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Introduction

1.1 Clinical radiotherapy

Genetic damage accumulates during our lifetime as our body is unable to repair all

genomic damage and mutant alleles are formed. Resulting abnormalities that lead

to uncontrolled cell division and can spread into other tissues, are categorized as

cancer. About 30% of the people have cancer by the end of their lifespan [1]. Cancer

has risen to the leading cause of death in the Netherlands [2], and is expected to

become a major cause of mortality in all regions of the world [3, 4]. Cancer causes

immense unquantifiable human suffering and huge economic burden [5].

The principal basis for cancer treatment is simple but extremely difficult to apply in

practice. All affected cells need to be removed, controlled or neutralized. One expedi-

ent is the use of ionization radiation which, in fundamental contrast to non-ionization

radiation such as sunlight, carries enough energy to break covalent bonds between

atoms and electrons. In particular, this can lead to double strand breaks in DNA

molecules that can induce cell death, and can therefore be used to destroy tumour

tissue [6]. Radiotherapy is the use of ionizing radiation as a means for treatment,

against cancer or other disorders.

Radiotherapy is an effective, flexible and minimally invasive treatment modality that is

used as primary, adjuvant, neoadjuvant or palliative treatment. Modern radiotherapy

is a synergy of medicine, physics, biology, engineering and computer science, and

the result of more than a century of evolution. The use of photon beams to neutralize

cancers cells inherently causes damage to normal tissues. Therefore, radiotherapy

treatments remain a balance between tumour control probability and normal tissue

toxicity. The optimal trade-off for a treatment is difficult to define and plan. There-

fore, radiation delivery is carefully planned using sophisticated algorithms collectively

known as a treatment planning system (TPS) to maximise therapeutic ratio.

External beam radiotherapy (EBRT) using a linear accelerator (linac) is the most com-

mon method for clinical irradiations. Medical engineers have developed linacs into

machines that can deliver highly modulated conformal radiation beams from nearly

any incident direction. By combining beams with varying shapes and intensity distri-

butions from different directions, the radiation dose in the tumour is increased while

minimizing the dose to normal tissue. The use of a small number of static step-and-

shoot beam directions in intensity modulated radiotherapy (IMRT) [7] has evolved into

dynamic radiation delivery with volumetric arc therapy (VMAT) [8] treatments. Multi-

leaf collimators (MLCs) create complex superpositions of larger and smaller beams
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with varying dose rates, and daily image guidance can be achieved using e.g. on-

line kilovolt cone beam CT imaging. Medical equipment companies are developing

technologies to improve the integration of different imaging and treatment modalities

into the same room or even into the same device. Innovative equipment such as

the PET-CT, PET-MR and more recently the MR-linac, enable multi-parametric imag-

ing and verification tools and approach real time feedback loops. These tools are

improving radiation targeting conformality, and directly increase the therapeutic ratio

by reducing dose to normal tissues [9, 10] or dose escalation to the target volumes.

Advanced computing and optimisation algorithms and raw computing power enable

contemporary clinical radiotherapy practice.

A general overview of the various phases of a clinical radiotherapy treatment is shown

in figure 1.1. After diagnosis and the treatment prescription, that may include other

treatment modalities, functional and anatomical image guidance is used as a basis

for the radiotherapy plan. Much care is dedicated to precisely define target and avoid-

ance regions. Usually, multiple radiation dose fractions are delivered to the patient,

with relatively small daily doses. The whole process may take several weeks. During

the treatment delivery stage, additional image guidance is used for patient positioning

during each fraction, and delivered irradiation fields can be measured using an on-

board imaging panel, the so called electronic portal imaging device (EPID) [11, 12].

EPID dosimetry enables irradiation verification to revise a treatment if needed using

adaptive radiotherapy techniques [13]. This approach enables dose guided radio-

therapy (DGRT) and has evolved to time dependent dose verification methods [14].

With the current state of data heavy radiotherapy treatments with high complexity,

dedicated record and verify systems are used to orderly gather and store radiation

treatment data.

1
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Figure 1.1: The general workflow of a clinical and preclinical radiotherapy treatment course.
A clinical course starts with a diagnosis and prescription of the radiation treatment, that can
be part of a multi-modal treatment scheme. Pre-treatment imaging is performed for volume of
interest identification and creation of the irradiation plan, which is generally delivered during
several days to weeks. The irradiation plan is created using a TPS and can take several days
to reach final approval. During the treatment delivery phase, verification technologies can
indicate the need for treatment adaptations using a feedback loop. A preclinical radiotherapy
trajectory starts with the study design. A major difference with its clinical counterpart is that
the treatment preparation and delivery phase are combined and carried out during a single
session, or multiple consecutive sessions. The animal is imaged in treatment position and
the irradiation plan is created, simulated, optimised and delivered, all consecutively within one
session. The animal is kept under anaesthesia during this complete phase. Generally, there
is only a single or there are only a few irradiation fractions. Although adaptive feedback is
possible in the preclinical setting, this is currently not commonly performed.
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1.2 Preclinical radiotherapy and biological models

Introducing novel therapeutic strategies such as new anti-cancer agents, treatment

schemes, drug combinations, or new or adapted therapy combinations into clinical

practice is difficult. The development is costly and time consuming, and clinical trials

can be ethically undesirable. In radiotherapy, technological developments have of-

ten already progressed considerably by the time the results of a clinical trial become

available. This augments the incentive to maximize the relevance of preclinical data

to smooth the translation of preclinical efficacy into clinical therapy. The success rate

for approval of oncology drugs is lower than for any other disease area [15], the ma-

jority of promising preclinical therapies are not replicated in humans [16], and a large

portion remains untested [17]. This indicates the need to improve the translation of

preclinical data [18]. Failing approaches need to be eliminated as soon as possible

and when a promising candidate is found, valuable preclinical research data need to

be used for subsequent clinical trial design to e.g. help define a therapeutic window

or identify biomarkers for targeting or response quantification.

Preclinical in vitro data need to be tested in vivo to explore cell interaction with the

microenvironment, explore biological pathways, and investigate immune responses.

However, selecting or creating suitable biological models is challenging and depends

on research questions [19]. Already soon after the discovery of x-rays, animals were

used to model human radiobiological effects, albeit without translocated tumour cells

[20, 21]. Modern practice involves the development of in vivo models using genetically

engineered, patient derived xenografts or spontaneously occurring cancers. Much

progress has been made in this area to create biological models with specific knock-

outs or molecular markers, which has expanded insight in molecular biology [22].

Preclinical animal studies mainly use mice because of similarities to human phys-

iology such as organ systems and genes, knowledge on manipulating genetics to

express oncogenes or introduce knock-outs, the relatively ease of breeding, practical

handling, and relatively low cost. There are, obviously, substantial differences and

therefore limits and often critiques to the use of mouse biology as human model. In

comparison with mice, humans are about 3000 times larger in volume, live 30-50

times longer, and have a lower cancer susceptibility [1]. There are other concerns

when using murine models such as differences in inflammatory stress response, ba-

sic metabolic rates and host immune system, and loss of heterogeneity in cultured

cell lines [17].

Traditional animal models mostly use subcutaneous transplantation of tumours on the

1

6



Introduction

hind leg or flank, which allow for simple irradiation setups such that relevant dose

levels can be achieved easily without reaching dose limitations of normal tissues.

Subcutaneous models also allow for facile tumour volume estimation using manual

calliper measurements, high animal throughputs for strong statistics, and cost effec-

tiveness. Furthermore, preclinical studies are often carried out using a single or only

a few radiation fractions, in stark contrast to clinical regimes that can include dozens

of fractions. Primary tumours are heterogeneous in their biology, biochemical, and

immunological properties, and to e.g. investigate invasiveness or metastatic poten-

tial, host–tumour interactions need to be modelled accurately. This importance of

the tumour microenvironment led to a growing interest in the use of orthotopic cancer

models, which are believed to be more relevant in comparison with heterotopic cancer

models [19].

The use of orthotopic cancer models requires more complex irradiation setups. Avoid-

ing limiting normal tissue toxicities while achieving sufficient dose to target volumes

becomes a main challenge, similar to clinical radiotherapy practice. In the absence of

capable preclinical irradiation hardware, clinical devices with or without modifications

or additional ad hoc shielding setups are often used instead. The advancing clini-

cal technologies to enable highly modulated patient irradiations are pushed to their

limits to achieve the scale and precision required for preclinical animal irradiations.

For example, Trani et al. performed 3D heterogenous PET based dose delivery on

the millimetre scale to subcutaneous flank tumours on a rat, using data from a clinical

PET-CT scanner for functional imaging based treatment optimisation on a clinical TPS

[23, 24]. Other examples of the use of clinical hardware are the use of a high dose

rate brachytherapy systems using an 192Ir source [25, 26], an electronic brachytherapy

source [27], or the Gamma Knife radiosurgery device [28].

Despite such admirable achievements, the use of clinical equipment has practical and

fundamental limitations [29]. The use of MV photon energies results in build-up and

penumbra regions of several centimetres, and lack full backscatter conditions at the

distal end of media boundaries, resulting in highly non-uniform doses. The innovations

in clinical hardware have not been sufficient to meet the requirements for advanced

image guided preclinical irradiations [29]. Whereas many imaging modalities have

been adapted to the scale and quality required for small animal research in dedicated

devices [30], dedicated preclinical irradiation devices have been lagging.
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Figure 1.2: A general overview of a micro-IGRT platform. The animal can be positioned using
a moveable couch, an orthovoltage x-ray tube is used for irradiation, and image guidance is
performed using an EPID. The x-ray tube and EPID are generally placed on opposite sides
of a rotatable gantry. More modern hardware iterations are expanding the number of degrees
of freedom to include e.g. animal rotation or variable aperture collimation. Onboard imaging
capabilities are often cone beam CT and bioluminescence imaging.
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1.3 Precision small animal image guided radiotherapy

Several research groups developed and integrated hardware and software to address

the lack of experimental irradiation devices downscaled to the murine level. Vari-

ous approaches have been applied of which one is the extension of simple preclini-

cal orthovoltage x-ray cabinets with more sophisticated beam collimation and image

guidance [31, 32]. Other groups used a modified micro-CT scanner as basis to en-

able delivery of therapeutic irradiations. A group from Stanford University retrofitted

a commercial micro-CT scanner with an iris-like variable aperture collimator [33–35]

and a group from the University of Western Ontario modified a similar micro-CT scan-

ner to deliver gated asymmetrically collimated fields at 140kVp [36]. Another group at

Heidelberg University reported on modifications to an industrial micro-CT unit [37]. A

distinct group of institutes followed a path similar to linacs and developed systems that

are now known as micro image guided radiotherapy (micro-IGRT) platforms. These

platforms generally consist of a high-power industrial x-ray tube and generator, cone

beam CT image guidance using an EPID, and the use of robotics for animal and

beam positioning. A group from Johns Hopkins University in Baltimore introduced the

Small Animal Radiation Research Platform (SARRP) [38, 39] which has been com-

mercialized by Xstrahl Ltd (Surrey, UK), and a group from Princess Margaret Hospi-

tal in Toronto developed the X-RAD 225Cx [40] which has been commercialized by

Precision X-ray Inc. (North Branford, USA)(PXi). Another group from the Techni-

cal University of Dresden developed the Small Animal Image Guided RadioTherapy

(SAIGRT) [41] platform, which is not commercially available but is being deployed at

other institutes through collaborative efforts. The design of these systems differs but

the platforms share many similarities. A general overview of such a micro-IGRT unit

is illustrated in figure 1.2. A dual focus x-ray tube provides separation of an imaging

and therapeutic photon spectrum. Therapeutic doses are delivered using spectra up

to 225 kVp at a maximum dose rate of about 4 Gy/minute, and manually interchange-

able collimators are used for beam collimation. Other groups have reported on similar

in-house built systems such as a group from the University of Arkansas Medical Sci-

ences that uses a robotic arm [42, 43] and a group from University of Miami School

of Medicine that employs a static beam setup [44].

The commercially available platforms have gone through ongoing improvements over

the years. For example, the SARRP and X-RAD 225Cx were extended with integrated

bioluminescence optical imaging [45, 46], and more advanced collimation and animal

positioning systems have been developed. The work of this thesis uses the X-RAD

225Cx micro-IGRT platform which is installed at the University of Maastricht. The X-
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Figure 1.3: Pictures of the commercial micro-IGRT platform manufactured by PXi, of which
the first commercial installation occurred in our department at Maastricht University in 2010.
The initial version X-RAD 225Cx evolved into the X-RAD SmART.

RAD 225Cx has been described in detail by Clarkson et al. [40], and has evolved into

the X-RAD SmART [47], see figure 1.3.

1.4 Irradiation planning for precision image guided small animal
radiotherapy

The relatively recent development of new biological models and highly capable micro-

IGRT platforms led to the emergence of a completely new radiobiological research

field [48, 49]. This unique setting of combined knowledge of biologists, physicists,

medical doctors, and engineers enables the exploration of a wide range of research

topics. With this evolution, a new unmet need for irradiation planning software arose.

Software that enables the exploitation of the full potential of orthotopic biological mod-
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els used in combination with micro-IGRT platforms. These micro-IGRT platforms pref-

erentially use kilovolt (kV) photons instead of megavolt (MV) photons which are most

often used in clinical practice [29]. The underlying radiation physics models of a clin-

ical TPS do not support kV photon calculation, and a clinical TPS is not designed for

irradiation planning for small animals. This leads to other problems such as radiation

planning and optimisation at the required spatial scale, lack of support to incorporate

specific preclinical imaging modalities such as bioluminescence data, lack of support

to communicate an irradiation plan with micro-IGRT devices, and possible issues with

volume of interest delineation, and data and treatment visualization.

The work of this thesis uses Monte Carlo (MC) simulations as dose calculation engine.

MC simulations are arguably the golden standard for dose calculations in radiother-

apy [50, 51], and have often been used for orthovoltage photon beam calculations

[52–54]. MC is a calculation approach that simulates physical processes many times,

during which the process outcomes are selected pseudorandom from a statistical dis-

tribution. The use of randomness is at the core of this method and used in various

other fields such as physics, chemistry, and mathematics. In the case of radiation

simulations, millions of individual simulations are used to calculate a dose distribu-

tion. Accurate models of the irradiation hardware [55] and irradiation subject are used

to simulate the transport of charged and uncharged particles through geometries of

different media and densities.

All MC simulations in this thesis were performed using the MC code DOSXYZnrc [56]

to calculate dose in phantoms with rectilinear voxels, BEAMnrc [57, 58] to model the ir-

radiator, and an analytical model for fast generation of beam models [59]. DOSXYZnrc

and BEAMnrc are user applications built on top of the general purpose EGSnrc code

system which is currently maintained by the National Research Council of Canada

[60, 61]. EGSnrc is an evolution of the EGS4 code system [62], which in turn is an

evolution of many versions and programs ultimately dating back to the 1960’s when

punch cards were used to store the respective code systems. The development of the

predecessors of the EGS codes were motivated by the construction of the Stanford

Linear Accelerator (SLAC) to model high-energy electron beams [63]. The OMEGA

project in the early 90’s [64], led to the development of the user code BEAM, the pre-

decessor of BEAMnrc, that could be used to model linacs, and boosted the field of

medical physics tremendously.

Great progress has been made to minimize CPU usage by using variance reduction

[65] and condensed history techniques [66]. Still, the required calculation time of MC

1
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simulations was often unacceptable in the past, but practical applicability of MC simu-

lation for radiotherapy planning has become achievable for various reasons. With the

increase of single CPU computing power, the advent of multi core computing, and de-

creasing cost of CPU power and data storage, computing power has seen immense

growth the past decades. The introduction of programmable shaders and floating-

point support on graphics processors in the early 2000’s made general-purpose com-

puting on graphical processing units (GPGPU) possible. More recently, MC codes are

being developed to harness the parallel nature of graphics processing.

1.5 Outline

In summary, the motivation for the work of this thesis originated from the development

of new biological models and micro-IGRT systems, which led to a new research field

in radiobiological studies. Any aspect of radiobiology that involves interaction of the tu-

mour with its surroundings could potentially benefit from orthotopic versus heterotopic

animal models, and targeted localized irradiations can facilitate normal tissue toxic-

ity studies. The maximisation of the relevance of preclinical in vivo research data is

key to reduce the number of failing approaches, to design potentially successful clin-

ical trials, and reduce overall animal burden. To fully exploit the potential of this new

research area, capable radiation planning methods and algorithms for small animal ra-

diotherapy are required. In the next chapter, a review of specific issues and treatment

planning for preclinical precision irradiation of small animals is presented. To serve

an unmet need, a novel treatment planning system dedicated to micro-IGRT systems

was developed and validated which is described in chapter 3. The advancements of

this MC based treatment planning system to include beam-on time optimisation and

conformal dose painting irradiations are described in chapters 4 and 5. In chapter

6 the developed techniques are demonstrated with localized preclinical irradiations

using an orthotopic glioblastoma model in mice, and chapter 7 closes with a general

discussion, future perspectives, and conclusions.
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Abstract

Recently, precision irradiators integrated with a high-resolution CT imaging device became

available for preclinical studies. These research platforms offer significant advantages over

older generations of animal irradiators in terms of precision and accuracy of image guided

radiation targeting. These platforms are expected to play a significant role in defining

experiments that will allow translation of research findings to the human clinical setting. In

the field of radiotherapy, but also others such as neurology, the platforms create unique

opportunities to explore e.g. the synergy between radiation and drugs or other agents.

