrespective of the underlying anatomy will have
to be revisited. In the current IGRT clinic the true delivered dose already varies daily
compared to the planned dose due to the anatomical motion and deformation which are
not taken into account.

The introduction of IGRT in the clinic enabled SBRT/SABR treatments which —despite
the scarcity of large clinical randomized trials —have demonstrated improved outcome
for multiple tumour sites/patient categories through hypofractionated higher dose treat-
ments. In a similar way, in the future MRIgRT inter- and intrafraction adaptive treat-
ments, the knowledge of the true patient anatomy will enable us to properly target the
tumour and spare the surrounding OARs to the fullest. In this way we could selectively
adjust the fraction dose according to the current anatomy.

In this context, when the anatomical structure is most favourable we can choose to
escalate the dose while in the opposite case, when critical OAR constraints are violated,
we can reduce our prescription requirements. Dose can be then selectively escalated
in parts of the tumour according to the tissue characterization from the MR imaging
enabling accurate dose painting strategies (Van der Heide et al., 2012). Comprehensive
studies and trials are needed in that respect to investigate the safety limits and tissue
behaviour as we progress to extreme hypofractionated treatments.
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7.8 MRIgRT promise

The combination of MRI and online plan adaptation will lead to a new paradigm shift in
RT. The online patient imaging will enable dynamic treatments that will shape the 3D
dose accordingly in a non-deterministic fashion.

Starting from highly accurate daily positioning and patient imaging, safe margin reduc-
tion will be feasible for several treatment sites by reducing interfraction uncertainties.
The truly delivered daily dose of each fraction accurately accumulated using the online
imaging will be utilized in the planning sessions of the subsequent fractions ensuring
target coverage and OAR control.

The endpoint, the “raison d’être”, of the MRI-linac systems will be realized by the even-
tual real-time performance of hardware/software modules. Regarding plan adaptation
performance, this would mean that the replanning pipeline will translate from an in-
terfraction daily adaptation (chapters 2 and 4) to inter-beam (chapter 5) and eventu-
ally to inter-segment plan adaptation (chapter 3). This thesis focused on step-and-shoot
IMRT plan adaptation and the proposed ASEQ methodology is currently applicable to
segment-by-segment calculations using prede�ned beam angles.

The same iterative concept can be extended to VMAT (Section 1.2) applications, where
gantry angle, MLC leaf position and dose rate simultaneously vary, leading to greater
degrees of freedom. In that context, the anatomical changes can be included in the opti-
mization in an arc-by-arc basis. The angle and intensity of each sub-arc can be calculated
dynamically by the optimizer based on the underlying changes and in combination with
the Unity MRI-linac’s fast gantry rotation could lead to a new generation of VMAT treat-
ments. This adaptive VMAT could also be combined with an automated sliding treat-
ment couch in the cranial-caudal direction enabling helical slice therapy (Tomotherapy)
in the future MRIgRT applications.

The ability to see what you treat, track the delivered dose in 3D and react accordingly
will lead to non-invasive tumour-sterilizing RT treatments. The continuous MR high
quality imaging will guide accurate dose painting while sparing healthy tissues. By
utilizing all the online information, personalized patient-speci�c treatments will become
possible. Single-fraction stereotactic treatments with online adaptation providing bulk
tumour control and limiting toxicity could be a viable replacement of surgery for several
treatment sites.

The MRI-linac systems with integrated adaptive software pipelines formulated and pre-
sented in this thesis, enable automated tumour-ablating treatments with minimal healthy
tissue exposure. In a computer game like fashion the RT targets will be identi�ed on the
daily anatomy and assigned with a static prescription which will be dynamically deliv-
ered with the fast MRI and plan adaptation accounting for patient motion.

The promise of this “Happy Technology” MRIgRT further improving patient outcomes
and survival, remains to be established in future technical and clinical studies.
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CHAPTER 8
Samenvatting

De komst van de MRI-versneller (een combinatie van een MRI en een lineaire versnel-
ler) zorgt voor een revolutie in de radiotherapie: vanaf nu is het mogelijk om tijdens
iedere bestralingssessie driedimensionale MRI-beelden te maken met superieur zacht
weefselcontrast. Dit biedt enorme mogelijkheden voor de toekomst van de radiothera-
pie. Allereerst zal de conventionele radiotherapiebehandeling omgebogen worden van
een o�ine naar een online procedure. Dat heeft tot gevolg dat het bestralingsplan niet
meer gebaseerd wordt op een aantal dagen oude anatomie, maar op een anatomie die
een paar minuten eerder is vastgesteld. Vervolgens zal deze procedure verder worden
geoptimaliseerd zodat het bestralingsplan on-the-�y kan worden aangepast op basis van
de actuele anatomie van de patiënt en de al afgegeven dosis.

Om dit te kunnen waarmaken, is er een nieuwe generatie planningssytemen nodig die
in staat zijn om online bestralingsplannen aan te passen op basis van MRI-gegevens over
positie en beweging. Dit proefschrift beschrijft de eisen waaraan deze systemen moeten
voldoen en introduceert een nieuwe segmentatiemethode die deze eisen inwilligt. Deze
nieuwe methode, Adaptive Sequencer (ASEQ) genoemd, is in staat om een veranderende
patiëntanatomie in het IMRT-optimalisatieproces te integreren. Hierdoor wordt het mo-
gelijk om een statisch beschreven voorschrift af te geven op een dynamische anatomie.

In hoofdstuk 2 wordt ASEQ geïntroduceerd, een nieuw segmentatie-algoritme dat het
mogelijk maakt om de actuele patiëntanatomie tijdens de IMRT-optimalisatie te gebrui-
ken. ASEQ (zie Figuur 2.1) is een iteratief proces dat geleidelijk naar de voorgeschreven
dosisverdeling convergeert. Tijdens de eerste fase van het IMRT-optimalisatieproces
worden voor iedere bundel de beamlets door een Monte Carlo dose-engine berekend.
Met deze beamlets wordt tijdens iedere iteratie van het algoritme een optimale �uen-
cemap voor iedere bundel berekend op basis van de actuele anatomie en de voorge-
schreven, nog af te geven, dosisverdeling. Daarna volgt het segmentatiegedeelte van
het algoritme. Voor iedere bundel wordt er op basis van de �uencemap één segment ge-
kozen en dit segment wordt virtueel afgestraald: de dosis die dit segment a�evert, wordt
berekend en afgetrokken van de voorgeschreven dosisverdeling. Dit hele proces wordt
herhaald totdat aan een zeker convergentiecriterium is voldaan. In dit hoofdstuk wordt
het percentage van de afgegeven dosis aan de doelgebieden ten opzichte van de voor-
geschreven dosis als criterium gebruikt. Hieruit volgt een standaard Segment Weight
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Optimalization (SWO), dat de monitoreenheden (ME) van ieder segment optimaliseert
zodat de voorgeschreven dosis nog beter behaald wordt. ASEQ met SWO is in staat om
klinische plannen te berekenen voor verschillende typen doelgebieden zoals prostaat-,
hoofd/hals- en borsttumoren en de behandeling van uitzaaiingen in het ruggenmerg.
De resulterende dosisverdelingen benaderde de voorgeschreven dosisverdelingen met
een gemiddeld verschil van 0.1% met een standaarddeviatie van 3.0%. Alle plannen zijn
afgestraald op een 3D diodefantoom en voldeden aan alle QA standaarden die gebrui-
kelijk zijn in onze kliniek: de gemiddelde gamma analyse score (3%/3mm) was 98.5%.
Verder is ook het Inter-Fraction Scheme (IFS) ontwikkeld. Hierbij wordt de SWO stap
overgeslagen en het te veel/te weinig aan dosis voxel-voor-voxel doorgeschoven naar
de voorgeschreven dosisverdeling van de volgende fractie. We hebben laten zien dat
ASEQ voor alle gevallen toch convergeert naar de gewenste dosisverdeling, dus zonder
de noodzaak om SWO of andere post-processingstappen uit te voeren (zie Figuur 2.11).
Dit betekent dat ASEQ geschikt is voor niet-deterministische applicaties zoals dat het
geval is bij het online aanpassen van het plan op basis van een veranderde patiëntana-
tomie.

In hoofdstuk 3 worden de componenten aan de ASEQ-pipeline toegevoegd die nodig
zijn om tussen segmenten in (intra-fractie) het behandelplan te kunnen aanpassen (zie
Figuur 3.2). Om dit te kunnen bereiken, worden de berekeningen gesplitst in een zoge-
naamde referentierekenruimte en een dynamische rekenruimte. Gedurende iedere itera-
tie van het algoritme, wordt de nieuwste anatomie —die beschreven wordt door een 3D
DVF —geladen en de dosisdistributie die nog afgegeven moet worden, wordt door middel
van deze DVF omgevormd naar de dynamische rekenruimte. Daarna volgen alle stap-
pen (inclusief de �uentie-optimalisatie) tot aan de segmentselectie en dosisberekening
in deze dynamische ruimte elkaar op. De segmentdosis wordt daarna weer omgevormd
naar de referentieruimte waar het van de voorgeschreven dosis wordt afgetrokken. Deze
procedure is getest door niertumoren kunstmatig te verschuiven tot 1.2 cm met stappen
van 0.2 mm tijdens een behandeling die bestaat uit één of meerdere fracties. Dit con-
cept wordt vergeleken met een conventionele, ITV-gebaseerde behandeling. ASEQ is in
staat om het doelgebied te volgen en te convergeren naar het geplande dosisvoorschrift
zoals ook behaald wordt met de ITV aanpak (zie Figuur 3.5). Echter, de dosis die gege-
ven werd aan het omliggende gezonde weefsel was aanmerkelijk lager (zie Figuren 3.6
en 3.7). Dezelfde resultaten zijn behaald bij een behandeling die uit meerdere fracties
bestaat. Bij deze vorm werd het behandelplan intra-fractie aangepast en werd de IFS
uitgevoerd door de SWO over te slaan en het te veel of te weinig dosis naar de volgende
fractie door te schuiven (Figuur 3.8). Deze experimenten onderstrepen de ontwerphypo-
these zoals geformuleerd in hoofdstuk 2: ASEQ is in staat om een behandelplan tijdens
een fractie succesvol aan te passen.

Nu duidelijk is geworden dat ASEQ in staat is om voor zowel statische als dynamische
patiëntanatomieën klinische plannen te genereren, is ASEQ geöptimaliseerd voor kli-
nisch gebruik: het volledige framework is herontwikkeld met als doel om applicaties
te maken waarmee inter- en intra-fractie, adaptieve behandelingen in de kliniek uitge-
voerd kunnen worden. ASEQ werd geïntegreerd in het MRL Treatment Planning sys-
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teem (MRLTP) met als doel om zowel de huidige, conventionele kliniek (hoofdstuk 4)
als de toekomstige, MRIgRT-gebaseerde kliniek te bedienen (hoofdstuk 5).