To fully exploit the advantages of this new technology, accurate methods are needed to

plan the irradiation and to calculate the three-dimensional radiation dose distribution in

the specimen. To this end, dedicated treatment planning systems are needed. In this

review we will discuss specific issues for precision irradiation of small animals, we will

describe the workflow of animal treatment planning, and we will examine several dose

calculation algorithms (factorization, superposition-convolution, Monte Carlo simulation)

used for animal irradiation with kilovolt photon beams. Issues such as dose reporting

methods, photon scatter, tissue segmentation and motion will also be discussed briefly.
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2.1 Introduction

The technical capabilities in human radiotherapy have reached a high level of sophis-

tication with e.g. intensity modulated radiotherapy and volumetric modulated arc ther-

apy whereby the photon fluence is modulated while a medical accelerator irradiates

the tumour with a crossfire of beams from several directions [1, 2]. Radiation dose dis-

tributions can now be sculpted intricately with techniques such as dose painting e.g.

to preferentially target hypoxic tumour regions [3]. This degree of sophisticated beam

delivery requires an equally complex level of planning and dose calculation which is

nowadays available in clinical treatment planning systems (TPS). Arguably the next

progress in radiation delivery comes in the form of hadron beams such as protons

and carbon ions [4] where also sophisticated treatment planning methods are being

developed [5]. Most progress in radiotherapy, real or perceived, has come from tech-

nological developments, and not from knowledge derived e.g. from animal irradiation

experiments [6]. The latter were mostly performed with irradiation technology which

bears little resemblance to modern radiotherapy equipment. The recent development

of many animal tumour models has enabled the detailed study of the tumour micro

environment and the interaction of radiation with tumours. Improved models of nor-

mal tissue response are also needed to assess optimal radiotherapy strategies. The

recent literature [6–8] has described some novel technology which, for the first time,

allows precision image guided radiotherapy for preclinical studies in radiotherapy. It

combines narrow radiation beams of photons which may be aimed precisely at tumor-

ous or healthy tissues with the aid of x-ray imaging equipment. It is expected that

this new technology may lead to meaningful translation of novel forms of cancer ther-

apy, e.g. by exploiting the synergy between radiation and drugs or other agents. In

a recent review paper on the novel animal technology [6] it was explained why small

animal precision irradiation with photons is preferably done with kilovolt (kV) instead

of megavolt (MV) photons. The main rationale is to avoid extensive dose build-up

regions near medium interfaces, and to avoid wide beam penumbras, sometimes en-

compassing the whole animal. Many animal studies done in the past didn’t employ a

TPS and usually no imaging was available. Using a human TPS for animal studies

is not really advisable, at least not without precautions. Human TPS employ calcu-

lation models unsuitable for small beams (<3 cm field size). One of the few animal

studies accurately modelling small beams of high energy photon beams with a ded-

icated TPS is [9] where rats were irradiated with small beams of 60Co photons from

a GammaKnife device. A human TPS may not be suited to handle the animal voxel

phantoms from e.g. a CT or MRI scan with commonly a large number of very small

voxels. There is also no human TPS that can reliably calculate dose distributions in
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heterogeneous phantoms irradiated by kV photon energies. Recently, dedicated pho-

ton dose calculation methods for small animals have been proposed from relatively

simple pencil beam type calculations to Monte Carlo simulations. The latter has the

potential of being the most accurate dose calculation technique available for a wide

range of conditions [10], provided accurate models are used. This review discusses

several of these methods with an emphasis on the technical capabilities and not on

treatment planning studies themselves. Sometimes precision proton [11] or hadron

beams [12] are used for preclinical studies; treatment planning for these is not in-

cluded in this review. Treatment planning for radiotherapy for companion animals is

also excluded from the review.

2.2 Issues for small animal radiation dose calculation

In the currently commercially available precision small animal irradiators a photon

spectrum of about 225 kV is used with collimators shaping small beams with dimen-

sions of 0.5 mm up to a few centimetres. Some in-house developed systems use

other photon energies. In the commercial devices the x-ray tube is mounted to al-

low irradiation of the specimen from multiple sides, and also to enable arced beams.

The same x-ray tube, with a lower tube voltage (typically 50-80 kV) and a wider field

of view typically encompassing a whole animal, is used to acquire a cone beam CT

(CBCT) image of the specimen. The CBCT imaging panel typically has a high spatial

resolution of about 100-200 µm (compare to 1-3 mm in human CT scanners). The

resulting 3D CBCT images may have a very large number of small voxels, easily in

the tens of millions. Storing a large number of these images in studies involving many

animals with each possibly undergoing several imaging sessions, may require special

consideration for data archiving.

In contrast to the MV energy range of photons where Compton scatter is the only

relevant photon interaction process, for kV photons the photo-electric effect becomes

increasingly important at lower energies. Whereas the probability of the Compton

effect for different tissues depends only on the electron density, the probability of

photoelectric effect depends very strongly on the effective atomic number Z3-4 of the

tissues. Since Z ranges from about 6-14 for human tissues, the probability for photo-

electric effect differs greatly between the tissues. Figure 2.1 shows that the mass

energy absorption coefficients [13] for various human tissues [14] differ significantly

from water. This quantity is closely related to absorbed radiation dose. Cortical bone

and skeletal muscle, which often occur in each other’s proximity anatomically, differ by
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Figure 2.1: Photon mass energy absorption coefficients (top) and relative (to water) mass
energy absorption coefficients (bottom) for various (human) media of interest.
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Figure 2.2: CBCT image of the onboard scanner from a X-RAD 225Cx irradiator (PXi, North
Branford, USA). Axial sections of the same mouse are shown at different time points after
irradiation (week 0 and week 7).

more than a factor six in their energy absorption around 30 keV. Accurate dose calcu-

lation may require defining several bone types in this case. Even media such as soft

tissue and adipose differ significantly in energy absorption. In MV photon energies

dose calculations are much less sensitive to the tissue compositions. A potentially

large source of uncertainty is that actual animal tissues appear to be unknown in their

composition. However, it is clear that assigning water to all voxels will lead to signifi-

cant over- or underestimation of the absorbed dose in animals. The current practice

in animal dose calculation is therefore to assign human tissue types to the voxels,

but with the density derived from the CBCT or CT image. Almost certainly, anything

resembling human cortical bone is not present in large regions in small animals, and

certainly not with the densities as they occur in humans. From this discussion it is

also clear that to avoid large uncertainties with heterogeneous dose distributions due

to tissue absorption, photon energies above 100 keV should be used preferentially

for small animal radiotherapy research. On the other hand, one may wish to irradiate

with lower photon energies to e.g. assess effects of relative biological effectiveness

(RBE) in animals, which is known to be enhanced at lower photon energies [15]. In

this case one should be aware of the dose uncertainties at lower energies. A state of

the art TPS for preclinical studies should therefore be able to provide information on

the photon spectrum in various animal tissues, thereby allowing estimates of RBE.
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2.3 Imaging information for treatment planning

2.3.1 CT imaging

Chief among imaging modalities for human radiotherapy planning is CT imaging, with

other modalities such as PET and MRI used complementary. This is mainly because

information on electron density is needed for the dose calculation. The same holds

for small animal dose calculations but in addition tissue types need to be identified

for reasons explained in the previous section. The required spatial resolution is typi-

cally of the order of 100-200 µm to ensure a sufficient volumetric accuracy to image

anatomical structures, tumours or subparts thereof. Modern commercial small animal

irradiators have an onboard CBCT x-ray imaging device, but equally well could the

planning process be based on an externally acquired CT image. Figure 2.2 shows

CBCT images of the same mouse at different time points in a longitudinal study [16].

Obviously, the position of the animal can be different during different imaging ses-

sions, depending on the rigorousness of the animal fixation procedure. If also reirra-

diation of the same target in the specimen with precise beams is involved, care has to

be taken to adjust the treatment plan accordingly. This may also involve using image

registration techniques.

In human radiotherapy CBCT images usually have a significantly lower imaging qual-

ity than CT images, and are therefore known to potentially hamper the quality of dose

calculations [17]. For small animal CBCT images this is less of an issue due to the

very limited number of scattered photons contributing to the image formation which

degrades the image quality in human applications. On the other hand, the small

voxels in animals necessitate a high radiation dose (up to about 0.2-0.4 Gy per ex-

posure [18]) to reach acceptable noise levels. The images in figure 2.2 exhibit high

contrast, allow identification of many structures and are relatively free from CT arte-

facts. Further research into improving small animal CBCT imaging may improve e.g.

auto segmentation of structures and the accuracy of the dose calculation since this

depends strongly on correct tissue type identification.

The typical workflow for treatment planning for small animals starts with the acquisi-

tion of a 3D CBCT (or CT) image, consisting of many small voxels. The specimen

then remains on the stage with as little motion as possible, while the CT image re-

construction occurs (this requires about 1 minute). To perform a dose calculation

the Hounsfield units (HU) of every voxel need to be assigned a density. This is per-

formed by acquiring an image of a calibration phantom with tissue-equivalent inserts

of known densities (e.g. the Model 467; Gammex RMI, Middleton, WI) to derive a HU
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Figure 2.3: Typical HU vs mass density calibration curve, based on a calibration phantom.
Only 3 calibration media were used (air at -1000 HU, water at 0 HU and bone equivalent
material at 2500 HU). Four different media will be assigned to the voxels in this scheme (air,
lung, soft tissue and bone).

versus density calibration curve. The density could be either mass density or electron

density, depending on the requirements of the used dose calculation algorithm (be-

tween both quantities there exists a simple relationship for human tissues and their

numerical differences are small, except for lung [19]).

Figure 2.3 depicts a typical HU-mass density curve obtained from a calibration pro-

cedure with only 3 calibration materials in a phantom. A piecewise bilinear curve was

fitted through these points. Mass densities can then be assigned to every voxel. The

calibration curve depends on the kV-filter combination (i.e. the radiation quality) so

when animals are imaged with different imaging protocols multiple calibrations have to

be performed. Many types of dose calculation algorithms, e.g. Monte Carlo radiation

transport simulations, need additional information in addition to voxel densities, such

as tissue type. A possible way to assign tissues to voxels is to subdivide the whole HU

range into intervals that belong to the same tissue (figure 2.3). This procedure adds a

degree of arbitrariness to the voxel conversion. Other methods to assign tissue types

rely on dual energy CT imaging [20]. This form of imaging allows extraction of more in-

formation from the specimen compared to single energy CT imaging, e.g. the atomic

number. This may support the correct identification of tissue types. In addition to

correct tissue and density assignment one should also be aware of the imaging dose

to the animals [21] which can significantly contribute towards the total radiation dose,
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especially in longitudinal studies involving repeated imaging. In human radiotherapy

a common coordinate system between imaging and treatment rooms is ensured by

the use of laser alignment systems on the imaging devices and accelerators, and of

robust fiducial systems (markers or frames attached to the patient) or direct imaging

of patient structures. In animal radiation studies a similar issue is encountered, but

the required accuracy is even higher. If an onboard CBCT imager is used, then the

image and the irradiation space are already in the same coordinate system. In case

a separate CT imager is used, or another imaging device is employed, a procedure to

ensure a common system of coordinates is needed. This may be done e.g. through

fiducial markers attached to the animal or to its carrier in combination with some form

of imaging. This is a non-trivial issue which will determine the irradiation accuracy to a

large extent. Robust animal fixation systems are required to avoid compromising the

quality of precision irradiation studies. In radiotherapy images are also highly stan-

dardized via the DICOM (Digital Imaging and Communications in Medicine) imaging

standard, which is largely absent in the small animal research community.

2.3.2 Additional imaging methods

As in human radiotherapy, additional imaging methods may be required to extract in-

formation for treatment planning for animals. From Single Photon Emission Computed

Tomography (SPECT) or PET (Positron Emission Tomography) images information

may be extracted to distinguish metabolically highly active regions by using the 18F-

deoxyglucose (FDG) tracer. The same imaging modality may be used to detect hy-

poxic (low in oxygen) regions in tumours with tracers such as 18F-fluoromisonidazole

(FMISO) or 18F-fluoroazomycin-arabinoside (FAZA). Such information may serve to

assess sub-regions of tumours that e.g. could be the subject of radiation boost stud-

ies. Also Magnetic Resonance (MR) imaging could be used in small animal treatment

planning. Recently, a group from the University of Ghent, Belgium introduced an MRI-

based workflow for irradiation of animal brain tumours [22]. This involves special MR

sequences to generate pseudo CT images with a limited number of tissue classes.

Ultrasound imaging can in principle also be used for visualization of soft tissue struc-

tures for small animal treatment planning, especially if the scanning procedure can

be automated without the need for a human operator to manipulate the transducer.

So far, to our knowledge this technique has not yet been reported in combination

with precision irradiators. A few recent reports mentioned the use of specialized ul-

trasound techniques for the characterization of tissue damage after irradiation [23,

24]. For small animal studies there exist certain imaging techniques which are not
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Table 2.1: Overview of various treatment planning systems developed for small animal radio-
therapy. The last two entries are commercially available systems.

TPS company / institute based on

microRTP Washington University Factorizaton of dose
USA distributions in water and

non-water geometries
DOSCTP Princess Margaret Hospital Monte Carlo simulation

Toronto, USA
nameless Johns Hopkins University Pinnacle (Philips)

Baltimore, USA Eindhoven, the Netherlands
McGill University + Monte Carlo simulation
Montreal, Canada

RT Image Stanford University Monte Carlo simulation
USA

nameless Dresden University Monte Carlo simulation
Germany

Muriplan XStrahl Ltd. superposition-convolution
Camberley, UK
Johns Hopkins University
Baltimore, USA

SmART-Plan Precision X-ray Inc. Monte Carlo simulation
North Branford, USA
Maastro Clinic
Maastricht, the Netherlands

TPS, treatment planning system

useable in humans, such as optical [25] or photo-acoustic imaging [26], which may

be useful to visualize certain processes in the tumour or healthy tissues. Phase con-

trast imaging [27] may be another imaging technique which could be integrated with

small animal radiation research platforms. Multimodality imaging is expected to play

a significant role in guiding treatment planning for preclinical studies or in assessing

treatment outcome.

2.4 Dose calculation models for small animals

For accurate kV photon dose calculations, the most suitable technique is Monte Carlo

simulation [10]. Less accurate techniques can be based e.g. on dose factorization,

raytracing, superposition-convolution or other models. In what follows we will first

discuss some of the simpler methods then followed by Monte Carlo simulation. An

overview of TPS developed by various groups is given in table 2.1.
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2.4.1 Analytical method for 192Ir irradiator

One of the pioneering efforts in building a small animal precision irradiator originated

from Washington University where a system was built based on irradiation with nar-

row beams with the 192Ir isotope. The system had a software interface for stage

control, and a dedicated treatment planning system (microRTP) that was based on

CERR, a MATLAB based research TPS [28]. The TPS was based on water geome-

tries only. 192Ir emits photons with energies from a few keV to 885 keV, therefore,

the differences in absorbed dose in the different mouse tissues are not as large as

for kV x-rays (figure 2.1), but their dose calculation accuracy could improve by tak-

ing non-water heterogeneities into account. The authors developed a fast analytical

dose calculation scheme which consisted of a multiplication of various factors, some

of which were derived from Monte Carlo simulations. This approach resembles the

fast dose calculation methods that were available in older TPS once commonly em-

ployed in radiotherapy. A more accurate approach taking into account heterogeneities

was considered [29], but it is not straightforward to adapt their parametrized model to

include tissue heterogeneities. The fast algorithm was reported to result in dose er-

rors limited to 10% in water, near beam edges and close to the entrance region for

small fields (<10 mm). These researchers [30] reported a build-up region of less than

1.5 mm and their papers indicate that the beam penumbra extends up to 3 mm. The

latter is quite large compared to small structures in the animal that could be targeted

in precision irradiation studies.

For animal kV irradiators a similar simple fast dose calculation model has been pub-

lished [31]. Tissue heterogeneities were approximately taken into account by using

estimates of radiological pathlengths of photons through tissues. These simplified

approaches are inaccurate in non-water geometries, in particular in the kV energy

range. These methods cannot provide estimates of photon spectra in tissues, which

are needed to assess RBE. These methods can also not easily report the dose in the

form of dose to medium-in-medium or dose to water-in-medium (see section 2.5.4)

since they only provide dose to water-in-water. It was also not clear how these simple

methods can provide absolute dose distributions; in their work only relative dose dis-

tributions were shown. It has been shown that the absolute output of small radiation

beams is much harder to model accurately [32, 33].
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2.4.2 Superposition-convolution dose calculations

A team from the Johns Hopkins University (Baltimore, USA) has developed a

superposition-convolution algorithm for dose calculation in small animals, inspired

by their previous work for radiotherapy MV photon beams [34, 35]. This method is

based on the calculation of terma (total energy released to matter), which is obtained

by multiplying the local photon energy fluence by the energy absorption coefficient.