Hoofdstuk 4 beschrijft het corrigeren van rotaties voor prostaatpatiënten door middel
van dagelijks herplannen. Voor vijf patiënten en voor 35 fracties, zijn twee herplan-
ningsstrategieën gesimuleerd, waarbij gebruikgemaakt werd van de transformaties die
berekend zijn op basis van de huidige prostaatbehandelingen. Bij de eerste strategie
werd de dagelijkse anatomie gegenereerd op basis van enkel rotaties en werd er aange-
nomen dat de translaties door tafelverplaatsingen werden gecorrigeerd. Bij de tweede
strategie werden zowel translaties als rotaties meegenomen om de dagelijkse anatomie
na te bootsen. Alleen de doelgebieden, het rectum en de blaas werden getransformeerd,
de lichaamscontouren werden niet aangepast. De resultaten zijn vergeleken op basis
van DVH-punten die in het hoge dosis gebied liggen, voor zowel de doelgebieden als
voor de omliggende gezonde weefsels. De twee strategieën bleken dezelfde resultaten
op te leveren (het gemiddelde D99 verschil voor het CTV was 0.01 Gy). Dit betekent
dat de complete transformatie volledig door herplanning gecompenseerd kan worden,
waardoor tafelverschuivingen niet meer nodig zijn. Dezelfde set van berekeningen zijn
herhaald met kleinere marges, namelijk 8 (huidige klinische waarde), 6, 4, 2 en 0 mm om
te onderzoeken of het ook een dosimetrisch voordeel op kan leveren. De herplannings-
strategieën bleken in staat te zijn om voor alle marges de voorgeschreven dosis aan het
doelgebied af te leveren, terwijl de referentieplannen steeds slechter gingen presteren:
het CTV werd in toenemende mate ondergedoseerd (de gemiddelde CTV D99 afname:
van 0.2 Gy bij 8 mm tot 2.9 Gy bij 0 mm). Het rectum en de blaas werden minder bloot-
gesteld aan een hoge stralingsdosis: de gemiddelde V72 namen af met 0.5% voor het
rectum en 0.2% voor de blaas. Een ander belangrijk resultaat is dat zelfs met de huidige
klinisch marges, de rotatiecorrectie ervoor zorgt dat de plannen consistenter worden
wat betreft de dosisafgifte aan de tumor en het sparen van gezond weefsel. Daarnaast
laat dit hoofdstuk zien dat met de huidige implementatie van MRLTP het mogelijk is om
binnen 2 minuten een volledig nieuw plan te genereren, waardoor het herplannen daad-
werkelijk ingevoerd kan worden in de kliniek. Als deze strategie gecombineerd wordt
met dagelijkse deformable registration en DVFs, dan kan het direct toegepast worden in
een MRI-linac setting waar dagelijks nieuwe plannen gegeneerd worden. Dat MRLTP
en ASEQ al in combinatie met deformable registration gebruikt kan worden, wordt in
hoofstuk 3 en hoofdstuk 5 beschreven.

Hoofdstuk 5 beschrijft een nieuwe intra-fractie adaptieve behandeling van niercelcar-
cinomen in de context van de MRI-linac. Hiervoor werd een enkele fractie van 25 Gy
in de vorm van een SBRT-behandeling gesimuleerd, op basis van 3D deformaties die be-
rekend waren door middel van online MRI-data. De MRI’s die gebruikt werden waren
onder andere een 4D MRI, verkregen voordat de bestraling gestart werd en een set van
orthogonale 2D cine MRI’s die tijdens de bestraling werden opgenomen met een fre-
quentie van 2.8 Hz om de mobiliteit van de tumor te karakteriseren. Met behulp van de
4D MRI-data werd de referentie mid-position volume bepaald en een statistisch bewe-
gingsmodel afgeleid door middel van Principal Component Analysis (PCA). Dit model
wordt gebruikt om de online 2D plaatjes te verwerken en zo te komen tot 3D online
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volumes die afgeleid zijn van het referentievolume en met dezelfde tijdsresolutie als de
2D cine-MRI’s. MRLTP wordt daarna gebruikt om tussen bundels het plan aan te pas-
sen op basis van een nieuwe berekende mid-position. Hierbij wordt rekening gehouden
met de daadwerkelijke afgegeven dosis die berekend is aan de hand van de online pa-
tiëntanatomieën. De volledige beschrijving is als volgt: de behandeling start met een
plan op basis van een mid-position die bepaald is voor de daadwerkelijke behandeling.
Vervolgens wordt iedere bundel afgeleverd (in dit geval was dat een MRI-linac emula-
tor) en de volledige linac-status (zoals die zijn opgeslagen in de log�les, zoals leaf po-
sities, ME’s etc.) wordt gecorreleerd met de bijbehorende online patiëntanatomie met
een tijdsresolutie van 40 ms. De afgegeven dosis wordt vervolgens op deze anatomie
met de gegeven linac-status doorgerekend en omgevormd naar de referentie-anatomie,
waar het wordt opgeteld bij de totale afgegeven dosisdistributie. Tegelijkertijd worden
alle DVFs van een bundel gemiddeld en wordt er een nieuwe mid-position berekend.
Uiteindelijk berekent MRLTP een aangepast, online plan waarbij tijdens de optimalisa-
tie rekening wordt gehouden met de geaccumuleerde, afgeleverde dosis en de nieuwe
mid-point position. De aangepaste plannen zijn gegenereerd zonder PTV-marge om zo
krap mogelijke dosisdistributies te creëren. De plannen zijn vergeleken met een conven-
tionele mid-position SBRT-plan met 3 mm marge. Door de mid-position aan te passen
tijdens de behandeling, is het mogelijk geworden om eventuele baseline verschuivin-
gen / drifts op te vangen. Dit wordt geïllusteerd door Figuur 5.2a, waar een shift van
3 mm plaatsvond na de eerste bundel, maar waar aan het einde van de behandeling het
doelgebied alsnog de volledige dosis ontvangen had (Figuur 5.5a). Het statische plan
veroorzaakte een duidelijk onderdosering van de doelgebied (25.7 tegen 23.1 Gy). In alle
gevallen werd het doelgebied beter bestraald (GTV D99: 25.7 tegen 23.1 Gy, 26.1 tegen
25.8 Gy en 25.9 tegen 25.2 Gy), kon de dosis worden verhoogd (GTV gemiddelde dosis:
27.3 tegen 26.9 Gy, 28.5 tegen 27.8 and 28 tegen 27.4 Gy) en werd het gezonde weefsel
beter gespaard (gemiddelde dosis, 2 cm rond het GTV: 7.7 tegen 10.5, 10.4 tegen 12.8 en
10 tegen 12.4 Gy, de gemiddelde ipsilaterale nierdosis: 2.7 tegen 3.5 Gy, 5.1 tegen 6.2 Gy
en 5.1 tegen 6.0 Gy). Dit werk presenteert een proof-of-concept pipeline dat alle aspec-
ten van een MRIgRT-behandeling beslaat en is in staat om de eerste, dagelijks adaptieve
behandeling op de MRL-linac uit te voeren. Om vergelijkbare work�ows veilig te kun-
nen uitvoeren, moeten er eerst end-to-end testen worden uitgevoerd die aantonen dat de
verschillende componenten robuust genoeg zijn. Met name de betrouwbaarheid van de
DVF zou daar potentieel beperkend kunnen zijn voor bepaalde toepassingen (zie secties
7.3 en 7.6). Vanuit het gezichtspunt van de informatica is herplannen al mogelijk (26 sec
gemiddeld), zodat in de toekomst de focus moet liggen op het online dosis accumule-
ren (voor lange bundels duurt dit enkele minuten) en a�eiden van bewegingsmodellen
(enkele seconden per volume), zie sectie 7.4.

118



ckontaxis 22 november 2017 16:07 Page 119 �
�	

�
�	 �
�	

�
�	

Samenvatting

C
ha

pt
er

8

119



ckontaxis November 22, 2017 16:07 Page 120�
�	

�
�	 �
�	

�
�	



ςκονταξις Νοvεμβερ 22, 2017 16:07 Παγε 121
�
�	

�
�	 �
�	

�
�	

CHAPTER 9
Περίληψη

Η εισαγωγή των υβριδιϰών µηχανηµάτων µαγνητιϰής τοµογραφίας (MRI) ϰαι γραµ-
µιϰών επιταχυντών (linear-accelerators) εισάγει µίααλλαγήπαραδείγµατοςστον ϰόσµο
της αϰτινοϑεραπείας. Η ιϰανότητα του συστήµατος να παρέχει ογϰοµετριϰή απει-
ϰόνιση ϰατά τη διάρϰεια της αϰτινοβολίας σε συνδυασµό µε την ανώτερη αντί-
ϑεση µαλαϰών ιστών του διαγνωστιϰής ποιότητας µαγνητιϰού τοµογράφου, επιτρέπει
τεράστιες δυνατότητες στις µελλοντιϰές ϑεραπείες. Αρχιϰά η συµβατιϰή ροή εργασίας
της αϰτινοϑεραπείας ϑα µεταβεί από ένα o�ine σε ένα online περιβάλλον, όπουσε ϰάϑε
δόση (ϰλάσµα) ϑεραπείας του ασϑενή ϑα χρησιµοποιείται ένα πλάνο ϑεραπείας που
ϑα στοχεύει την πιο πρόσφατη ανατοµιϰή ϰατάσταση του ασϑενούς όπως ϰαταγράφε-
ται αυτή λίγα λεπτά—σε αντίϑεση µε αρϰετές ηµέρες—πριν. Στη συνέχεια, αυτός ο
online ϰύϰλος ϑα προχωρήσει σε ένα ϰαϑεστώς πραγµατιϰού χρόνου ϰατά τη διάρϰεια
της ϑεραπείας, όπου η αϰτινοβολία ϑα προσαρµόζεται στην ανατοµία του ασϑενή
στιγµιαία, βασιζόµενη στην απειϰόνιση ϰατά τη διάρϰειας της ϑεραπείας ϰαι την
αϰτινοβολία που έχει έως τότε παραδοϑεί στον ασϑενή.

Σε αυτό το περιεχόµενο, µία νέα γενιά συστηµάτων ϑεραπείας είναι απαραίτητη
για την επιτόπου προσαρµογή του πλάνου ϑεραπείας µε βάση τα δεδοµένα τοπο-
ϑέτησης ϰαι ϰίνησης του ασϑενούς προερχόµενα από το MRI. Η παρούσα δουλειά
επιχειρεί να ϑέσει τις απαιτήσεις ενός τέτοιου συστήµατος ϰαι προτείνει µία νέα
µεϑοδολογία ϰατάτµησης ιϰανή να επιτρέψει τον γρήγορο επιτόπου επανυπολογισµό
πλάνου ϑεραπείας σε συνδυασµό µε ενδειϰτιϰές εφαρµογές προσαρµοζόµενης ϑερ-
απείας είτε µεταξύ των ηµερήσιων συνεδριών είτε ϰατά τη διάρϰεια της ϑεραπείας. Ο
παραχϑείς Adaptive Sequencer (ASEQ), είναι ιϰανός να συµπεριλάβει τις ανατοµιϰές
αλλαγές στη διαδιϰασία δηµιουργίας πλάνου Αϰτινοϑεραπείας µε Πεδία ∆ιαµορφού-
µενης ΄Εντασης (Intensity Modulated radiotherapy (IMRT)), ουσιαστιϰά επιτρέποντας
την επιτυχή βελτιστοποίηση ϰαι παράδοση µίας στατιϰής ϰλινιϰής δόσηςστη δυναµιϰή
ανατοµία του ασϑενή.