The local energy fluence is derived from the primary energy fluence emanating from

the photon source, corrected for inverse square falloff with distance and photon

attenuation. The method is essentially a ray-tracing approach, with inclusion of first

order Compton scatter. An assumption in the model is that the dose deposition

kernels are generated for different densities of water-like materials. Electron

transport is included in the dose deposition kernel. For e.g. 225 keV electrons (the

maximum electron energy for the commercial x-ray irradiators) the electron range in

most materials is limited to about 0.3 mm, but in lung the range can be a few mm,

which can exceed several times the voxel dimensions. This method can use as input

a photon spectrum or a phase space file (list of coordinates, energy, momentum

etc. for a collection of particles collected at a certain position in space) obtained

from a separate Monte Carlo simulation. Dose reporting is in terms of dose to

water-in-medium, but can be converted to dose to medium-in-medium by multiplying

the former by ratios of photon energy absorption coefficients of medium and water

[36, 37], although this requires calculation of the local photon spectrum. It has been

reported before that the superposition-convolution approach for kV photons may

lead to problems in non-water media where dose discontinuities arise (e.g. bone,

lung) [38]. The Johns Hopkins team recently described [39] the use of 3D Slicer

[40, 41] to create a user interface for their TPS and their irradiator (SARRP, XStrahl

Ltd, Camberley, UK). 3D Slicer is popular freeware for medical image visualization

and analysis. Such an interface allows a broad range of users (not necessarily

experts in treatment planning) to efficiently produce treatment plans for small animal

studies. The Johns Hopkins team implemented the dose calculation on graphical

processing units (GPU) in the Nvidia CUDA language for fast processing (sub-minute

dose calculations). This dose calculation method is now commercially available as

Muriplan (XStrahl Ltd).

2.4.3 Monte Carlo simulation

Monte Carlo simulation is the method of choice for accurate calculation of radiation

dose and particle spectra in a voxelised animal, irradiated with kV x-rays. This is be-
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cause of the dominance of the photo-electric effect, the presence of photon scatter

and the ability to easily obtain photon spectra which can be used in radiation quality

studies. The Monte Carlo technique models particle transport, interactions with other

particles and electromagnetic fields, and production of secondary particles based on

cross sections and transport theories. For applications in small animal treatment plan-

ning, Monte Carlo simulations can attain an accuracy of 1-2%. An important issue in

Monte Carlo transport is the cut-off at which to terminate the particle transport. For

photons this is commonly set at 10 keV, whereas for the secondary electrons the cut-

off has to be selected taking the voxel sizes into account, such that electrons do not

erroneously contribute towards the dose in incorrect voxels. Particle transport cut-offs

have been investigated in detail [42].

Recently, the Monte Carlo method has been used to model small animal radiation

research platforms [6, 32, 43]. The in the past frequently heard complaint that Monte

Carlo simulations are slow due to the large numbers of interactions to model, is nowa-

days less relevant with the availability of fast computers and parallel processing tech-

niques. GPU computers are now also available to run simulations very efficiently [44]

which will probably allow Monte Carlo simulations to play an important role in small

animal treatment planning. A restriction could be in inverse planning [45] where a

great number of dose calculations for individual beamlets need to be performed. It

is imaginable that the beamlet dose calculations could be performed by a faster, less

accurate method (e.g. a track length scoring Monte Carlo approach, or a faster ana-

lytical dose scoring technique) and that the final dose calculations after optimisation

of the beamlets would be performed by a slower full Monte Carlo simulation.

A group in Toronto (Princess Margaret Hospital) developed DOSCTP [46], which is

a graphical user interface enabling basic treatment planning of kV beams of 0.5-5

cm diameter for small animals. The TPS initiates and calls the Monte Carlo code

DOSXYZnrc [47] from within DOSCTP to execute dose calculations in a voxelised

geometry. This basic TPS can be used to create 3D conformal plans. Figure 2.4

shows an example of an arc beam delivery in a mouse specimen. Another pioneering

effort from the team at Johns Hopkins University, in collaboration with McGill Uni-

versity (Montreal, Canada) led to the development of a 3D kV Monte Carlo based

TPS for their SARRP irradiator. They coupled the aforementioned Monte Carlo code

DOSXYZnrc as a dose engine to a commercial human radiotherapy TPS (Pinnacle;

Philips, Eindhoven, the Netherlands). The latter is used to create the beam geometry,

the beam weights and the animal phantom. This information is then sent to the dose

engine. Once the dose engine completed the calculations, the results are returned to
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Figure 2.4: Monte Carlo calculated isodose distribution from an arc irradiation with 225 kVp
x-rays of a small target in a mouse chest, overlaid with a CBCT image. Reproduced from [46]
with kind permission.

the TPS for dose display and analysis. The Pinnacle scripting environment is used to

communicate with the Monte Carlo engine.

The combined TPS/dose engine uses a set of pre-computed phase space files for the

SARRP nozzle collimators generated with BEAMnrc [43] Monte Carlo simulations.

An early demonstration of their system was described in 2008 [7]. The Johns Hop-

kins group abandoned their efforts in Monte Carlo treatment planning in favour of the

superposition-convolution method described in the previous section. Therefore, the

abovementioned Monte Carlo based TPS is not commercially available.

More pioneering efforts came from a group at Stanford University where a micro-

irradiator was developed by modifying a 120 kV micro-CT scanner [48] (efforts now

abandoned). They also developed an in-house TPS, RT Image, based on Monte

Carlo simulations with the BEAMnrc/DOSXYZnrc codes. They were the first to exten-

sively study the optimisation of dose calculation times for small animals (via so called

variance reduction techniques) [42]. This group investigated the achievable dose con-

formality to small spherical and ellipsoidal targets in a phantom irradiated by discrete

beams spread out in an arc [49]. They modelled centred and off-centred targets in

a simple phantom. They showed that animal dose distributions are close approxi-
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mations to human lung tumour cases. These kinds of exercises are useful since in

the new field of small animal treatment planning much experience still needs to be

gained. These authors were also among the first to use dose volume histograms as

a dose comparison tool for animal studies, which is a valuable tool for optimising and

comparing dose plans.

Recently a group in Maastricht (the Netherlands) developed a standalone TPS

SmART-Plan (Small Animal RadioTherapy planning system) [50]. The TPS is

developed as a MATLAB program with a workflow that is similar as for a clinical

TPS but simplified. Since a recent publication describes SmART-Plan in detail [50],

we will only present a brief synopsis here. The workflow of SmART-Plan is very

simple and robust; the tasks to be performed sequentially are (1) uploading the

DICOM-compliant images of an animal of an imaging modality (e.g. CT), resampled

on a different grid resolution and size if necessary; (2) image processing to assign

densities and materials to each voxel in the CT to density and material (CT2MD)

step, leading to a numerical phantom for Monte Carlo simulation; (3) structure

definition (contouring) for tumour and healthy tissue delineation (structure contours

are stored e.g. for later dose analysis); (4) definition of the static or arced radiation

beams, resulting in a treatment plan and the input file for the simulations; (5) dose

calculation with the DOSXYZnrc Monte Carlo dose engine, where parallel processing

techniques are used to speed up the calculations; (6) dose analysis e.g. with dose

volume histograms; (7) delivering a control file to the irradiator, which directs motion

of the animal stage, positioning of the beams and irradiation of the specimen.

SmART-Plan is commercially available from PXi (North Branford, USA).

The Maastricht group used the BEAMnrc Monte Carlo code to build one of the most

detailed Monte Carlo models reported for the X-RAD 225Cx irradiator, including a

sophisticated model for the electron focal spot on the x-ray target [33]. Monte Carlo

dose calculations in animals can be performed in reasonable times nowadays, but

simulation of an x-ray device still requires long calculations times, up to several tens

of hours. This group also developed a faster analytical photon source model which

allows speeding up the generation of an output phase space file, up to more than a

thousand times faster.

SmART-Plan was validated by measurements with radiochromic film in various ho-

mogeneous and heterogeneous phantoms [50]. These were irradiated by three colli-

mators under different irradiation angles and with two target isocentre locations each

targeted with a dose of 5 Gy. For a heterogeneous solid water/solid bone/solid water

slab phantom in the regions were the dose was between 80-100% of the maximum
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Figure 2.5: Comparison of SmART-Plan Monte Carlo calculated (top row) and radiochromic
film measured (middle row) dose distributions at different depths in a solid water/solid
bone/solid water slab phantom. Also shown are the dose differences (calculated – mea-
sured) in the bottom row. Dose differences are mostly limited to small regions in the beam
penumbrae.

slice dose, about 1% of the voxels exhibited a dose difference of more than 10% of

the maximum dose in that slice. Maximum absolute dose deviations of about 2 Gy

were found but these were localized in small regions near the penumbra of the beams

(figure 2.5). They noted that the 1 mm collimator was difficult to align precisely, which

led to some dose discrepancies at 20 mm depth. They point out that the alignment

of the smallest 1 mm collimator is critical for irradiation studies of small targets with

these small beams.

Finally, we mention the effort to build a Monte Carlo simulation platform based on

the Geant4 Monte Carlo code [51] for animal dose calculation from a consortium in

Dresden [52]. They interface the Geant4 code with an in-house developed irradiator to

perform contouring and setting up beams. As far as we know, no current animal TPS

is capable of handling various types of irradiators, but this will undoubtedly change in

the future.
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2.4.4 Absolute dosimetry

To deliver an accurate radiation dose to small animals the irradiator needs to be cali-

brated in terms of absolute dose, for which a calibration protocol such as AAPM Task

Group 61 [53] needs to be followed. This is explained in more detail in e.g. [32,

54]. The dose calculation algorithm employed also needs to produce absolute dose

distributions; this was covered in more detail in [32, 50].

2.5 Issues related to treatment planning for small animals

2.5.1 Commissioning TPS

An essential part in setting up a radiation research facility for small animals is the

commissioning of the small animal irradiator and the associated TPS. This specialized

subject may require particular equipment and measurement procedures for which we

refer to the literature [43, 54, 55] and the manufacturer’s instructions.

2.5.2 Specimen photon scatter

Photon scatter for narrow beams of kV photon energies irradiating small animal ge-

ometries is a poorly studied subject. Photon scatter is important because it may de-

grade the CBCT imaging quality, and therefore compromise the conversion of the ge-

ometry into a voxel phantom. Scatter is also not or, at best, approximately modelled in

most dose calculation algorithms for small animals, with the exception of Monte Carlo

codes. Therefore, photon scatter may also degrade the dose calculation accuracy. In

a recent study [56] it was shown that for a large field animal irradiator (160kVp; Fax-

itron CP- 160, Tucson AZ) the surface dose to a small 2.8 cm diameter phantom could

be overestimated by 15% when the conventional x-ray dosimetry protocol AAPM TG-

61 protocol [53] is used, compared to GATE [57] Monte Carlo simulations of the same

setup. At the exit side of the phantom the dose overestimation amounted to more than

30%. This study focused mostly on the lack of scatter for larger beams irradiating a

very small phantom. For the narrow field precision irradiators no studies on photon

scatter have been published yet, to our knowledge.

2.5.3 Tissue segmentation for small animals

In section 2.3.1 we outlined the procedure to assign soft tissue and bone media to

voxel geometries, based on mass densities. For MV photons in most studies only four
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media are assigned for Monte Carlo simulations (air, lung, soft tissue, cortical bone),

which appears to be sufficient. For kV irradiation of animals, the question arises how

many tissue types are needed to attain a certain dose calculation accuracy. Recent

work from Stanford University [58] demonstrated that the relative weight fraction of Ca

and P correlates well with bone density in bone tissues; this allows easy segmentation

of the bone type from the measured density. Another Stanford study [59] quantified the

influence of tissue assignment on Monte Carlo dose calculations for different radiation

sources (kV x-ray units: 120 kV + 2.5 mm Al, 225 kV + 4 mm Al, 225 kV + 0.5 mm

Cu, 320 kV + 1.5 mm Pb + 5 mm Sn + 1 mm Cu + 4 mm Al, and a brachytherapy 192Ir

source). The authors concluded there is no simple relationship between absorbed

dose in tissue and mass density for photon energies ≤ 225 kV, indicating that mass

density alone does not suffice to obtain accurate dose calculations. Dual energy CT

images may aid in tissue segmentation, as discussed earlier [60–62].

They also compared a simple 4-tissue assignment scheme to an 8-tissue scheme

and a 39-tissue scheme. Large dose errors were reported when the simpler tissue

assignment schemes are used. The largest dose errors were obtained when adipose

was inadvertently identified as muscle or cartilage. For a treatment plan of a mouse

lung irradiation they also noticed that the target dose volume histogram (in the lung)

was rather insensitive to tissue miss-assignment in the surrounding regions, whereas

larger errors may occur in the organs at risk. This clearly shows the importance of

correct tissue recognition, and of course all studies up to now assigned human tissues

to animals, due to lack of information on animal tissue compositions.

2.5.4 Dose reporting

From previous sections it is clear that tissues need to be properly identified to ensure

correct dose calculation in kV photon beams. An additional issue is dose reporting.

The natural way for Monte Carlo simulations to score dose is in terms of dose to

medium-in-medium (Dm,m). Hereby photons are transported in all media, and when

dose is scored in a voxel due to an interaction, the material interaction coefficients of

the medium are used. However, dose may also be scored as dose to water-in-medium

(Dw,m). This is a quantity that is easier to measure, on which clinical practice is built,

and most non-Monte Carlo algorithms report this quantity. To score Dw,m photon trans-

port is performed in the medium but the photon interaction coefficients of water are

used when scoring the dose. Dm,m and Dw,m are two entirely different quantities, al-

though they are both absorbed doses. For MV photons this issue also exists but it is

of less significance with the difference limited to about 12% in cortical bone and much
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smaller in most other tissues. For kV photons the difference between the two dose

quantities can be much larger (figure 2.1). Conversion of one of the dose quantities

into the other involves knowledge of the ratios of energy absorption coefficients for low

energy photons [37]. More complex conversions are also possible depending on the

so-called cavity theory employed [63]. The conversion adds uncertainty to the dose

reporting procedure. These two dose quantities exist, somewhat confusingly, next to

each other [19, 64, 65]. Which one correlates better with biological radiation effects is

currently an open question and may eventually settle which dose quantity will be most

frequently reported. In studies it should be clearly mentioned which dose reporting

quantity is employed.

2.5.5 Motion

When a dose calculation in an animal is based on a relatively slowly acquired CBCT

scan, motion of e.g. the lungs will smear out the organ volumes. When the aim is to

precisely target certain structures, motion during the imaging and irradiation stages is

an issue that needs to be addressed but which hasn’t received much attention yet in

the literature. This may require implementation of techniques such as time-resolved

imaging and gated beam delivery, which are state of the art technologies known from

human radiotherapy.

2.6 Future developments

Treatment planning for precision irradiation of small animals is not yet a mature field.

Much effort is still needed to develop precise and accurate radiation planning software

to achieve the full potential of the novel research platforms. These may then empower

animal studies which may be translated successfully to human radiotherapy. TPS are

only now becoming available that can handle the complexities of the combination of

small beams, low energy photons and small geometric structures in animals. Fu-

ture TPS will also be able to handle a rich variety of imaging modalities e.g. CT,

PET, MRI, ultrasound, phase contrast x-ray, bioluminescence, fluorescence, photo-

acoustic imaging etc. Other beam modalities than low energy photons are emerging

for precision-irradiation animal studies, such as low energy protons [66, 67]. Due to

the complexities and uncertainties in low energy photon dose calculations there is

also a need for beam delivery verification techniques e.g. based on onboard imagers

[32].
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As the research platforms become more versatile, TPS will have to cope with tech-

niques such as simultaneous motion of beam and stage, energy modulated beams,

current modulated beams, gated beam delivery, motion-corrected beam delivery etc.

To advance treatment planning for small animals many techniques can be borrowed

from the mature field of treatment planning for human radiotherapy. An example is

inverse treatment optimisation [45], whereby certain dose objectives and constraints

are defined and then the most optimal plan is designed. Planning and radiation dose

delivery to small animal models of unprecedented accuracy will be available in the

near future, at a comparable level to human radiotherapy, enabling a wealth of stud-

ies.
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Abstract

Background and purpose
Image guided equipment for precision irradiation of small animals for preclinical radiother-
apy research became recently available. To enable downscaled radiotherapy studies that
can be translated into human radiotherapy knowledge, a treatment planning system for
preclinical studies is required.

Material and methods
A dedicated treatment planning system (SmART-Plan) for small animal radiotherapy stud-
ies was developed. It is based on Monte Carlo simulation of particle transport in an animal.
The voxel geometry is derived from the onboard cone beam CT imaging panel. SmART-
Plan was validated using radiochromic film (RCF) dosimetry in various phantoms: uniform,
multislab and a realistic plasticized mouse geometry.

Results
Good agreement was obtained between SmART-Plan dose calculations and RCF dose
measurements in all phantoms. For various delivered plans agreement was obtained within
10% for the majority of the targeted dose region, with larger differences between 10% and
20% near the penumbra regions and for the smallest 1 mm collimator. Absolute depth and
lateral dose distributions showed better agreement for 5 and 15-mm collimators than for
a 1 mm collimator, indicating that accurate dose prediction for the smallest field sizes is
difficult.

Conclusion

SmART-Plan offers a useful dose calculation tool for preclinical small animal irradiation

studies
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3.1 Introduction

There is a limited amount of information that can be gleaned from clinical trials with ra-

diotherapy patients and it has been hypothesized that greater insight can be obtained

from downscaling radiotherapy to the scale of small animals such as mice and rats

[1]. This is because of the rapid development of realistic preclinical orthotopic tumour

models in animals and because many radiobiological experiments in the past were

conducted using radiation conditions that are not representative for the current ra-

diotherapy practice. Most past animal experiments used fairly large radiation beams,

did not have image guidance and had imprecise or no treatment planning. Hence

the recent development of dedicated image guided precision irradiation research plat-

forms (see [2] and references therein) and other bespoke devices based on modified

micro-CT devices [3] for use in preclinical studies.

The latest commercial small animal radiation research platforms consist of a heavy-

duty x-ray machine (typically 225 kV), precision photon beam collimators (down to

1 mm field size), a 3D moving animal stage and an x-ray imaging panel for image

guidance. These devices are computer controlled and are capable of delivering pre-

cise static or dynamic arc radiation beams to small targets, with significant sparing of

healthy tissue compared to older experiments on which our radiobiology knowledge

is built.