Στο ϰεφάλαιο 2 ο ASEQ παρουσιάζεται, ένας νέος αλγόριϑµος ϰατάτµησης ο οποίος
επιτρέπει την συµπερίληψη της πιο πρόσφατης ανατοµίας του ασϑενούς ϰατά τη
διάρϰεια της IMRT βελτιστοποίησης. Ο ASEQ (Ειϰόνα 2.1) είναι µία επαναλαµβανό-
µενη διαδιϰασία η οποία σταδιαϰά συγϰλίνει σε µία δοσµένη ϰατανοµή δόσης. Χρησι-
µοποιώντας µία διαδιϰασία δύο φάσεων, αρχιϰά υπολογίζεται η συνεισφορά δόσης
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ϰάϑε δέσµης αϰτινοβολίας στην ανατοµία του ασϑενούς —χωρισµένη σε µιϰρότερα
στοιχεία (beamlets) —από µία MonteCarlo µηχανή δόσης. Κάϑε επανάληψη του αλ-
γόριϑµου περιλαµβάνει ένα βήµα βελτιστοποίησης πυϰνότητας ενέργειας (�uence) το
οποίο στοχεύει την παρούσα ϰατάσταση της ανατοµίας ϰαι ενηµερώνει αναλόγως τη
συνεισφορά πυϰνότητας ενέργειας ϰάϑε δέσµης αϰτινοβολίας. Στη συνέχεια ένας αλ-
γόριϑµος ϰατάτµησης πεδίων (segmentation) χωρίζει τον χάρτη πυϰνότητας ενέργειας
ϰάϑε δέσµης σε σχηµατοποιηµένα υποπεδία (segments) συµβατά µε τον εϰάστοτε
γραµµιϰό επιταχυντή ϰαι επιλέγει ένα από αυτά για να παραδοϑεί στον ασϑενή.
Η δόση αυτού του segment υπολογίζεται ϰαι αφαιρείται από την εναποµένουσα
δόση που πρέπει συνολιϰά να παραδοϑεί. Αυτή η διαδιϰασία επαναλαµβάνεται έως
ότου ένα ϰριτήριο σύγϰλισης επιταχυνϑεί. Το ϰριτήριο που επιλέχϑηϰε σε αυτή τη
δουλειά ήταν το ποσοστό της δόσης που έχει παραδοϑεί στο στόχο αναλογιϰά µε
την συνολιϰή συνταγογραφηµένη δόση. Αυτή η διαδιϰασία αϰολουϑείται από µία
βελτιστοποίηση των βαρών των υποπεδίων αϰτινοβολίας (Segment Weight Optimiza-
tion (SWO)), η οποία γενιϰά χρησιµοποιείται στα συστήµατα πλάνων ϑεραπείας, ϰαι
βελτιστοποιεί τις µονάδες αϰτινοβολίας (Monitor Units (MU)) ϰάϑε υποπεδίου ώστε να
οδηγήσει σε ϰαλύτερη συµφωνία µε την επιϑυµητή δόση στο στόχο. Αυτή η δουλειά
επέδειξε ότι ο ASEQ: σε συνδυασµό µε την SWO µπορεί να υπολογίσει πλάνα ϑερ-
απείας ϰλινιϰής ποιότητας για διάφορα σηµεία ϑεραπείας, συµπεριλαµβανοµένου του
προστάτη, ϰεφαλής-τραχήλου, µετάστασης στη σπονδυλιϰή στήλη ϰαι στήϑος. Οι
δηµιουργούµενες ϰατανοµές δόσεων αναπαρήγαγαν πιστά τις ιδανιϰές επιϑυµητές
δόσεις, οδηγώντας σε µία µέση διαφορά 0.1% ϰαι 3% τυπιϰή απόϰλιση. ΄Ολα τα
πλάνα παραδόϑηϰαν σε ένα τρισδιάστατο οµοίωµα διόδου ϰαι πέρασαν όλες τις δι-
αδιϰασίες διασφάλισης ποιότητας (Quality Assurance (QA)) που χρησιµοποιούνται
στην ϰλινιϰή µας, φτάνοντας ένα µέσο όρο 98.5% στην ανάλυση γάµµα ϰατανοµής
3%/3mm. Επιπροσϑέτως, το (Inter-Fraction Scheme (IFS) αναπτύχϑηϰε, ϰατά το οποίο
η SWO παραλείπεται ϰαι, αντ’αυτού, η όποια υπολειπόµενη/παραλειπόµενη δόση
µεταφέρεται ανά διαϰριτό στοιχείο όγϰου (voxel) στη δόση της επόµενης συνεδρίας.
Για όλες τις περιπτώσεις δείξαµε ότι επιτρέποντας µιϰρές αποϰλίσεις από την ηµερήσια
συνταγογραφηµένη δόση, ο ASEQ µπορούσε να συγϰλίνει επιτυχώς στην επιϑυµητή
δόση χωρίς την ανάγϰη οποιουδήποτε πρόσϑετου βήµατος µετά την SWO (Ειϰόνα
2.11). Αυτό σηµαίνει ότι ο ASEQ είναι ιϰανός για µη ντετερµινιστιϰές εφαρµογές όπως
η επιτόπου προσαρµογή του πλάνου ϰατά τη διάρϰεια της ϑεραπείας που ϑα παράγει
νέα υποπεδία βασιζόµενα στις µεταβαλλόµενες ανατοµίες, οι οποίες είναι άγνωστες
στη φάση πριν από την ϑεραπεία.