While these devices constitute a major technological advance, another element is

needed to ensure that complex radiation dose distributions can be delivered to small

animals. A dedicated treatment planning system (TPS) that can plan beam delivery to

arbitrarily shaped targets with complex beam arrangements is needed to downscale

human radiotherapy to the small animal level. Current clinical TPS can usually not

handle dose calculations for kV x-rays, very small beams, and are often not equipped

to deal with multimodality images with very small voxels. Hence the need for a TPS

which may handle these aspects and can also be used for high-throughput animal

experiments for example in drug-radiation synergy studies. This work describes the

ongoing development and validation of a dedicated small animal TPS, SmART-Plan

(where SmART stands for Small Animal RadioTherapy).

There are significant differences between treatment planning for small animals and

human patients. Chief among them is the use of very small beams of kV x-ray pho-

tons. In the commercially available devices a broad x-ray spectrum of about 225 kV is

used for radiotherapy studies with collimators of a fixed beam size of between 1 mm

and several centimetres. The x-ray tube is mounted on a movable support to enable
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irradiation of the specimen from different sides. The same x-ray tube, but with a lower

kV setting is used to create a cone beam CT (CBCT) image of the specimen. The

imaging panel typically has a high resolution of about 100 µm, resulting in 3D CBCT

images with a large number of voxels easily ranging in the tens of millions, imposing

demands on computer memory.

For kV photons the interaction coefficients in tissues depend on both composition

and density. Therefore, whereas for radiotherapy patient dose calculations it usually

suffices to consider the geometry to consist solely of water with a density derived

from the CT images, for kV x-ray dose calculations in the 40–225 kV photon energy

range, knowledge of the x-ray spectrum and the tissue composition is required. This

is discussed in more detail in the supplementary material. Currently, animal dose

calculations use human tissue compositions due to a lack of available data on animal

tissue compositions.

Another issue related to small animal dose calculation is the use of very small fields

(1 mm – few cm). The output of an x-ray device drops significantly for small collimator

sizes expressed as radiation dose rate per unit x-ray tube current. This is due to a

lack of scatter equilibrium in tissue for the smallest fields but also due to obscuring of

the electron focal spot on the x-ray target [4].
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Figure 3.1: Flowchart of SmART-Plan. The tasks outlined on the left are to be performed
sequentially from the top to the bottom.

3.2 Materials and methods

3.2.1 Development of treatment planning platform

SmART-Plan was developed in MATLAB (v7.11.0.584, R2010b, The MathWorks Inc.,

Natrick, Ma) and is distributed as a compiled executable program on a Linux-based

platform (Ubuntu 12.04 or later). Figure 3.1 shows the design of SmART-Plan. It

performs absolute dose calculations on user-generated voxel phantoms from recon-

structed CBCT images by interfacing with the Monte Carlo (MC) program DOSXYZnrc

(v1.47, 2011, NRCC, Canada). MC simulations of photon and electron transport are

performed. The dose calculations are performed on a parallel computing architecture

with 24 processors (12 core 2.67 GHz Intel Xeon with 24 threads total). The x-ray

device and its collimator are modelled by a photon source (i.e. phase space files)
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from a previous MC simulation [5]. Currently only the most common treatment photon

spectrum is modelled (225 kVp, 0.32 mm Cu filtration). SmART-Plan is validated in

this paper for a specific research platform (X-Rad 225Cx; Precision X-ray Inc., North

Branford, CT), but should be equally usable with similar systems.

3.2.2 CT image reconstruction

CBCT scanning was performed using the research platform and the accompanying

PilotCal software (v1.8, Precision X-ray Inc. North Branford, USA) at 80 kVp, typical

for small animal micro-CT platforms to produce a sufficient signal at the detector with-

out excess imaging dose to the animal [6]. 3D images (210 µm sided voxels) were

reconstructed by back projection. A Hounsfield Unit (HU) to density calibration of the

CBCT scanner was performed with a phantom with known tissue substitute inserts

(Model 467, Gammex RMI, Middleton, WI).

3.2.3 Workflow of treatment planning platform

The flowchart of the SmART-Plan process is shown in figure 3.1. Dose distributions

and the final treatment plan are based on a CBCT image acquired with the animal in

the treatment position. The CBCT image is imported in the CT upload module and can

be cropped and resized to speed up MC dose calculations. Assignment of materials

and densities is an essential part of the process not found in a human TPS and the

CT2MD (CT to Material and Density) module is dedicated to this step. Any number

of materials can be assigned based on thresholds in the HU-density histogram; den-

sities are assigned based on the HU to density calibration curve. Required material

photon interaction data are read from a database of human tissues, since the atomic

composition of animal tissue is poorly known. A voxel phantom is created that serves

as input for the MC dose calculation. Optionally, structure contours can be created to

aid treatment plan evaluation. The planning of isocentres and static/dynamic beams

is performed in the beam definition module. An estimated number of histories to be

simulated is calculated based on the desired statistical uncertainty. A default selection

of transport parameters is provided for the user based on previously published work

of kV dose calculations [5, 7] but can be edited by the user. The dose calculation

module takes care of the complete interface with the MC dose engine and dose distri-

butions are imported and displayed automatically. Thereafter, dose distributions and

dose volume histograms can be evaluated and optimized by adjusting beam weights.
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Finally, an ini file is generated which serves as input for the PilotCal software to exe-

cute the irradiation. See the supplementary material for screenshots of examples of

some SmART-Plan modules.

3.2.4 Validation of treatment planning platform

Absolute dose reporting in SmART-Plan was performed by deriving a calibration fac-

tor from a comparison of a MC dose calculation in a water phantom and an absolute

dose measurement using an ionization chamber with a reference field of 30 x 40 cm

at source to surface distance of 29.9 cm. By modelling the exact geometry as used

in the experiment the conversion factor from dose per particle (MC) to dose per mAs

(experiment) can be determined. This conversion factor is then valid for all simula-

tions with the same photon spectrum [5]. The measurements determined the dose

to the surface of the water phantom by following a medium energy x-ray dosimetry

protocol [8]. Validation of SmART-Plan was performed by examining calculated ab-

solute depth dose curves and dose distributions from multiple-target irradiation plans

in uniform and heterogeneous phantoms, compared against radiochromic film (RCF)

(GafChromic EBT2, Ashland Specialty Ingredients, Wayne, NJ) measurements for 1,

5, and 15 mm circular collimators. RCF was used throughout this study for dose ver-

ification due to its superior spatial resolution, near water-equivalence for dosimetry,

and the avoidance of a pre-scan when using the triple-channel read out procedure

[9]. The RCF was calibrated with the research platform for a range of doses. Films

were read out (225 dpi in 48 bit, 16 bit per colour channel) 24 hours after exposure

with a flatbed scanner Epson PRO V750 (Seiko Epson Corporation, Japan) [9]. To

validate absolute depth dose distributions for the three collimators, first a CBCT image

was acquired of a solid water slab phantom. A target dose of 5 Gy was prescribed

to the surface of the phantom and MC dose calculations were launched to reach a

statistical uncertainty of less than 2%. Next, the ini file (figure 3.1) was generated that

includes the beam-on time and the target isocentre location that the positioning stage

moves toward prior to irradiation. Depth dose measurements for the collimators were

then performed and repeated three times by exposing five RCF pieces on top and at

different depths in the phantom. Measured and calculated depth dose distributions

were compared by taking the average dose in a region from the maximum dose value

to 80% thereof in both datasets. More treatment plans were created for three other

phantoms. The first two slab phantoms consisted of three RCF pieces sandwiched on

top and between three pieces of 10 mm thick solid water (5 x 8 cm2) slabs, with the

second phantom differing only by replacing the middle solid water slab by bone sub-
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stitute (SB3, Gammex-RMI, Middleton, WI). Treatment plans for these two phantoms

made use of the three collimators under different irradiation angles and with two target

isocentre locations each targeted with a dose of 5 Gy. Finally, a treatment plan was

applied to a plasticized heterogeneous mouse specimen (PlastiMouse) developed by

our anatomy department. The PlastiMouse phantom was sliced lengthwise to allow

insertion of RCF. 3 Gy was prescribed from a static 5 mm collimator beam targeted

from above.

Figure 3.2: Measured (RCF) and computed (MC, SmART-Plan) absolute depth dose (A) and
lateral dose profiles, parallel to the cathode/anode direction (B). Panels (C) and (D) display
local differences (measured – calculated) dose.
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Table 3.1: Measured RCF and calculated SmART-Plan OF for three circular collimators and
their uncertainty.

field �(mm) OF RCF (-) OF SmART-Plan (-) correction factor (-)

1 0.53±0.01 0.67±0.02 0.79±0.05
5 0.85±0.02 0.86±0.02 -
15 0.90±0.01 0.90±0.03 -
30x40 ref 1.00±0.01 1.00±0.02 -
OF, output factor
RCF, radiochromic film

3.3 Results

3.3.1 Validation of the treatment planning system

Following the TG61 guidelines the dose rate at the surface of a solid water phantom

was found to be 0.246 Gy/min/mA [8]. Table 3.1 compares measured and calculated

output factors (OF) at the surface; for the smallest beam an output correction factor

is required. Measured and calculated absolute dose distributions and lateral dose

profiles (figure 3.2) showed good agreement within 5% for the 5 and 15 mm collima-

tor at all depths. For the smallest 1 mm collimator a maximum difference of 13% at

21 mm depth was obtained. Lateral dose profiles showed good agreement except

in the penumbra regions. Dose calculation times for each collimator were: 76, 124,

and 495 seconds for the 1, 5, and 15 mm collimator, respectively, reflecting the larger

number of particles required to simulate larger beams to achieve the same statistical

accuracy. The multiple beam/multiple target treatment plan delivered in the two slab

phantom geometries achieved good agreement between the RCF measurements and

the SmART-Plan dose calculations, showing maximum absolute deviations of about 2

Gy localized near the penumbra of the beams (figure 3.3, 3.8). For the uniform solid

water phantom in the regions with doses between 80% and 100% of the maximum

dose in a slice, only 1% of the voxels exhibited a dose difference of more than 10%

with respect to the maximum dose in that slice. For the heterogeneous slab phantom

similar differences were reported except for the film piece at 20 mm below the sur-

face where larger discrepancies were noted. The primary cause for this discrepancy

is a misalignment in the targeting of the smallest beam (1 mm). When voxels with

doses between 20% and 100% of the maximum dose are considered, only 4% of the

voxels show a discrepancy exceeding 10%. The total dose calculation time in SmART-

Plan for both phantoms was about 550 seconds. SmART-Plan launches all the par-

allel dose calculations simultaneously and is therefore only limited by the job with the
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longest calculation time. Figure 3.4 demonstrates that for a realistic mouse phantom

(PlastiMouse) the agreement between calculated and measured dose is good, with

significant dose differences limited to the small beam penumbra region for a 5 mm

collimator. For voxels with doses between 80% and 100% of the maximum dose in

the slice containing the RCF, all voxel doses were within 10% of the maximum dose

in that slice.

Figure 3.3: Comparison of (top row) calculated and (middle row) RCF measured dose distri-
butions in a uniform solid water phantom. Also shown are the dose differences (calculated –
measured) in the bottom row. At various depths the 1,5 and 15 mm beams can be observed.
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Figure 3.4: 2D CT slices containing target location and dose distribution through the Plasti-
Mouse phantom ()top row). The bottom row shows the calculated and measured dose distri-
butions in the sagittal plane and their difference (calculated – measured).

3.4 Discussion

We demonstrated good agreement between dose calculations in SmART-Plan and

RCF measurements for simple beam arrangements and for complex multiple-beam

multiple-target treatment plans to uniform, heterogeneous and realistic mouse phan-

toms. For the delivered plans we see agreement within 10% for the majority of the

targeted dose region, with larger differences between 10% and 20% near the penum-

bra regions (figure 3.3 and 3.4, and figure 3.8 of the supplementary material). Depth

dose curves and profiles showed better agreement for the 5 and 15 mm collimator

than the 1 mm collimator, reflecting the challenge in accurately calculating and deliv-

ering a prescribed dose to a target for beam sizes approaching the dose calculation

voxel size. The output correction factor for the smallest field is caused by the inability

to accurately align the smallest collimator with the location of the complexly shaped

focal spot [4]. Dose discrepancies between SmART-Plan and delivery can result from

a number of sources:

i CBCT imaging (e.g. reconstruction artefacts);
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ii MC-related dose calculation errors (e.g. poor tissue segmentation or use of human

tissues due to poorly known animal tissue composition);

iii Machine-related delivery errors (e.g. collimator misalignments, gantry sag correc-

tions);

iv Measurement-related errors (e.g. absolute dosimetry, RCF);

v Analysis-related errors (e.g. image registration).

When CBCT is used in radiotherapy patients the conversion of the HU to electron den-

sities, needed for accurate dose calculation, may be inaccurate [10]. The conversion

may be problematic due to effects such as beam hardening and photon scatter. How-

ever, these effects are mostly relevant for large objects such as radiotherapy patients.

For small animals, photon scatter is minimal (<5% for a 5 cm diameter water cylinder)

and beam hardening is insignificant. Other issues such as streaking artefacts could

lead to incorrectly assigned tissues. Therefore, more research is needed to establish

the suitability of CBCT imaging for small animal dose calculations.

Small field dosimetry and dose calculation are known to pose problems in radiother-

apy with MV beams [11, 12] and also in kV dosimetry [13, 14]. We recently studied

in detail the influence of the focal spot shape and its geometric occlusion by small

collimators on x-ray output [4]. We found it is difficult to calculate absolute dose for

the smallest fields (order of a mm) but that for larger fields MC simulations with a de-

tailed model of the irradiator offer an accuracy of better than 5%. The level of detail

in our simulations cannot improve much further but the mechanical robustness and

reproducibility of the irradiator can be improved upon. For dosimetry we currently

only recommend radiochromic film due to its ease of use, high spatial resolution and

good absolute dose measuring capabilities. We use a 3-color readout scheme [9]

to avoid pre-scanning the film. We estimate the accuracy of radiochromic dosimetry

for the small fields to be about 5%. Others have advocated the use of solid plastic

dosimeters [13] but these cannot be used to measure dose closer than 4 mm to the

surface. Regular quality assurance should be part of the operation of small animal ir-

radiators. In more advanced future versions of SmART-Plan we will add multi-modality

imaging planning, faster optimised dose calculations, extended DICOM import- and

export capabilities, advanced methods for structure contouring, dose analysis, image

registration and treatment verification with the onboard imager [5].
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3.5 Conclusion

A dedicated treatment planning system for small animal preclinical work, SmART-

Plan, was presented and validated. Good agreement was achieved between mea-

sured and calculated dose distributions in various phantoms: uniform, multislab and a

realistic plasticized mouse geometry. Achieving good agreement for the smallest field

in the study (1 mm) is challenging, indicating that preclinical studies with the smallest

beams may require improvements in the irradiation system. SmART-Plan is a useful

tool to support preclinical radiotherapy studies.
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Supplementary material

Figure 3.5: Ratio of the photon mass energy absorption coefficients (a measure for absorbed
dose) of various tissues to water.

Importance of tissue modeling for kV dose calculations
Figure 3.5 shows the ratio of the photon mass energy absorption coefficients (a mea-

sure for absorbed dose) of various tissues to water. In 0-225 keV photon energy

range the tissue dose differs significantly from water; cortical bone and adipose tis-

sue exhibit the largest deviations. The tissues listed in figure 3.5 are human tissues

for which population average tissues compositions are available in the literature [1].

Animal tissue data is not commonly available in great detail.

Screen captures of SmART-Plan
In figure 3.6 a screen capture of the CT2MD module of SmART-Plan is shown. This

module is dedicated to the conversion of HU to density, and for HU threshold-based

segmentation into various media. The density and medium assignment can be refined

further using created structures that can be used to override the initial settings of the

CT2MD module.

In figure 3.7 a screen capture of the dose evaluation module of SmART-Plan is shown.

The calculated dose distributions and dose-volume histograms of the created struc-

tures are shown, and the user can change the dose to the isocentres and adjust beam

weights.

Validation of SmART-Plan in a heterogeneous slab phantom
In figure 3.8 the calculated, measured, and dose difference maps of the validation

using the heterogeneous slab phantom setup are shown, measured and validated at

the surface, and 10 and 20 mm below the surface.
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Figure 3.6: Screenshot of SmART-Plan’s tissue segmentation module. The HU histogram at
bottom left is used to assign densities to voxels, and to segment the tissues. Each vertical
band delineated by two vertical white lines represents a different tissue. The three projections
show segmented mouse lung tissue.
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Figure 3.7: Screenshot of SmART-Plan’s dose visualization module. The panel labeled Opti-
mization has sliders that allow changing the beam weights, thereby enabling a simple form of
plan optimization. The dose volume histogram in two different delineated structures is shown
at bottom right.
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Figure 3.8: Comparison of calculated (top row) and RCF measured (middle row) dose distri-
butions in a solid water/bone/solid water slab phantom. Also shown are the dose differences
(calculated – measured) in the bottom row.
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Abstract

Advances in precision small animal radiotherapy hardware enable the delivery of increas-
ingly complicated dose distributions on the millimeter scale. Manual creation and evalua-
tion of treatment plans becomes difficult or even infeasible with an increasing number of
degrees of freedom for dose delivery and available image data. The goal of this work is to
develop an optimisation model that determines beam-on times for a given beam configura-
tion, and to assess the feasibility and benefits of an automated treatment planning system
for small animal radiotherapy.