Στο ϰεφάλαιο 3 τα απαραίτητα βήµατα για την προσαρµογή πλάνου ϑεραπείας
µεταξύ των υποπεδιών δηλαδή ϰατά τη διάρϰεια της αϰτινοβολίας σε ϰάϑε συνεδρία,
προστέϑηϰαν στη σωλήνωση του ASEQ (Ειϰόνα 3.2). Πιο συγϰεϰριµένα, ο υπολογισµός
χωρίζεται στο χώρο αναφοράς ϰαι στο δυναµιϰό χώρο αντίστοιχα. Κατά τη διάρϰεια
ϰάϑε επανάληψης του αλγόριϑµου, φορτώνεται η νέα ανατοµία του ασϑενή —όπως
περιγράφεται από τρισδιάστατα διανυσµατιϰά πεδία παραµόρφωσης (3D Deformation
Vector Fields (3D DVFs) —ϰαι η τρέχουσα εναποµείνασα δόση που πρέπει να παραδο-
ϑεί στον ασϑενή µεταφέρεται (παραµορφώνεται) στο δυναµιϰό χώρο της τελευταίας
ανατοµίας. Στη συνέχεια, όλα τα βήµατα, συµπεριλαµβανοµένου της βελτιστοποίησης
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πυϰνότητας ενέργειας τα οποία οδηγούν στην επιλογή των υποπεδίων ϰαι τον υπολο-
γισµό της δόσης, λαµβάνουν χώρα σε αυτό το δυναµιϰό χώρο. Μετά τον υπολογισµό
της δόσης, η ϰατανεµηµένη δόση µεταφέρεται πίσω στο χώρο αναφοράς της αρχιϰής
ανατοµίας του ασϑενούς ϰαι αφαιρείται από την εναποµείνασα δόση. Η δυνατότητα
της προσαρµογής ϰατά τη διάρϰεια της ϑεραπείας ελέγχϑηϰε µε την προσοµοίωση
ϑεραπείας νεφρού µίας ή πολλαπλών συνεδρίων µε τεχνητά δηµιουργηµένη σταδι-
αϰή µετατόπιση από την αρχιϰή ϑέση, η οποία έφτανε µέχρι τα 1.2 cm µε βήµατα
των 0.2 mm. Η προσαρµοζόµενη ϑεραπεία συγϰρίϑηϰε µε µία συµβατιϰή προσέγγιση
ITV η οποία ϰάλυπτε την προϰληϑείσα µετατόπιση από την αρχιϰή ϑέση. Ο ASEQ
ήταν ιϰανός να αϰολουϑήσει το στόχο ϰαι να συγϰλίνει πλήρως στην συνταγογραφη-
µένη δόση, αποδίδοντας σε ίσο βαϑµό µε τα ITV πλάνα (Ειϰόνες 3.5), µειώνοντας σε
µεγάλο βαϑµό την παραδοϑείσα δόση στον υγιή ιστό γύρω από το GTV (Ειϰόνες 3.6
ϰαι 3.7). Η ίδια συµπεριφορά παρατηρήϑηϰε σε ένα πολυϰλασµατιϰό περιβάλλον,
όπου η προσαρµογή ϰατά τη διάρϰεια της αϰτινοβολίας ϰαι το IFS χρησιµοποιήϑηϰαν
για να παραλείψουν την SWO ϰαι να µεταφέρουν την υπολειπόµενη/παραλειπόµενη
δόση στην επόµενη συνεδρία (Ειϰόνα 3.8). Η σύγϰλιση στην επιϑυµούσα δόση εν
µέσω δηµιουργίας υποπεδίων που στοχεύουν τη δυναµιϰή ανατοµία, επιδειϰνύει την
ϰατασϰευαστιϰή υπόϑεση—που τέϑηϰε στο ϰεφάλαιο 2—ότι ο ASEQ είναι ιϰανός για
την προσαρµογή του πλάνου ϑεραπείας ϰατά τη διάρϰεια της αϰτινοβόλησης του
ασϑενούς.

Συνεχίζοντας αυτό το έργο το οποίο έδειξε ότι ο ASEQ µπορεί να υπολογίσει έγϰυρα
ϰλινιϰά πλάνα υπό την παρουσία στατιϰών ϰαι δυναµιϰών ανατοµιών, ολόϰληρο
το πλαίσιο επανασχεδιάστηϰε ώστε να επιτρέψει τις πολύ γρήγορες εφαρµογές που
απαιτούνται για την προσαρµογή µεταξύ ϰαι ϰατά τη διάρϰεια της ϑεραπείας στην
ϰλινιϰή. Ο ASEQ ενσωµατώϑηϰε στο ερευνητιϰό σύστηµα ϑεραπείας (MRL Treatment
Planning system (MRLTP)) της ϰλινιϰής µας σε διαφορετιϰές σωληνώσεις ανάλογα
µε την σϰοπούµενη χρήση τους· στοχεύοντας είτε στην τρέχουσα ϰλινιϰή ροή είτε
στη µελλοντιϰή ϰλινιϰή της ϰαϑοδηγούµενης υπό µαγνητιϰή τοµογραφία αϰτινοϑερ-
απείας (MRIgRT) µε το MRI-linac (ϰεφάλαιο 5). Χρησιµοποιώντας τη νέα έϰδοση