The developed model determines a Pareto optimal solution using operator-defined weights
for a multiple-objective treatment planning problem. An interactive approach allows the
planner to navigate towards, and to select the Pareto optimal treatment plan that yields
the most preferred trade-off of the conflicting objectives. This model was evaluated using
four small animal cases based on cone beam computed tomography images. Resulting
treatment plan quality was compared to the quality of manually optimised treatment plans
using dose-volume histograms and metrics.

Results show that the developed framework is well capabable of optimising beam-on times
for 3D dose distributions and offers several advantages over manual treatment plan opti-
misation. For all cases but the simple flank tumour case, a similar amount of time was
needed for manual and automated beam-on time optimisation. In this time frame, manual
optimisation generates a single treatment plan, while the inverse planning system yields
a set of Pareto optimal solutions which provides quantitative insight on the sensitivity of
conflicting objectives. Treatment planning automation decreases the dependence on op-
erator experience and allows for the use of class solutions for similar treatment scenarios.
This can shorten the time required for treatment planning and therefore increase animal
throughput. In addition, this can improve treatment standardisation and comparability of
research data within studies and among different institutes.
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4.1 Introduction

4.1.1 Motivation

Precision small animal image guided radiotherapy is becoming an increasingly im-

portant subfield of cancer research. Traditionally, radiobiological studies using small

animals were performed using little or no image guidance and crude gross irradiation

techniques bearing little resemblance to clinical radiotherapy practice. There is cer-

tainly a trend towards orthotopic and genetically engineered tumour models, whereas

older work used xenografts [1, 2]. The recent development and commercialisation of

ortho-voltage based micro-irradiators enabled studies of cancerous and normal tis-

sues using orthotopic tumour models and advanced irradiation techniques and treat-

ment schemes [3]. These research platforms combine high resolution cone beam

computed tomography imaging (CBCT) with precision irradiation capabilities and are

revolutionising preclinical radiobiological research [4].

To fully exploit the potential of these devices to deliver complex dose distributions for

more advanced studies (e.g. heterogeneous dose boosting or normal tissue compli-

cation probability studies), advanced treatment planning software is required, of which

the development has been pursued by our group [5]. However, for a growing number

of degrees of freedom and available image data, manual creation of beam configura-

tions and dose optimisation becomes increasingly intractable, and the treatment plan

quality becomes more dependent on the skills of the operator.

For deep-seated tumours surrounded by organs at risk (OARs), it is difficult to create

a treatment plan that yields sufficient dose to the planning target volume (PTV) while

sparing OARs [6]. In clinical radiotherapy, mathematical models are used in dedicated

treatment planning systems that automatically optimise beam-on times (i.e. monitor

units in external beam radiotherapy and dwell times in high-dose rate brachytherapy)

for complicated dose distributions (e.g. Shepard et al. [7], Otto [8], De Boeck et al.

[9]. Recently, Stewart et al. [10] demonstrated the first beam kernel based preclinical

inverse planning model for a 2D target area. Their model optimises beam positions

and beam-on times and was validated by experimental data.

The goal of this work is to develop a basic framework for a 3D volume-based inverse

treatment planning system, and to test its application in small animal radiotherapy. We

present a mathematical model that automatically optimises beam-on times for preclin-

ical small animal radiotherapy using manually created beam configurations as input.

Through an interactive procedure, various optimal solutions are generated through
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(a) (b)

Figure 4.1: Illustration of Pareto optimality with two objectives. In figure (a), solutions 3 and 4
are not Pareto optimal, solutions 1 and 2 are Pareto optimal, and therefore lie on the Pareto
frontier. Figure (b) shows the complete Pareto frontier. Note that the region below the Pareto
frontier represents infeasible solutions.

which the operator can navigate towards the most preferred trade-off. The quality

of this initial framework is evaluated using data from preclinical treatment cases of a

traditional flank tumour irradiation, and deep-seated targets surrounded by OARs. In

the remainder of this section, an introduction to existing inverse planning optimisa-

tion models in clinical radiotherapy is given, followed by an introduction to the dose-

optimisation challenge for preclinical radiotherapy (sections 4.1.2 and 4.1.3, respec-

tively).

4.1.2 Inverse treatment planning in radiotherapy

Clinical inverse treatment planning systems for intensity modulated radiotherapy

(IMRT) assign a penalty to each tissue structure based on the difference between

the intended and delivered minimum, mean or maximum radiation dose. The

average penalty over all structures is then minimised [7]. Since this penalty is often a

surrogate for the plan evaluation criteria, more recent literature on inverse treatment

planning focuses on developing models that optimise radiobiological indices [11, 12]

or dose-volume metrics directly [13, 14]. These more complicated mathematical

models are often more computationally intensive, and thus more time consuming,

than a penalty-based model.

Treatment planning is a multi-objective problem where a suitable trade-off between the

dose to the target and sparing of the OARs needs to be established. Treatment plans

for which none of the objectives can be improved without deteriorating at least one

other objective are Pareto optimal plans [15], a concept that has been used for IMRT

inverse treatment planning [16–18]. Figure 4.1a illustrates the Pareto concept for a

4

66



Beam-on time optimisation

bi-objective minimisation problem with 4 solution candidates. In this example, solution

3 is not Pareto optimal since both objectives can be improved by applying solution 1,

and solution 4 is not Pareto optimal since objective 1 can be improved by applying

solution 2 without worsening objective 2. Solutions 1 and 2 are both Pareto optimal

and yield a different trade-off of objectives. In practical applications, many trade-offs

and thus many Pareto optimal solutions exist, which together form the Pareto frontier

(figure 4.1b). The region below the Pareto frontier represents infeasible solutions.

4.1.3 Preclinical treatment planning

There are specific differences for radiation treatment planning and workflow in the pre-

clinical versus the clinical setting. In the preclinical workflow, animals are most often

treated based on CBCT data of the animal in treatment position, immediately following

image acquisition, see figure 4.2 for an overview. Treatment planning and optimisa-

tion should be a fast and easy process because the animal is under anaesthesia. The

maximum time an animal can remain under anaesthesia depends on experimental

conditions such as the type of anaesthetic applied, the animal model (e.g. nude mice

or with fur), the heating applied, and can vary from minutes to hours. The demand for

high-throughput studies poses additional limits on the available time for animal treat-

ment. Automation of treatment planning can shorten the treatment preparation and

delivery time required per animal, especially when more complex irradiation schemes

need to be delivered.

We adopted a penalty-based optimisation approach because it provides good solu-

tions in a relatively short amount of time. Because the choice for the most preferred

trade-off is operator and study dependent, an interactive approach was developed that

allows the operator to navigate towards the preferred Pareto optimal solution. Once a

treatment plan has been created, it can often serve as a class solution for subsequent

treatments in the same study, as animals and treatment objectives are often similar in

pre-clinical studies.

A Monte Carlo (MC) based dose calculation engine is often used to robustly model

photon interactions in the applied orthovoltage photon energy range [6, 19]. In com-

parison to many dose calculation algorithms used for clinical megavoltage photon

energies, such as superposition-convolution algorithms, computational requirements

are more demanding for MC approaches which needs to be taken into account by the

optimisation model. Furthermore, standardisation and inter-institute comparability of
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Figure 4.2: Schematic overview of the different phases in precision small animal radiotherapy.
Typical required time spans are provided.

data is especially important in a preclinical research setting, for which automation with

the use of treatment planning protocols and class solutions can be valuable.
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4.2 Methods and materials

4.2.1 Inverse planning optimisation model

Basic optimisation model

An often used method for finding Pareto optimal solutions to multi-objective optimisa-

tion problems is by optimising a weighted sum of the conflicting objectives, where the

sum of the non-negative weights equals one [20]. First, we introduce the notation.

Sets are indicated using calligraphic letters. The set of organs at risk is denoted by

OAR, and the complete set of tissue structures is denoted by S = OAR∪PTV . Each

tissue structure is discretised into voxels, and the set of voxels in structure s ∈ S is

denoted by Is. B denotes the set of beams. The matrix ḋ contains the dose rates from

all beams to each voxel, where column ḋi is the vector of total dose rates from each

beam to voxel i, and ḋib denotes the dose rate to voxel i from beam b. The variable t

is a vector containing the beam-on times for all beams. The dose to voxel i can now

be calculated by ḋ
T
i t. The prescribed dose to the target is denoted by DP .

For each voxel i ∈ IPTV , i.e. the set of voxels in the PTV, the variable vi equals the

difference between the planned and prescribed dose if the delivered dose is less than

DP , and 0 otherwise. The optimisation model can now be formulated as follows:

min
v,t

wPTV
1

|IPTV |
∑

i∈IPTV

vi + (1− wPTV )
∑

s∈OAR
ws

1

|Is|
∑
i∈Is

ḋ
T
i t

s.t. vi ≥ DP − ḋ
T
i t ∀i ∈ IPTV

vi ≥ 0 ∀i ∈ IPTV

tb ≥ 0 ∀b ∈ B,

where ws denotes the weight assigned to the objective corresponding to structure

s ∈ S, and |Is| denotes the number of voxels in structure s. The objective for the PTV

is to minimise the difference between the prescribed and delivered dose averaged

over all voxels, while the objective for each of the organs at risk is to minimise the

total dose over all voxels in this organ. As differences in structure sizes may lead

to a more pronounced sparing of large structures, this total dose is divided by the

number of voxels in the organ and therefore results in minimising the mean dose to

the structure. Note that wPTV denotes the trade-off between the dose to the target

and normal tissue sparing, and the remaining weights reflect the relative importance

of each of the OARs, where we only consider weights satisfying
∑

s∈OAR ws = 1.
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This turns out to be a practically convenient approach, as will be further explained in

the next section.

Model extensions

Several additional restrictions on the treatment plan can be included in the model.

The total beam-on time can be limited to Tmax:

∑
b∈B

tb ≤ Tmax.

Restrictions on the minimum, mean and maximum dose to the voxels in structure

s ∈ S, denoted by Dmin, Dmean and Dmax, can be included:

ḋ
T
i t ≥ Ls ∀i ∈ Is ∀s ∈ S

ḋ
T
i t ≤ Us ∀i ∈ Is ∀s ∈ S

1

|Is|
∑
i∈Is

ḋ
T
i t ≥ L̃s ∀s ∈ S

1

|Is|
∑
i∈Is

ḋ
T
i t ≤ Ũs ∀s ∈ S,

where Ls and Us denote a minimum and maximum allowed Dmin and Dmax for or-

gan s, respectively, and L̃s and Ũs denote a minimum and maximum allowed Dmean,

respectively. Note that restrictions on Dmin and minimum Dmean apply to target struc-

tures only. Finally, restrictions related to target dose homogeneity limit the absolute

difference between Dmin and Dmax of the PTV to be at most H, using auxiliary vari-

ables l and u:

l ≤ ḋ
T
i t ∀i ∈ IPTV

u ≥ ḋ
T
i t ∀i ∈ IPTV

u− l ≤ H.

Navigating through the Pareto frontier

The operator can navigate through the Pareto frontier by adjusting the weights wPTV

and ws, s ∈ OAR. The trade-off between dose to the PTV and sparing of the OARs

is the most important trade-off. For this, the operator needs to run the model for a

range of values for wPTV , e.g. from 0 to 1 with a step size of 0.1, while fixing the OAR

weights. Based on those results, the planner can narrow the range and decrease the

step size to find a plan that best matches the preferred trade-offs. Thereafter, the plan
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can be fine-tuned by adjusting the weights of the OARs, or by choosing a range of

weights for one of the OARs to compare different trade-offs. Varying OAR weights

may influence dose to the PTV, for which it may be necessary to re-adjust the weight

for the PTV versus OARs. An example of such an optimisation process can be found

in the supplementary material.

4.2.2 Treatment planning

To create beam configurations and perform dose calculations, a research version of

the small animal radiotherapy treatment planning system SmART-Plan (version 2.0,

Precision X-ray Inc, North Branford, CT) was used in which the optimisation model

was integrated [19]. The optimisation model was solved using CPLEX 12.6 Optimiser

(IBM corporation, Somers, USA) which was interfaced to MATLAB Release 2012b

(The MathWorks, Inc., Natick, USA), on a computer with an Intel i7-2670 QM proces-

sor. All cases were planned for irradiation with an X-RAD 225Cx (Precision X-Ray

Inc, North Branford, CT), using a 225kVp (0.32 mm Cu filtration) spectrum [21].

A forward treatment planning approach was used in which beams are positioned man-

ually and shown as overlay over CBCT image data to provide an estimate of the ex-

pected dose distribution. SmART-Plan uses the Monte Carlo (MC) code DOSXYZnrc

[22] to perform dose calculations, using a validated MC source model in voxelised

geometries based on the CBCT image data [23]. For MC dose calculations both the

material (i.e. cross-section data) and mass density are required and were assigned

on a voxel-by-voxel basis according to the Hounsfield Units (HU) [5]. The conversion

of HU to material type and density was performed based on a 4-material HU thresh-

old scheme and a density calibration curve that was established using materials of

known composition and density. The material classes were air, lung, soft tissue, and

cortical bone (ICRU report 44 [24]). The HU thresholds were established based on vi-

sual inspection of the CT data. Dose calculations were run to a statistical uncertainty

of <3% in the target region, using energy transport cutoffs for the photon and elec-

tron transport of 10 and 100 keV, respectively. Dose was scored as dose-to-medium,

transport-in-medium.

4.2.3 Treatment planning and delivery times

Operators recorded the time that was required for the optimisation and

non-optimisation part of the treatment planning process. The non-optimisation part

of the treatment planning includes time needed to import and manipulate image
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data in SmART-Plan, assign materials and mass densities, delineate structures and

perform dose calculations. The time required to perform the dose calculations was

recorded for all cases and includes the time required to create the input data for the

MC calculations and import resulting dose distributions into SmART-Plan. The time

for manual optimisation only includes adjusting beam weights and evaluating the

intermediate and final dose distributions. For automated optimisation, these times

include the iterative process of adjusting weights for the PTV and OARs, running the

optimisation algorithm, and evaluating intermediate and final dose distributions. The

automated and manual approaches use the same dose distributions as input. All

treatment plans were delivered in the shortest time possible by using the highest

dose rate the X-RAD 225Cx provides, by ordering beams from low to high gantry

angle and by initializing plan delivery with the gantry positioned at the angle of the

first beam. The time to deliver a treatment plan includes beam-on times, the time

needed to switch the X-ray tube on and off, and time to reposition the gantry.

4.2.4 Treatment cases

Four treatment scenarios were created based on a rat with a large flank tumour using

a CBCT image with isotropic voxel spacing of 0.4 mm. For the first case, the flank

tumour was targeted and both kidneys, spine, and gastrointestinal tract (GI) were

delineated as OARs. Two parallel opposed 40×40 mm beams at a 12 degree offset

from the vertical axis, linked to a single machine isocentre, were used.

For the second case, the left kidney was considered as PTV and the right kidney,

spine, and GI were included as OARs. A beam configuration consisting of four beams

linked to three machine isocentres using 10×10 mm beams was created. Two beams

are so-called partial arc or dynamic beams, which are planned to deliver radiation

while the machine gantry rotates and the animal stage remains stationary. The two

remaining beams were static parallel opposed anterior-posterior posterior-anterior

beams.

For the third and fourth case, a crescent-shaped fictitious PTV with a volume of 946

mm3 was created wrapped around the spine, and the two kidneys, spine and GI were

used as OARs. Case 3 and 4 were different only with regard to the beam config-

urations. For case 3, six 10×8 mm rectangular beams were linked to five machine

isocentres, one isocentre above the spine close to the skin with two parallel opposed

lateral-medial medial-lateral beams, and two isocentre at each side of the spine. The

beams were positioned with angular separations of 45 degrees. For case 4, twelve
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Figure 4.3: Beam configurations of the four treatment cases. Beam directions are indicated
with arrows. Dynamic arc beams are illustrated by drawing the initial and final beam positions,
connected with curved arrows. Beam index numbers correspond to the beam-on time data in
table 4.2.

10×8 mm rectangular beams linked to two machine isocentres next to the spine were

used. The beams were positioned with angular separations of 10 degrees. The beam

configurations of cases 3 and 4 were both symmetrical with a virtual mirror plane

along the spine of the animal.

Since the flank tumour was not used as the planning target for cases 2, 3 and 4, the

tumour was cropped from the CBCT image data for those cases. This did not affect

the treatment plans or the optimisation model as beams did not traverse the flank

tumour before reaching their target. Because this work concerns an in silico planning

study, margins of 0 mm were taken for sub-clinical disease spread and uncertainties

in treatment delivery were not taken into account. Therefore, the PTV was equal to

the gross tumour volume for all cases, and dose was planned to the PTV. See figure

4.3 for illustrations of the beam configurations and PTVs for all cases.

For all cases, a prescription dose of 8 Gy to the PTV was used, and a mean dose to

the PTV between 8 and 10 Gy was set as a constraint. No constraints on the minimum

and maximum dose and dose heterogeneity were used. Note that the dose to OARs is

only included in the penalty objective. The manual beam-on time optimisations were

performed by a different operator than the automated optimisations to prevent influ-

ence of prior knowledge of the treatment plans on our results. As different planners

may have different trade-off preferences, the preferences of the second planner need

to be matched to those of the first to obtain comparable treatment plans. Therefore,

the planner using automated beam-on time optimisation aimed for achieving the same

V95% as obtained with manual optimisation. Here, V95% is defined as the fraction of

the target volume receiving at least 95% of the prescribed dose.
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4.3 Results

4.3.1 Dose distributions

An overview of the dose distributions of each case is shown in figure 4.4. Dose and

volume metrics for the manually and automatically optimised treatment plans for all

four cases are presented in table 4.1 and dose-volume histograms (DVHs) are pre-

sented in figure 4.5. The results show that the two methods yield dose distributions

of similar quality. For case 1 the DVHs of the manual and automated approaches are

fully overlapping, as finding an optimal treatment plan for this case is straightforward.

The main difference between the plans for case 2 was a lower target dose homogene-

ity when using the automated optimisation, as can be observed from the DVHs and

the relative standard deviation, σD/Dmean, defined as the standard deviation of the

dose to all voxels in the PTV divided by the mean dose of the PTV. The target dose

homogeneity for case 3 was better when using automated plan optimisation, and for

case 4 hardly any difference can be observed. For case 3, the minimum dose to the

hottest 5% of the PTV, D5%(PTV), was lower when using automated plan optimisa-

tion and sparing of the spine was much improved. This came at the cost of a slightly

higher D5%(GI). For case 4, the operators had slightly different trade-off preferences:

the dose to the GI and the kidneys was higher for the automatically optimised plan,

but the dose to the spine was much lower.

4.3.2 Trade-off

The Pareto approach allowed the operator to choose from various trade-offs. Figure

4.6 presents a set of possible treatment plans obtained by automated optimisation

using varying optimisation weights, for all four cases. For example, for case 1, an

increase in V95%(PTV) comes at a cost of an increase in D1%(GI). For case 2, a slight

increase in D5% for the GI from 5.9 to 6.1 Gy allows for an increase in V95% of the

PTV from 60% to 66%. Also increasing V95% for case 3 comes at low cost as shown

in figure 4.6, while the remaining DVH parameters remained approximately constant.

For case 4, roughly every additional percentage of V95%(PTV), required an increase

in D5%(spine) of approximately 0.8 Gy in the displayed range.

4.3.3 Treatment planning and delivery times

The beam-on times and time spent on optimisation and delivery of all treatment plans

for the manual and automated approach are shown in table 4.2. The time needed for
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Figure 4.4: Overview of the dose distributions resulting from automated and manual treatment
plan optimisation and their differences. Window and level settings for visualisation of both the
CT and overlaid dose distributions are equal for all images. PTVs are delineated in red, the
right kidney in yellow, the left kidney in blue, the GI in white, and the spine in green.
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Table 4.1: Dose-volume metrics using manual (man) and automatic (aut) beam-on time opti-
misation. Dose values are given in Gy, and V95% is given as a percentage of the total PTV
volume. σD/Dmean is the standard deviation of the dose to the voxels in the PTV divided by
the mean PTV dose. PTV=planning target volume.

Case 1 Case 2 Case 3 Case 4

man aut man aut man aut man aut

PTV
V95% (%) 100.0 100.0 61.2 61.7 68.0 68.1 83.8 84.3
Dmin (Gy) 7.6 7.6 0.0 0.0 0.0 0.0 0.5 0.4
D95% (Gy) 7.9 7.9 1.1 0.5 0.4 0.4 5.9 5.4
Dmean (Gy) 8.2 8.2 8.3 8.2 9.9 8.7 8.3 8.1
D5% (Gy) 8.5 8.5 13.8 15.6 19.8 15.5 9.6 9.4
Dmax (Gy) 9.5 9.5 16.1 18.8 30.3 26.2 11.1 15.2
σD/Dmean 0.0 0.0 0.47 0.58 0.68 0.61 0.16 0.18

left kidney
D5% (Gy) 0.2 0.2 n/a n/a 5.7 5.6 5.5 6.1
D1% (Gy) 0.2 0.2 n/a n/a 6.3 6.2 6.7 6.6

GI
D5% (Gy) 4.0 4.0 6.9 5.9 0.3 0.4 2.4 4.4
D1% (Gy) 7.9 7.9 8.9 8.4 5.8 6.3 4.3 6.3

right kidney
D5% (Gy) 1.1 1.3 1.6 1.8 0.3 0.4 4.7 6.1
D1% (Gy) 2.8 2.7 2.0 2.3 0.3 0.5 5.6 6.4

spine
D5% (Gy) 1.3 1.3 0.3 0.3 0.8 0.6 7.4 3.0
D1% (Gy) 1.5 1.5 0.4 0.4 10.7 1.0 15.7 9.6
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Figure 4.5: Dose-volume histograms obtained using manual (gray) and automated (black)
beam-on time optimisation. The vertical dashed line indicates the prescription dose.
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Figure 4.6: A trade-off between target coverage (PTV V95%) as a percentage of the total
volume and sparing of (a) the GI (D1%) for case 1, (b) the GI (D5%) for case 2, (c) the left
kidney (D5%) for case 3 and (d) the spine (D5%) for case 4, measured in Gy.
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optimisation only was similar for the manual and automated procedures for cases 2,

3 and 4. For case 1, the size of the tumour results in a large number of voxels for

the PTV and corresponding variables. This increases the computation time for the

optimisation algorithm, whereas manual optimisation is straightforward and requires

very little time.

For automatic optimisation, a single treatment plan was optimised within approxi-

mately 20 seconds. Searching for the most preferred Pareto optimal solution required

a similar amount of time as generating a single final treatment plan when optimising

manually. As a result, within the amount of time needed for manually optimising a

single treatment plan, multiple Pareto optimal treatment plans were generated with

automatic optimisation.

The plan delivery times for the automatically optimised plans were lower due to the

exclusion of many beams, and were further decreased by the somewhat lower total

beam-on times when using automated optimisation. For example, the total beam-on

time for case 4 reduced by 20 seconds when using automatic treatment planning. In

addition, the total time needed for plan delivery was reduced by another 26 seconds

due to the smaller number of beams used. This resulted in a total plan delivery time

that was reduced from 7:26 minutes to 6:40 minutes. However, the lower total beam-

on times and exclusion of beams were not a general feature as they were not set as

one of the objectives.

The non-optimisation part of treatment planning required 23:20, 24:03, 23:53 and

26:13 minutes for case 1, 2, 3 and 4, respectively. Of this non-optimisation part, the

dose calculations required 5:20, 4:03, 2:53 and 4:13 minutes for case 1, 2, 3 and 4,

respectively.
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Table 4.2: Beam-on times, time spent on plan optimisation and time required to deliver treat-
ment plans for the manual (man) and automated (aut) optimisation approaches.

Case 1 Case 2 Case 3 Case 4

beam [-] man aut man aut man aut man aut

1 1:39 1:35 1:34 0:00 0:00 0:00 0:30 0:00
2 1:37 1:41 2:57 3:31 3:52 6:19 0:29 0:00
3 1:12 0:00 2:18 0:04 0:30 0:00
4 2:54 4:20 2:17 0:00 0:33 3:10
5 3:54 3:50 0:36 0:00
6 0:00 0:01 0:41 0:00
7 0:41 0:00
8 0:37 0:41
9 0:33 2:12
10 0:31 0:00
11 0:30 0:00
12 0:29 0:17

total beam-on time 3:16 3:16 8:37 7:51 12:21 10:14 6:40 6:20

plan optimisation 0:30 2:05 4:00 4:30 4:30 5:00 5:00 5:00

plan delivery
total beam-on time 3:16 3:16 8:37 7:51 12:21 10:13 6:40 6:20
non-beam-on time 0:31 0:31 0:40 0:14 0:32 0:33 0:46 0:20

total 3:47 3:47 9:17 8:05 12:53 10:46 7:26 6:40

Note: Beam-on times are provided per beam, and the total beam-on time per treatment
plan. The time required to deliver treatment plans is split into the total beam-on time for
the plan, and time to reposition the gantry and switch the x-ray tube on and off, referred to
as non-beam-on time. All times are denoted as min:s.
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4.4 Discussion

This work shows that the developed framework for precision small animal radiother-

apy inverse treatment planning is well capable of optimising beam-on times for 3D

dose distributions and offers several advantages over manual treatment plan optimi-

sation. The applied Pareto approach provides quantitative insights on trade-offs for

mutually conflicting optimisation objectives. Automation in pre-clinical treatment plan-

ning decreases the dependence on the skills of the operator, allows for the use of

class solutions, and eases the creation and evaluation of more complex beam config-

urations.

In precision image guided small animal radiotherapy, most operators are not experts

in treatment planning, and would especially benefit from automation of the treatment

planning process. Adding protocols and class solutions for specific studies or treat-

ments can reduce valuable planning time significantly since different animals in pre-

clinical studies often have similar anatomical characteristics. From experience in clin-

ical IMRT it is known that for similar cases, the optimal weight vectors are similar

as well [25]. This form of standardisation can improve comparability of animal data

within one study, and even among different institutions. Traditionally, beam-on times

are fixed for all animals within one study, which does not necessarily yield similar

dose distributions, whereas the optimisation model will provide animal specific beam

weights resulting in a similar trade-off between PTV and OAR doses. Furthermore,

the use of automated optimisation allows for the delivery of more complicated treat-

ment schemes which are required for advanced radiobiological studies such as het-

erogeneous dose boosting and dose painting [26].

The concept of Pareto optimality allows the planner to assess possible trade-offs by

solving the model for various sets of penalty weights. This provides the operator with

quantitative data on the cost of improving one objective in relation to deteriorating

other objectives. For example, figure 4.6b shows that improving V95%(PTV) requires

a minor increase in maximum OAR dose for case 2. In contrast, the operator who

used manual optimisation was not aware of this quantitative sensitivity information,

and thus did not improve PTV coverage.

The penalty-based objectives used in our model are surrogates for dose-volume char-

acteristics. A Pareto-optimal treatment plan that is optimized with respect to penalty

functions is thus not necessarily Pareto-optimal with respect to dose-volume metrics.

On the other hand, directly optimizing dose-volume metrics is computationally expen-

sive [14], which is undesirable for small animal studies where strict time constraints
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on treatment planning and animal throughput often exist. Since the penalty-based

optimisation model performs well for our application and is currently used in clinical

radiotherapy, we adopted that approach.

An interesting observation is the small number of beams selected by the optimisation

model. Holm et al. [27] argue that for high-dose rate brachytherapy, the number

of positive dwell times is restricted by the number of voxels that receive exactly the

prescribed dose. We often observe fewer active beams than voxels receiving the

prescribed dose, implying that the findings by Holm et al. do not fully explain the

result for our cases. A more intuitive explanation is found when looking at the beam

configurations. For cases 3 and 4, the model avoids the use of beams that pass

through the spine, which is caused by a high weight factor for the spine for both cases.

The exclusion of beams by the optimisation model results in a lower plan delivery time,

which is slightly more decreased by the lower total beam-on times for the automated

optimised plans as shown in table 4.2.

As we only include beam-on times as degrees of freedom in this first study on 3D

preclinical dose optimisation, the achievable quality of the final dose distributions is

highly dependent on the a priori determined beam configuration. Especially the lack

of degrees of freedom for shaping and positioning of the beams can quickly result

in problems with PTV coverage or infeasible optimisation constraints. Including opti-

misation of the beam configuration can strongly improve treatment plan quality, as is

illustrated by the results from cases 3 and 4 presented in figure 4.5. A higher qual-

ity plan was achieved with the 12-beam configuration of case 4 in comparison with

the 6-beam configuration of case 3, despite the fact that the optimal solution used

only 4 of the 12 beams. Future hardware improvements such as jaws or multi-leaf

collimators similar to those used in clinical radiotherapy could improve plan quality

even further. With such additional degrees of freedom, automated plan optimisation

becomes essential.

The presented model needs operator-defined weights that have no direct interpreta-

tion. This complicates the a priori choice of weights. As a result, in the first iterations

the treatment plans need to be optimised for a wide range of weight vectors. As noted

before, the use of class solutions can reduce this workload. Moreover, the atomic

composition of the defined anatomical structures can strongly influence calculated

dose values in the kV photon energy range when scoring dose-to-medium (e.g. for

calcium-rich bone), which is the common dose-scoring method in Monte Carlo based

engines. This in turn influences the weight vector required for a certain treatment plan.
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The option in the dose engine to score dose-to-water would improve the consistency

of the weight vector across different animals.

To our knowledge, Stewart et al. [10] are the only group that has investigated the

possibilities of inverse treatment planning for small animal radiotherapy. Our work dif-

ferentiates through exclusion of the optimisation of beam positions, but is more appli-

cable to realistic animal studies because it focuses on optimising 3D dose distributions

based on CBCT data of different pre-clinical cases instead of 2D dose distributions to

radiochromic film.

4.5 Conclusion

In this work, we developed a basic framework for multi-objective beam-on time op-

timisation for 3D dose distributions in small animal radiotherapy. Results show that

this model is capable of optimising treatment plans to a similar quality as achieved

with manual optimisation, and offers several advantages over manual treatment op-

timisation for orthotopic tumours. Automated treatment plan optimisation allows for

improved standardisation and decreases the dependence of plan quality on opera-

tor skills. The Pareto approach gives quantitative insight in the sensitivity of trade-

offs of conflicting objectives. Automated treatment plan optimisation can benefit ani-

mal throughput through the use of class solutions and by lowering treatment delivery

time.

Acknowledgements

We would like to thank Dr. Davide Fontanarosa and Mark Podesta for their valu-

able input during discussions. Support for the purchase and operation of the micro-

irradiator was provided by a Marie Curie grant (PIRG03-GA-2008-230911), a ZonMW

grant (40-00506-98-9019) and by the GROW research institute. Patrick V. Granton

was supported by a Kootstra Fellowship from CRISP, Centre for Research Innovation,

Support and Policy of Maastricht University, and by a PGSD3 scholarship from the

Natural Sciences and Engineering Research Council of Canada (NSERC).

4

82



Beam-on time optimisation

References
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Supplementary material

As an example, we give a step-by-step discussion of the automated optimisation for

case 3, where a crescent-shaped tumour was irradiated using six beams. The goal

was to find a treatment plan where V95% is at least 68%, while limiting the dose to the

OARs as much as possible.

In the first iteration, the weights of the four OARs were all set to 0.25. The model was

solved for a target optimisation weight varying from 0.1 to 0.9 with steps of 0.1. This

resulted in 9 treatment plans with DVH metrics as presented in table 4.3.

Table 4.3: Dose-volume metrics using automatic beam-on time optimisation where the opti-
misation weights for the OARs are all equal to 0.25, and the PTV optimisation weights vary
from 0.1 to 0.9 with a step size of 0.1. Dose values are given in Gy, and V95% is given as a
percentage of the total PTV volume.

wPTV 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

PTV
V95% (%) 55.1 69.0 73.5 73.8 73.5 88.2 90.2 90.3 90.4
Dmin (Gy) 0 0 0 0 0 0 0 0 0
D95% (Gy) 0.2 0.4 0.5 0.5 0.6 2.2 2.4 2.3 2.3
Dmean (Gy) 8.7 8.7 10.8 10.8 10.8 10.8 10.8 10.8 10.8
D5% (Gy) 26.2 16.2 21.7 21.0 21.9 19.6 19.4 19.6 19.6
Dmax (Gy) 29.1 26.5 33.1 33.0 29.0 21.7 22.7 22.3 22.0

left kidney
D5% (Gy) 0.0 5.7 6.0 6.2 3.8 7.0 7.3 7.4 7.6
D1% (Gy) 0.1 6.3 6.7 6.9 4.1 7.5 7.8 7.9 8.1

GI
D5% (Gy) 0.1 0.3 0.4 0.4 2.5 4.8 5.0 5.2 5.3
D1% (Gy) 1.3 6.2 6.7 6.8 4.3 5.7 5.9 6.0 6.2

right kidney
D5% (Gy) 0.3 0.3 0.4 0.4 0.4 6.2 6.7 6.9 7.0
D1% (Gy) 0.4 0.4 0.5 0.5 0.5 6.5 7.1 7.3 7.4

spine
D5% (Gy) 0.8 0.7 0.9 0.9 0.9 0.9 0.9 0.9 0.9
D1% (Gy) 14.1 5.4 8.9 8.6 8.9 9.2 9.3 9.3 9.3

The results in table 4.3 show that a PTV weight around 0.2 was suitable to obtain a

V95%(PTV) of around 68%. Furthermore, D5% is higher for the left kidney than for the

other OARs. Based on these results, our next step was to optimize treatment plans

where the optimization weight is 0.5 for the left kidney, 1/6 for the three remaining

OARs, and the PTV weight is varied from 0.15 to 0.25 with a step size of 0.01. The

4

85



Chapter 4

Table 4.4: Dose-volume metrics using automatic beam-on time optimisation where the optimi-
sation weight for the left kidney is 0.5, the weights for the three remaining OARs are all equal
to 1/6, and the PTV optimisation weights vary from 0.15 to 0.25 with a step size of 0.01. Dose
values are given in Gy, and V95% is given as a percentage of the total PTV volume.

wPTV 0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23 0.24 0.25

PTV
V95% (%) 54.9 54.8 54.8 54.8 54.7 54.7 56.3 56.4 65.1 68.3 69.3
Dmin (Gy) 0 0 0 0 0 0 0 0 0 0 0
D95% (Gy) 0.2 0.2 0.2 0.2 0.2 0.2 0.4 0.4 0.5 0.5 0.5
Dmean (Gy) 8.6 8.6 8.6 8.6 8.6 8.6 9.0 9.2 10.6 10.8 10.8
D5% (Gy) 26.1 26.1 26.1 26.1 26.1 26.1 21.7 21.7 23.1 23.4 23.3
Dmax (Gy) 28.9 28.9 28.9 28.9 28.8 28.8 27.5 28.3 32.4 33.1 33.1

left kidney
D5% (Gy) 0.1 0.1 0.1 0.1 0.1 0.1 3.1 3.6 5.1 5.3 5.4
D1% (Gy) 0.1 0.1 0.1 0.1 0.1 0.1 3.5 3.9 5.6 5.8 5.9

GI
D5% (Gy) 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.4 0.4 0.4
D1% (Gy) 1.3 1.3 1.3 1.3 1.3 1.3 3.6 4.1 5.7 5.9 6.0

right kidney
D5% (Gy) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.4
D1% (Gy) 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.5 0.5

spine
D5% (Gy) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.9 0.9 0.9
D1% (Gy) 13.6 13.6 13.5 13.5 13.4 13.4 9.6 9.3 9.2 9.2 9.2

resulting DVH parameters can be found in Table 4.4.