του MRLTP, το ϰεφάλαιο 4 παρουσιάζει µία εφαρµογή ϰαϑηµερινής προσαρµογής
της ϑεραπείας για τη διόρϑωση περιστροφών στην αϰτινοϑεραπεία προστάτη. Για
πέντε ασϑενείς ϰαι 35 δόσεις ϑεραπείας, δύο σωληνώσεις προσαρµογής ϑεραπείας
προσοµοιώϑηϰαν βασισµένες σε µετασχηµατισµούς εξαχϑέντες από δεδοµένα τοπο-
ϑέτησης µε αϰτινοσϰιερούς ϰόϰϰους (δείϰτες) από ασϑενείς που είχαν προηγούµενα
ϑεραπευτεί στην ϰλινιϰή µας. Κατά το πρώτο ϰαϑεστώς προσαρµογής της ϑεραπείας,
η ηµερήσια ανατοµία του ασϑενούς δηµιουργήϑηϰε χρησιµοποιώντας τις ϰαταγεγραµ-
µένες περιστροφές ϰαι υποϑέτοντας τη µεταϰίνηση του ϰρεβατιού για την εναποµεί-
νασα µετατόπιση, ενώ το δεύτερο ϰαϑεστώς στόχευε την ανατοµία του ασϑενή δι-
αµορφωµένη µε βάση τη µετατόπιση ϰαϑώς ϰαι την περιστροφή. Οι µετασχηµα-
τισµένες περιοχές ενδιαφέροντος συµπεριλάµβαναν τους στόχους, το ορϑό ϰαι την
ουροδόχο ϰύστη ενώ το αρχιϰό περίγραµµα του σώµατος του ασϑενούς διατηρήϑηϰε.
Τα αποτελέσµατα συγϰρίϑηϰαν ως προς την ϰάλυψη του στόχου ϰαι την έϰϑεση των
οργάνων σε ϰίνδυνο (Organs At Risk (OARs) όπως εξήχϑησαν από τα ϰατάλληλα
σηµεία ιστογραµµάτων δόσης-όγϰου (Dose Volume Histograms (DVH)). Τα δύο ϰα-
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ϑεστώτα προσαρµογής βρέϑηϰαν να είναι πολύ όµοια (µέση διαφορά CTV D99: 0.01
Gy), επιδειϰνύοντας ότι ο πλήρης µετασχηµατισµός µπόρεσε να αντισταϑµιστεί ϰατά
τη διάρϰεια του επανυπολογισµού του πλάνου ϑεραπείας ϰαι άρα ότι µία εξωτεριϰή
διόρϑωση µετατόπισης του ϰρεβατιού δε ϑα ήταν απαραίτητη. Επίσης, το ίδιο σετ υπ-
ολογισµών επαναλήφϑηϰε για µειούµενα περιϑώρια, περιλαµβάνοντας τα 8 (ϰλινιϰά),
6, 4, 2 ϰαι 0 mm σε µία προσπάϑεια να ελεγχϑεί η απόδοση του επανυπολογισµού του
πλάνου ϰαι να ϰαϑοριστεί το πιϑανό δοσιµετριϰό πλεονέϰτηµα. Το ϰαϑεστώς προσαρ-
µογής ϑεραπείας ήταν ιϰανό να οδηγήσει στην επιϑυµητή ϰάλυψη στόχου σε όλα τα
περιϑώρια ενώ τα αρχιϰά πλάνα παρέδωσαν λιγότερη δόση ϰατά µέσο όρο στο στόχο
(µέση µείωση CTV D99: 0.2 Gy στα 8 mm σε 2.9 Gy στα 0 mm περιϑώριο) λόγω της
ϰίνησης όπως ϰαταγράφηϰε από τους δείϰτες. Ο όγϰος του ορϑού ϰαι της ουροδόχου
ϰύστης που εϰτέϑηϰε στην περιοχή υψηλής δόσης µειώϑηϰε ϰατά µέσο όρο σε όλα
τα περιϑώρια (µέση µείωση V72: 0.5% ϰαι 0.2% αντίστοιχα). ΄Ενα σηµαντιϰό εύρηµα
ήταν ότι αϰόµα ϰαι στο τρέχων ϰλινιϰό περιϑώριο, η περιστροφιϰή διόρϑωση µέσω
επανυπολογισµού του πλάνου ϑεραπείας, είναι ιϰανή να παράγει πιο συνεπή πλάνα
σε όρους ϰάλυψης ϰαι προφύλαξης (sparing) των OARs στην περιοχή υψηλής δόσης.
Επιπροσϑέτως, δείχϑηϰε ότι µε την παρούσα υλοποίηση του MRLTP ένα πλήρες πλάνο
προστάτη µπορεί να παραχϑεί σε λιγότερο από 2 λεπτά επιτρέποντας την επιτόπια
εφαρµογή. ΄Οταν συνδυαστεί µε την παρουσία ηµερήσιας παραµορφώσιµης ευϑυγράµ-
µισης ειϰόνας ϰαι DVFs, τα οποία µπορούν να χρησιµοποιηϑούν από το MRLTP ϰαι
τον ASEQ όπως παρουσιάζεται στα ϰεφάλαια 3 ϰαι 5, αυτή η δουλειά µπορεί άµεσα
να εφαρµοστεί σε µία ροή εργασίας MRI-linac για ηµερήσια προσαρµογή του πλάνου
ϑεραπείας.