The DVH metrics after the second iteration show that a V95% of at least 68% cannot be

achieved without accepting a relatively high dose to the left kidney. A notable result is

the sudden increase in D5% for the left kidney when increasing the PTV weight from

0.20 to 0.21. This is caused by a beam traversing the left kidney that is added to

the treatment plan when increasing the PTV weight. Furthermore, D1% for the spine

increased strongly, which is undesirable since this is a serial organ. Therefore, we

reran the previous iteration, but changed the weights for the left kidney and spine to

1/6 and 0.5, respectively. This yielded the dose-volume metrics as presented in table

4.5.

From the results in table 4.5, we can conclude that these OAR optimisation weights

yield a sufficient sparing of all OARs. The change of OAR weights influenced the

dose to the target, and V95% increased beyond the desired level. This implied that we

can allow for a decrease in target by lowering wPTV in order to achieve a lower dose

to the OARs. We re-optimised the models with the weight for the spine set to 0.5,
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Table 4.5: Dose-volume metrics using automatic beam-on time optimisation where the optimi-
sation weight for the spine is 0.5, the weights for the three remaining OARs are all equal to
1/6, and the PTV optimisation weights vary from 0.15 to 0.25 with a step size of 0.01. Dose
values are given in Gy, and V95% is given as a percentage of the total PTV volume.

wPTV 0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23 0.24 0.25

PTV
V95% (%) 70.0 70.1 70.3 70.4 70.5 70.6 70.7 70.8 70.9 70.9 70.7
Dmin (Gy) 0 0 0 0 0 0 0 0 0 0 0
D95% (Gy) 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Dmean (Gy) 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7
D5% (Gy) 15.1 15.1 15.0 15.0 14.9 14.9 14.9 14.9 14.9 14.6 14.6
Dmax (Gy) 26.2 26.2 26.2 26.2 26.2 26.2 26.2 26.2 26.2 26.2 26.2

left kidney
D5% (Gy) 5.9 5.9 6.0 6.0 6.0 6.1 6.1 6.1 6.1 6.2 6.2
D1% (Gy) 6.5 6.6 6.6 6.7 6.7 6.7 6.7 6.8 6.8 6.8 6.8

GI
D5% (Gy) 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
D1% (Gy) 6.6 6.6 6.7 6.7 6.7 6.7 6.8 6.8 6.8 6.8 6.8

right kidney
D5% (Gy) 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
D1% (Gy) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

spine
D5% (Gy) 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
D1% (Gy) 0.9 0.9 0.9 0.9 1.0 1.1 1.1 1.2 1.5 1.8 2.3
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Table 4.6: Dose-volume metrics using automatic beam-on time optimisation where the optimi-
sation weight for the left kidney is 0.5, the wieghts for the three remaining OARs are all equal
to 1/6, and the PTV optimisation weights vary from 0.05 to 0.14 with a step size of 0.01. Dose
values are given in Gy, and V95% is given as a percentage of the total PTV volume.

wPTV 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14

PTV
V95% (%) 54.7 54.9 63.4 66.9 67.9 68.6 69.1 69.4 69.6 69.9
Dmin (Gy) 0 0 0 0 0 0 0 0 0 0
D95% (Gy) 0.1 0.1 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Dmean (Gy) 8.6 8.6 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7
D5% (Gy) 23.4 23.4 16.1 15.7 15.6 15.5 15.4 15.3 15.2 15.2
Dmax (Gy) 26.9 26.9 26.2 26.2 26.2 26.2 26.2 26.2 26.2 26.2

left kidney
D5% (Gy) 0.1 0.1 5.2 5.5 5.6 5.7 5.7 5.8 5.8 5.9
D1% (Gy) 0.1 0.1 5.8 6.1 6.2 6.3 6.3 6.4 6.5 6.5

GI
D5% (Gy) 0.2 0.2 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
D1% (Gy) 1.8 1.8 6.0 6.2 6.3 6.4 6.4 6.5 6.5 6.6

right kidney
D5% (Gy) 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
D1% (Gy) 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.5

spine
D5% (Gy) 0.8 0.8 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
D1% (Gy) 8.6 8.7 1.1 1.0 1.0 1.0 1.0 1.0 0.9 0.9

the weights for the remaining three OARs equal to 1/6, and a target weight varying

from 0.05 to 0.14 in steps of 0.01. This resulted in the data presented in table 4.6.

The treatment plan with a PTV optimisation weight equal to 0.09 was selected as the

optimal one. Again note the strong increase in D5% for the left kidney when increasing

the PTV weight from 0.06 to 0.07. As before, this is caused by an additional beam

that traverses the left kidney.

4

88



5
Dose painting by dynamic irradiation delivery on an image

guided small animal radiotherapy platform

authors

Stefan J van Hoof, Joana B Verde, Frank Verhaegen

adapted from

The British Journal of Radiology 2019; 92: 20180744

89



Chapter 5

Abstract

Objectives
Using synchronized three-dimensional stage translation and multiangle radiation delivery
to improve conformality and homogeneity of radiation delivery to complexly shaped target
volumes for precision preclinical radiotherapy.

Methods
A CT image of a mouse was used to design irradiation plans to target the spinal cord
and an orthotopic lung tumour. A dose painting method is proposed that combines het-
erogeneous two-dimensional area irradiations from multiple beam directions. For each
beam directions, a two-dimensional area was defined based on the projection of the target
volume. Each area was divided into many single beam Monte Carlo simulations, based
on radiochromic film characterization of a 2.4 mm beam of a commercial precision image
guided preclinical irradiation platform. Beam-on time optimisation including all simulated
beams from multiple beam directions was used to achieve clinically relevant irradiation
objects. Dose painting irradiation plans were compared to irradiation plans using a fixed
aperture and rotatable variable aperture collimator.

Results
Irradiation plans for the proposed dose painting approach achieved good target coverage,
similar dose to avoidance structures in comparison with irradiation using a rotatable vari-
able aperture collimator, and considerably less dose to avoidance volumes in comparison
with irradiation using a non-rotatable fixed aperture collimator. Required calculations and
beam-on times were considerably longer for the dose painting method.

Conclusions
It was shown that the proposed dose painting strategy is a valuable extension to increase
the versatility of current generation precision preclinical radiotherapy platforms. More con-
formal and homogeneous dose delivery may be achieved at the cost of increased radiation
planning and delivery duration.

Advances in knowledge
More advanced radiation planning for image guided preclinical radiotherapy platforms can
improve target dose conformality and homogeneity with the use of optimised dynamic
irradiations with synchronized couch translation. The versatility of these platforms can be
increased without hardware modifications.
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5.1 Introduction

The advent of image guided preclinical radiation research platforms enables radio-

biological studies that make use of more conformal and complex dose distributions,

compared to previous-generation experiments. These modern platforms use photon

energies and a geometrical millimetre-size scale required for preclinical precision irra-

diation [1, 2]. The hardware and software of current commercial preclinical research

platforms have seen advances towards improving different aspects, including radia-

tion delivery [3] and dose planning [4–7].

Preclinical studies to develop and assess novel treatment strategies with high poten-

tial for use in a clinical setting could benefit from more complex preclinical irradiation

capabilities [8]. Imaging modalities such as x-ray CT [9] and bioluminescence [10, 11]

can provide the basis for developing radiation delivery plans derived from online func-

tional and anatomical imaging. The increased interest and use of orthotopic tumour

models instead of subcutaneous tumour models increases the demand for more so-

phisticated irradiation planning and delivery [12].

The technological development of preclinical image guided radiation research plat-

forms could be divided into 4 categories with different of freedom for radiation delivery

as shown in figure 5.1. Current state of the art for precision preclinical irradiation

is in the transition from type A to type B. In comparison with a set of fixed aperture

size collimators, beam shape modulation could improve conformality of precision ir-

radiation, but is challenging at the required spatial scale of about 1 mm to several

cm. Beam sizes down to 1 mm or smaller are difficult to model and deliver accurately

using fixed aperture beam collimation [3, 13]. Whereas the clinical approach of using

multi-leaf beam collimation is not feasible, iris and jaw collimation techniques have

been attempted [14–16]. While these approaches are interesting, they are challeng-

ing to implement robustly for mm-sized fields and remain unvalidated in literature and

are therefore currently not practically applicable. Other available degrees of freedom

could be more promising for implementation with current hardware. For example,

modulation of beam energy and current, in combination with stage translation and

gantry rotation during irradiation.

The purpose of this study is to demonstrate the feasibility of type C irradiation delivery

as shown in figure 5.1. Synchronized three-dimensional stage translation and radi-

ation delivery from multiple radiation directions are used to improve conformality of

radiation delivery to a complexly shaped target volume. We developed algorithms to
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Figure 5.1: The technological development of image guided small animal radiation research
platforms can be roughly divided into 4 categories: A) Three-dimensional translation of the
animal and gantry rotation are used to perform step-and-shoot wise irradiations in static ge-
ometrics. Different beam sizes can be delivered using manually interchangeable collimators.
B) Radiation can be delivered using any rectangular beam size with variable aperture colli-
mators. Irradiation delivery remains restricted to step-and-shoot treatments. C) Irregularly
shaped, conformal, radiation delivery is enabled by animal translation during irradiation in a
dynamic fashion using a fixed beam size. Multiple beam directions can be combined into a
single irradiation plan. D) The collimator aperture, gantry angle, animal couch position and
angle, and possibly other degrees of freedom such as dose rate, are applied dynamically dur-
ing irradiation. In all illustrations, semi-transparent elements indicate different states of static
step-and-shoot irradiations and yellow arrows indicate movement of the animal couch and
beam collimators during radiation delivery.
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create irradiation plans that we simulated using a validated Monte Carlo (MC) model

of a preclinical radiotherapy research platform [4].
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5.2 Materials and methods

5.2.1 Radiation delivery and planning

A preclinical research platform X-RAD 225Cx (Precision X-Ray, North Branford, CT)

was used for CT image guidance and radiation delivery [17]. A 225 kVp 1.1 (C1)

and 2.4 (C2) mm diameter beam were used as defined at the isocentre by the full

width at half maximum (FWHM). A research version of the dedicated small animal

radiotherapy planning system SmART-ATP (version 1.1, SmART Scientific Solutions

BV, Maastricht, the Netherlands) was used for radiation planning on a 16 core Intel

Core i9-7960X. SmART-ATP uses a validated MC model [4] that was calibrated to

the specific dosimetric output of the irradiator. Further irradiation details following the

ESTRO ACROP guidelines can be found in supplementary material [18].

5.2.2 Dynamic irradiation

SmART-ATP was extended to create the proposed dynamic radiation delivery meth-

ods. The X-RAD 225Cx enables radiation delivery specification using a control point

sequence, similar to clinical radiation delivery plans for linear accelerators. The treat-

ment protocol specifies values for all degrees of freedom of the irradiator at specific

control points. A treatment protocol specifies one or multiple beams that each consist

of at least two control points. Radiation is delivered during beam segments that are

defined by two adjacent control points. The delivered dose of a beam segment is

specified with cumulative beam-on time. This structure of radiation delivery by control

point specification is illustrated in figure 5.2.

By interpolation of the degrees of freedom of the irradiator, a dynamic irradiation can

be performed. Currently, the irradiator cannot interpolate specimen stage positions

between adjacent control points. Therefore, continuous stage translation was mim-

icked by using sufficiently small beam segment that use spatially and temporally prox-

imate control points.

To create conformal dynamic irradiation protocols, couch and gantry angle pairs

were selected manually. Irradiation protocol creation was divided into multiple

two-dimensional area irradiation problems (the red and blue regions in figure 5.2. For

each photon incident direction, a couch and gantry angle pair, a beam consisting of

many control points is created. The couch rotation angle around a vertical axis is

fixed at 0 degrees for the X-RAD 225Cx used in this study. For each beam direction,

the delineated target volume is projected onto a virtual plane perpendicular to the
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Figure 5.2: An example of a dose painting irradiation protocol structure consisting of two
beams at a different gantry angle. The irradiation protocol can consist of multiple beams
with each beam consisting of at least two control points. X-rays are turned on at the start of
a beam and turned off at the last control point, during which the couch is translated to paint a
two-dimensional area. By using beam-on time optimisation and combining multiple radiation
directions during optimisation, each two-dimensional area can deliver a heterogeneous dose
distribution to the target volume to optimise plan quality.

beam. The projection plane is positioned such that it intersects the centre of mass of

the target volume which was calculated assuming a homogeneous target volume

density. The two-dimensional target region for the beam direction was calculated as

the outer contour of the target volume projection. This outer contour was enlarged

with the diameter of the radiation beam to ensure complete target coverage. Absolute

positions for the control points were calculated at an equidistance of 0.75 mm, see

supplementary material, in a hexagonal grid pattern within the outer contour. Finally,

a radiation beam is simulated at each control point. MC simulations for dose painting

irradiations were performed to reach 100k photon histories per square millimetre, to

achieve a cumulative statistical uncertainty of at least 3% for each beam direction.

The creation of the simulation grid for a target volume is illustrated in figure 5.3.

5.2.3 Dose measurement

Beams were characterized spatially and dosimetrically with radiochromic film posi-

tioned at 5 mm depth between solid water slabs, at the isocentre of the irradiator, and

irradiated for 120 seconds. Additional details about the radiochromic film calibration

and analysis are provided in supplementary material. Beam dimensions were defined

as the FWHM for the lateral and longitudinal direction. Dose rates were defined as the

average in an area of 50% to the maximum dose rate. Beam penumbra sizes were
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Figure 5.3: The dose painting approach for irradiators of type C as shown in figure 5.1. An
example is shown for the calculation of irradiation grid positions to irradiate the whole right lung
of a mouse from a single anterior beam direction. A) The target volume delineation to create
the irradiation plan. B) A projection outline of the target volume is calculated onto a virtual
plane perpendicular to the beam that intersects at the centre of mass of the target volume. C)
A margin is added to the projected area to assure target coverage. D) An irradiation grid for
the dose calculations is created, which will be used to calculate beam-on times to deliver a
specific dose to the target volume at each grid point. Multiple couch and gantry angle pairs
can be combined into an irradiation plan.
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Figure 5.4: An overview of delineated volumes of interest that were considered together with
a part of the mouse skeleton for relative spatial reference. Both lungs, the heart, stomach,
liver and trachea were included as avoidance regions. The orthotopic lung tumour and a 15
mm long part of the spinal cord were considered as target volumes for two irradiation cases.

defined as the dose gradient required to cover 20% to 80% of the maximum dose.

5.2.4 Irradiation cases

Two irradiation scenarios were used based on a cone beam CT image of a mouse

with an orthotopic lung tumour. The image was acquired at sufficient resolution and

reconstructed to an isotropic voxel spacing of 0.1 mm. A radiation oncologist delin-

eated the orthotopic lung tumour, both lungs, heart, spinal cord, liver, stomach and

trachea, see figure 5.4. The orthotopic lung tumour was targeted for case 1 and a

length of 15 mm of the spinal cord was targeted for case 2. Irradiation protocols were

created to deliver an arbitrary prescription dose of 10 Gy to the target volume. No

treatment margins were used for sub clinical disease spread or uncertainties in radi-

ation delivery. Therefore, the planning target volume (PTV) was equal to the gross

tumour volume (GTV) and dose was planned to the PTV.

Tissue segmentation was performed starting with two Hounsfield Unit (HU) thresholds

at -700 and 1200 to segment air, soft tissue, and bone. Thereafter, the left and right

lung delineations were used to override the threshold-based segmentation to define

lung tissue. For both cases, plans were created for irradiations using a fixed aperture

collimator, rotatable variable aperture collimator (RVAC), and for the dose painting

approach as described in section 2.2. For case 1, 4 gantry angles were selected
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in the anterior, posterior, lateral and medial direction at 90-degree offsets. For case

2, two parallel opposed lateral gantry angles were selected. For all simulations, an

isotropic dose simulation grid resolution of 0.2 mm was used.

Irradiation plans for the fixed aperture irradiations were created using the smallest

beam sizes available for the X-RAD 225Cx which are large enough to achieve com-

plete target coverage. For case 1 this was a circular 5 mm diameter field and for case

2 this was a square 20 by 20 mm field, defined as the FWHM at the isocentre. The

RVAC plans were created using optimal custom rotation and aperture sizes. Colli-

mator rotations were determined by calculating the angle of the longest direction of

the minimum volume enclosing ellipsoid for the target volume, using a solver based

on the Khachiyan algorithm [19]. The dose painting irradiation plans were created at

hexagonal grid spacings of 0.75 mm, which resulted in a total of 256 beams for case

1 for the 4 gantry angles combined, and a total of 280 beams for case 2.