Το ϰεφάλαιο 5 παρουσιάζει µία νέα προσαρµοζόµενη ϑεραπεία ϰατά τη διάρϰεια της
αϰτινοβολίας για νεφροϰυτταριϰό ϰαρϰίνωµα (Renal Cell Carcinoma (RCC)) υπό το
ϰαϑεστώς του MRI-linac. Μία ϑεραπεία µονής συνεδρίας των 25 Gy στερεοταϰτιϰής
χειρουργιϰής (Stereotactic Body Radiation Therapy (SBRT)) προσοµοιώϑηϰε βασισµένη
σε τρισδιάστατες παραµορφώσεις υπολογισµένες από επιτόπια δεδοµένα µαγνητιϰής
τοµογραφίας. Η προτεινόµενη σωλήνωση µαγνητιϰής τοµογραφιϰής απειϰόνισης περ-
ιλαµβάνει τετραδιάστατη µαγνητιϰή τοµογραφία (4DMRI) ϰατά τη φάση µεταξύ της
τοποϑέτησης του ασϑενούς στο ϰρεβάτι ϰαι πολλαπλά σετ ορϑογώνιων δισδιάστατων
ειϰόνων που παράχϑηϰαν ϰατά την αϰτινοβόληση του ασϑενή, µε µία συχνότητα
των 2.8 Hz µε σϰοπό την εϰτίµηση της ϰίνησης του ασϑενούς. Από την 4DMRI υπ-
ολογίστηϰε η ανατοµία αναφοράς µέσης-ϑέσης (mid-position) του ασϑενούς ϰαϑώς
ϰαι ένα στατιστιϰό µοντέλο ϰίνησης µέσω Ανάλυσης Κύριων Συνιστωσών (Principal
Component Analysis (PCA)). Το µοντέλο ϰίνησης χρησιµοποιείται για να επεξεργαστεί
τις δισδιάστατες ειϰόνες ϰαι µέσω µίας διαδιϰασίας επαναληπτιϰής βελτιστοποίησης,
να µεταφέρει την ανατοµία αναφοράς, παράγοντας 3D DVFs ϰαι τις αντίστοιχες 3D
ανατοµίες, µε την ίδια υψηλή συχνότητα. ΄Υστερα, το MRLTP χρησιµοποιείται για
να προσοµοιώσει την προσαρµογή της ϑεραπείας µεταξύ των δεσµών αϰτινοβολίας
χρησιµοποιώντας µία πρότυπη µέϑοδο ανανέωσης της µέσης-ϑέσης ενώ περιλαµβάνει
την προηγουµένως παραδοϑείσα δόση στον ασϑενή, µε αϰρίβεια υπολογισµένη στη
δυναµιϰή ανατοµία. Πιο συγϰεϰριµένα, ξεϰινώντας από ένα πλάνο που στοχεύει την
προ-αϰτινοβολίας ανατοµία µέσης-ϑέσης, ϰάϑε δέσµη αϰτινοβολίας παραδίδεται (σε
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αυτήν την περίπτωση σε έναν εξοµοιωτή του MRI-linac) ϰαι τα αρχεία ϰαταλόγου
(log �les) της ϑεραπείας, τα οποία περιλαµβάνουν την ϰατάσταση του γραµµιϰού επι-
ταχυντή (ϑέση φύλλων, MU ϰτλ.) µε ένα διάστηµα 40 ms, συσχετίζονται µε τις επιτό-
πιες ανατοµιϰές ϰαταστάσεις, οδηγώντας σε πολλαπλούς συνδυασµούς υποπεδίου ϰαι
δυναµιϰής ανατοµίας. Οι αντίστοιχες δυναµιϰές ϰατανοµές δόσεων υπολογίζονται,
µεταφέρονται ϰαι συσσωρεύονται στο χώρο αναφοράς. Η αναδοµηµένη δόση της
δέσµης αϰτινοβολίας χρησιµοποιείται µετά για να αυξήσει τη συνολιϰή ϰατανεµηµένη
δόση. Την ίδια στιγµή, η µέση τιµή των διανυσµατιϰών πεδίων που αντιστοιχούν
στο χρόνο ϰατανοµής της δόσης της δέσµης αϰτινοβολίας χρησιµοποιούνται για να
ανανεώσουν την αρχιϰή ανατοµιϰή µέση-ϑέση του ασϑενή. Τελιϰά, το MRLTP εϰτελεί
γρήγορο επανυπολογισµό του πλάνου ϑεραπείας στοχεύοντας τη νέα µέση-ϑέση ϰαι
συµπεριλαµβάνοντας στη βελτιστοποίηση τη δόση που προηγουµένως ϰατανεµήϑηϰε
στον ασϑενή. Τα δυναµιϰά προσαρµοσµένα πλάνα δηµιουργήϑηϰαν µε µηδενιϰό
PTV περιϑώριο σε µία προσπάϑεια να παραχϑούν όσο το δυνατό πιο σφιχτές δόσεις
ϰατανοµής ϰαι συγϰρίϑηϰαν µε ένα συµβατιϰό πλάνο µέσης-ϑέσης µε περιϑώριο 3 mm,
επίσης εϰτεϑειµένο στην ίδια ϰίνηση. Με την ανανέωση της ανατοµίας µέσης-ϑέσης
του ασϑενή, αυτή η µέϑοδος είναι ιϰανή να συµπεριλάβει τις µεταβολές/µετατοπίσεις
από την αρχιϰή ϑέση οι οποίες µπορούν να συµβούν ϰατά τη διάρϰεια της ϑεραπείας.
Αυτό διαφαίνεται στην (Ειϰόνα 5.2α) όπου µία µετατόπιση περίπου 3 mm, η οποία
συνέβη πριν την αϰτινοβόληση, διορϑώϑηϰε µετά την πρώτη παραδοϑείσα δέσµη αϰ-
τινοβολίας του προϋπολογισµένου πλάνου, οδηγώντας σε πλήρη ϰάλυψη του στόχου
έως το τέλος της ϑεραπείας (Ειϰόνα 5.5α), ενώ το στατιϰό πλάνο είχε σηµαντιϰά µει-
ωµένη δόση στο στόχο (25.7 vs. 23.1 Gy). Σε όλες τις περιπτώσεις η προσαρµογή
οδήγησε σε υψηλότερη ϰάλυψη του στόχου (GTV D99: 25.7 vs. 23.1 Gy, 26.1 vs. 25.8
Gy ϰαι 25.9 vs. 25.2 Gy) ϰαι ϰλιµάϰωση δόσης (GTV µέση δόση: 27.3 vs. 26.9 Gy,
28.5 vs. 27.8 ϰαι 28 vs. 27.4 Gy), ενώ προφύλαξε τον περιβάλλοντα υγιή ιστό (µέση
δόση σε µία περιοχή αϰτίνας 2 cm γύρω από το GTV: 7.7 vs. 10.5, 10.4 vs. 12.8
ϰαι 10 vs. 12.4 Gy ϰαι µέση δόση σύστοιχου νεφρού: 2.7 vs. 3.5 Gy, 5.1 vs 6.2 Gy
ϰαι 5.1 vs. 6.0 Gy). Αυτή η δουλειά παρουσιάζει την ‘απόδειξη της ορϑότητας της
ιδέας’ µιας σωλήνωσης που ϰαλύπτει όλους τους τοµείς µίας MRIgRT ϑεραπείας ϰαι
αποτελεί µία ϰαλή υποψηφιότητα για τις πρώτες πραγµατιϰά προσαρµοζόµενες ϑερ-
απείες µετά από τις ηµερησίως προσαρµοζόµενες ϑεραπείες µε το MRI-linac οι οποίες
ϑα δώσουν αρϰετή εµπιστοσύνη στην ϰοινότητα. Για παρόµοιες ροές εργασίας έλεγχοι
από άϰρο σε άϰρο πρέπει να υλοποιηϑούν αξιολογώντας τα διαφορετιϰά µέρη, από
την εϰτίµηση της ϰίνησης µέχρι την προσαρµογή του πλάνου, µε το επίϰεντρο της
προσοχής να βρίσϰεται στην αϰρίβεια των DVFs η οποία ϑα µπορούσε να περιορί-
σει τις δυνατές εφαρµογές (Ενότητες 7.3 ϰαι 7.6). Από µία υπολογιστιϰή σϰοπιά, ο
επανυπολογισµός του πλάνου σε αυτά τα χρονιϰά πλαίσια είναι ήδη δυνατός (26 sec
ϰατά µέσο όρο σε αυτά τα αποτελέσµατα), ενώ η µελλοντιϰή δουλειά πρέπει να επιϰεν-
τρωϑεί στην επιτόπια συσσώρευση δόσης (η οποία στον παρόντα χρόνο υλοποιείται
σε τάξη µεγέϑους λεπτών για µαϰρές δέσµες αϰτινοβολίας) ϰαι στην εϰτίµηση της
ϰίνησης (η οποία στον παρόντα χρόνο υλοποιείται σε τάξη µεγέϑους δευτερολέπτων
ανά ανατοµιϰή ϰατάσταση) (Ενότητα 7.4).
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