5.2.5 Beam-on time optimisation

All irradiation plans were required to achieve a D95% and V95% of 100%. For case 1,

beam-on times for all three irradiation methods were calculated using the beam-on

time optimisation framework as described in Balvert et al. [5]. The lung tumour PTV

was set as target volume, and the heart, left lung, and spinal cord were considered

as avoidance volumes with optimisation weights of 0.4, 0.3 and 0.3, respectively. The

minimum and maximum dose were constrained to 95% and 120% of the prescription

dose with a minimum mean target dose of 10 Gy as constraint. Multiple optimisation

iterations were performed to minimize the dose to avoidance volumes. Optimisation

for the dose painting method for case 1 was performed at a downscaled isotropic

voxel resolution of 0.5 mm to speed up optimisation calculations. All beams from the

4 gantry angles were included simultaneously in the optimisation.

For case 2, beam-on times for the fixed aperture and RVAC irradiation plans were

linearly scaled to achieve the D95% and V95% of 100% with minimal total dose and a

mean target dose of at least 5 Gy delivered from each of the two gantry angles. Beam-

on times for the dose painting method for case 2 were calculated using the beam-on

time optimisation framework using the same constraints as for case 1. Beam-on time

optimisations for case 2 were performed at the full isotropic dose voxel resolution of

0.2 mm, but for each gantry angle separately such that a minimum mean dose of 5

Gy was delivered from each beam direction.
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When resulting beam-on times of the optimisation framework did not fully satisfy the

requirement of a D95% of 100%, beam-on times of all beams were increased linearly

with the same factor to satisfy that requirement. For each beam 50k photon histories

were simulated starting from a phase space file scored at 40 mm from the isocentre

to reach a cumulative statistical uncertainty of less than 3%.

5.3 Results

5.3.1 Beam characterization

Figure 5.5 shows dose profiles, beam dimensions and beam penumbras extracted

from two-dimensional dose images from the radiochromic film measurements of colli-

mator C1 and C2. Average beam dimensions were measured to be 1.1 and 2.4 mm

FWHM. Average beam penumbra sizes for the longitudinal and lateral direction were

0.4 and 0.5 mm for C1 and C2, respectively. For C1, an average dose rate of 0.18

cGy/mAs was measured in an area of 0.9 mm2. For C2, an average dose rate of 0.29

cGy/mAs was measured in an area of 4.5 mm2. This makes the irradiated area of

C1 81% smaller than C2, with a 38% lower absolute dose rate. Combined, to paint

a dose in the same volume treatment, the irradiation delivery time is 8.4 times higher

when using C1 compared to C2.

5.3.2 Irradiation cases

The duration of the different phases of the radiation planning process and the number

of simulated beams are shown in table 5.1. Radiation simulation for the dose paint-

ing method for both cases required considerably longer in comparison with the fixed

aperture and RVAC methods, with about half of the time spent on data processing.

The total CPU time for the simulation of a single beam on a single physical CPU was

4-5 seconds for both cases. The time required to calculate the simulation setup was

about 8 seconds for the dose painting method for both cases, and a negligible amount

time was needed to calculate the beam size and collimator rotation for the RVAC sim-

ulation setups. A few minutes were spent on the complete beam-on time optimisation

process, with single optimisation iterations taking less than one minute for all cases.

Good target coverage was achieved for all plans with sharp cumulative DVHs for both

cases and all irradiation methods, see figure 5.6 and 5.7. The circular 2.4 mm beam

was used for all irradiations using the dose painting method.
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Figure 5.5: Two-dimensional beam characterization of the top) 1.1 and bottom) 2.4 mm beam
using radiochromic film measurements and MC simulations. The irradiated area of the 1.1
mm beam is 81% smaller and has a 38% lower absolute dose rate in comparison with the 2.4
mm beam.
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Figure 5.6: At the top an overview of the resulting dose distributions for the fixed aperture,
RVAC and dose painting irradiation approaches for the irradiation of an orthotopic tumour
in the right lung. Below the resulting cumulative dose volume histograms for all volumes of
interest for all three irradiation methods.
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Figure 5.7: At the top an overview of the resulting dose distributions for the fixed aperture,
RVAC and dose painting irradiation approaches for the irradiation of a part of the spinal cord
from two parallel opposed lateral radiation incident directions. Below the resulting cumulative
dose volume histograms for all volumes of interest for all three irradiation methods.
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Table 5.1: The durations of different stages of the radiation delivery and planning process in
seconds. Beam-on times were calculated for a beam current of 13 mA. MC simulations were
run with parallel threads and performed to reach 100k photon histories per square millime-
tre. For the fixed aperture and RVAC methods for case 2, the beam-on times were scaled
to achieve a D95% and V95% of 100% with minimal total beam-on time, and each beam angle
delivering at least 5 Gy to the target volume, without requiring the beam-on time optimisation
framework. The durations for the optimisation indicate the time required for a single opti-
misation iteration. For the complete optimisation of the irradiation plans, a few optimisation
iterations were required.

case 1 case 2

fixed variable dose fixed variable dose
aperture aperture painting aperture aperture painting

number of simulated beams (-) 4 4 256 2 2 280
anterior 1 1 68 - - -
posterior 1 1 61 - - -
lateral left 1 1 66 1 1 140
lateral right 1 1 61 1 1 140

total dose calculation (s) 107 64 1377 160 58 1556
parallel MC simulations 73 38 633 132 33 749
data import 11 11 648 5 5 710
data processing 23 15 96 23 20 97

single optimisation (s) 14 15 59 - - 15

total beam-on time (s) 224 229 1587 221 238 1954
anterior 58 64 361 - - -
posterior 39 38 478 - - -
lateral left 79 78 358 111 120 977
lateral right 49 49 378 110 118 977

Orthotopic lung tumour irradiation

The optimiser excluded 44 beams from the final dose painting plan. The smallest

available fixed aperture collimator to achieve complete target coverage was an 8 mm

diameter beam. A 5 by 5 mm square beam was used for the RVAC method at a

collimator rotation of 0 degrees. The increased conformality of the RVAC and dose

painting method resulted in considerably lower doses to the left lung, trachea and

heart in comparison with the fixed aperture irradiation, see figure 5.6. The dose paint-

ing method resulting in a slightly lower dose homogeneity in the PTV.

Spinal cord irradiation

The optimiser excluded 37 beams from the final dose painting plan. The smallest

available fixed aperture collimator to achieve complete target coverage was a 20 by

20 mm square beam. For the RVAC irradiation, the calculated collimator aperture

was 3.5 by 14.8 mm to achieve a beam size of 4.3 by 17.5 mm at the isocentre of

the irradiator, positioned at a collimator angle of 149 degrees relative to the horizontal
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longitudinal direction of the irradiator (into the gantry). The dose painting method

resulting in a slightly better dose homogeneity in the target volume than the fixed

aperture and RVAC method, see figure 5.7. The fixed aperture irradiation resulted

in considerably higher doses being delivered to all avoidance volumes. The dose

painting method achieved the best conformality, with a slightly larger volume of low

doses to the left and right lung, but considerably lower volume of higher dose to both

lungs.

5.4 Discussion

In this study the feasibility of a dose painting strategy that makes use of synchronized

stage translation and irradiation was shown, using a dedicated small animal radiation

planning system and irradiator. For the irradiation cases discussed, the dose painting

method produces irradiation plans with good target volume coverage, similar dose to

avoidance volumes in comparison with irradiation using a RVAC at optimal angle and

beam aperture, and considerably less dose to avoidance volumes in comparison with

irradiation using a non-rotatable fixed aperture collimator.

The dose painting method can achieve superior conformality at the expense of in-

creased radiation planning and delivery duration. With the use of suitable advanced

software and user interface, radiation planning for the dose painting method is not

considerably more complicated and can be applied using current generation image

guided preclinical irradiation platforms. In comparison with the use of a RVAC, the

proposed dose painting method including the beam-on time optimisation takes the

local tissue environment into account based on MC simulations, to enable fine het-

erogeneous dose delivery throughout the target volume, either to improve target dose

homogeneity, see figure 5.7, or to enable three-dimensional heterogeneous volumet-

ric target dose irradiation when radiation planning software would enable this.

Variable aperture collimators enable the selection of optimal beam sizes and relieves

the user from manual collimator placement, which is relatively prone to errors and

time consuming as the gantry may need to rotate to a specific angular range to allow

collimator exchange. However, the implementation of variable aperture collimators re-

quires thorough validation for mechanical stability and radiation leakage, especially at

the small beam sizes used in precision preclinical radiotherapy. To our knowledge, the

use of variable aperture collimators for preclinical image guided radiotherapy remains

unvalidated in the literature, which makes the proposed dose painting method an ex-

cellent candidate to improve plan conformality using current generation hardware.
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The main disadvantage of the dose painting method is the increased radiation delivery

duration, see table 5.1, which ultimately concerns the trade-off between larger beam

sizes that offer higher dose rates but lower spatial frequencies, and smaller beam

sizes that enable smaller dosimetric feature sizes but increase total beam-on time [7].

A side effect of increased irradiation duration is the increased proneness to motion

errors. The use of multiple collimator apertures or a RVAC in combination with the

proposed dose painting method could improve the overall dose rate while minimizing

impact to dose conformality. Preferably, the radiation beam size, and consequently

maximum dose rate and achievable dose resolution, should be determined by the

radiation planning system based on time and plan quality constraints, rather than by

manual selection by the user.

Reducing beam sizes rapidly increases the irradiation duration because besides the

smaller irradiated volumes, dose rates decrease rapidly. A reduction from a 2.4 to 1.1

mm beam, figure 5.5, leads to a more than 8 times higher required beam-on time.

It is recognized that margin management for preclinical irradiations differs from clini-

cal practice. For example, there may be no need to account for sub clinical disease

spread, but margins for motion and radiation targeting inaccuracies are still required.

Considering common imaging resolutions and radiation targeting uncertainties for cur-

rent generation hardware [1, 3, 17, 20], and initial work on margins [21, 22], a need

to use smaller beam sizes than the 2.4 mm used in this study is not foreseen for the

majority or preclinical irradiation studies.

Currently, the irradiator used in this study can be equipped with an x-ray tube rated up

to 4500 Watt in combination with a sufficiently capable high voltage generator. This

enables a beam current of 20 mA at 225 kVp instead of 13 mA used in this study and

would decrease reported beam on times by a factor 1.5. Even higher achievable dose

rates are not unlikely to become available for these platforms in the future.

The dose painting method currently requires more time for the radiation planning and

calculation process. However, the total required number of simulated photon histories

is similar to the requirements for a fixed aperture or RVAC simulation, but there is a

much higher need for data processing. By relaxing requirements on statistical uncer-

tainty for MC simulations from 3% used in this study to e.g. 5%, calculation times can

be reduced. With tighter process integrations and further software optimisations, data

processing performance issues are not expected to withhold practical implementation

of this approach.

The work of Stewart et al. (2013) [6] resulted in a semi inverse radiation planning
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process for the same irradiator focusing on achieving the smallest possible features

sizes for two-dimensional heterogeneous radiation delivery. Our work focused on

slightly larger target volumes with inclusion of multiple beam directions in the irradia-

tion protocol, full three-dimensional local tissue heterogeneities in the MC simulations

and optimisation, and the absence of the need to define an a priori number of beams.

Similarly, this study also results in a semi inverse radiation planning procedure and

could also benefit beam angle selection or optimisation.

In comparison with fixed aperture and RVAC irradiations, a benefit of the dose painting

approach is that it can achieve conformal irradiation of concave target volumes. When

also including multiple beam directions and beam-on time optimisation, it enables

increased versatility to avoid certain avoidance volumes and deliver heterogeneous

dose distributions to target volumes.

5.5 Conclusion

This study showed that planning and delivery of optimised dynamic irradiation syn-

chronized to couch motion using a precision image guided preclinical radiotherapy

platform is a valuable extension for current generation hardware to increase irradia-

tion target dose conformality and homogeneity. These benefits come at the cost of

increased radiation planning and delivery duration. For target volumes that closely

match available fixed aperture radiation field shapes and sizes, there is limited to no

added value. When no fixed aperture collimators closely match the required field size

or when more complexly shaped target volumes such as a concave shape, the pro-

posed dose painting may surpass the plan quality achievable with a rotatable variable

aperture collimator. The combination of the dose painting approach using multiple

beam directions with beam-on time optimisation can also be used to semi-inversely

plan and deliver three-dimensional non-uniform dose distributions. Since this irradia-

tion strategy only requires more advanced software and no hardware modifications,

there is an overall benefit that increases the versatility of current generation precision

image guided irradiation platforms.
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Supplementary material

ESTRO ACROP parameters
The orthotopic lung tumour of case 1 had a volume of 30 mm3 and the targeted part

of the spinal cord had a volume of 19 mm. The cone beam CT of the mouse was

acquired with the animal in feet first prone position under anaesthesia using isoflu-

rane supported by carbon fibre animal couch. Absolute dosimetry for the irradiator is

performed at least every 3 months using a 40 by 40 mm reference beam following the

AAPM TG-61 protocol using the in-air method [1]. Photon beams of 225 kVp with an

inherent filtration of 0.8 mm beryllium and additional filtration of 0.3 mm copper were

used, resulting in a photon spectrum with a first and second half value layer of 0.9

and 1.8 mm Cu. This provided a dose rate of 0.47 +/- 0.02 cGy/mAs at the surface of

water at the nominal isocentre of the machine at 304 mm from the x-ray focal spot for

the 4 by 4 cm reference beam. The imaging and irradiation hardware and capabilities

of the irradiation have been described in detail before [2]. The cone beam CT image

used in this study was acquired at 80 kVp, 2.5 mA, filtered by 2 mm Al, at an acqui-

sition rate of 5 frames/second and gantry revolution of 1 revolution/minute. SmART-

ATP was used to simulate dose distribution scored as dose-to-medium-in-medium.

SmART-ATP used a piecewise linear CT-to-density calibration for the specific imaging

protocol used, that was established using a µCT imaging calibration phantom (SmART

Scientific Solutions B.V., Maastricht, the Netherlands) with different tissue substitute

inserts.

Control point spacing
To minimize computing time, spacing between grid points for MC calculations should

be chosen as large as possible, without deteriorating dose homogeneity, and as large

as the required feature sizes of volumes of interest allow. Simulations for the 2.4 mm

beam were performed in a 10 mm thick virtual water phantom, with beam isocentres

positioned at 5 mm depth, in a hexagonal grid with grid spacings of 0.50, 0.75 and

1.00 mm. MC Simulations were performed to reach a statistical uncertainty of <1%

in the central region of the beam for each individual beam. Measurements were per-

formed using radiochromic film positioned at 5 mm depth between solid water slabs.

Beam isocentres for the measurements were positioned in a hexagonal grid with grid

spacings of 0.50, 1.00 and 1.50 mm for the 2.4 mm beam. Irradiations were performed

by defining irradiation protocols with control points at all grid positions. Resulting two-

dimensional dose distributions from the simulations and measurements are shown in

figure 5.8.

Radiochromic film calibration

5

109



Chapter 5

Figure 5.8: Dose homogeneity in two-dimensional areas for A) MC simulations and B) mea-
sured with radiochromic film for the 2.4 mm circular beam. Standard deviations are calculated
of the square regions of interest outlined in black.
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Radiochromic film calibration was performed using the same X-RAD 225Cx irradiator

that was used for this study. The irradiator was calibrated using an ionization chamber

and electrometer traceable to a national standards laboratory. The radiochromic film

batch (EBT3, Ashland Inc., Covington, KY) was calibrated by exposing separate film

pieces to 7 different known dose levels, using 3 film pieces for each dose level. Film

pieces were handled following the recommendations outlined in AAPM TG-55 report

[3], and scanned in 48 bit colour transmission mode using an Epson PRO V750 (Seiko

Epson Corporation, Nagano, Japan) at 300 dpi, with all colour corrections turned off.

To convert raw image data to dose, the multichannel film analysis method was applied

using three colour channels, using in-house developed and validated software [4, 5].

A consistent protocol was used for film calibration and all measurements, using a

post-irradiation read out time of 24 hours after irradiation. Film pieces were scanned

using a consistent position and orientation on the scanner.
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Abstract

Background and purpose
Glioblastoma multiforme is the most common malignant brain tumour. Standard treat-
ment including surgery, radiotherapy and chemotherapy with temozolomide is not curative.
There is a great need for in vitro and in vivo models closely mimicking clinical practice to
ensure better translation of novel preclinical findings.

Methods and materials
A 3D spheroid model was established using the U87MG cell line. The efficacy of temozolo-
mide, RT and combinations was assessed using growth delay assays. Orthotopic glioblas-
toma tumours were established, different radiation doses delivered based on micro-CT
based treatment planning (SmART-Plan) and dose volume histograms (DVH) were deter-
mined. Tumour growth was monitored using bioluminescent imaging.

Results
3D spheroid cultures showed a dose-dependent growth delay upon single and combination
treatments. Precise uniform radiation was achieved in all in vivo treatment groups at all
doses tested, and DVHs showed accurate dose coverage in the planning target volume
which resulted in tumour growth delay.

Conclusion
We demonstrate that 3D spheroid technology can be reliably used for treatment efficacy
evaluation and that mimicking a clinical setting is also possible in small animals. Both
these in vitro and in vivo techniques can be combined for clinically relevant testing of novel
drugs combined with radiation.
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6.1 Introduction

Glioblastoma multiforme (GBM) is the most common malignant brain tumour in adults.

The current standard of care includes surgery followed by radiotherapy (RT) and

chemotherapy using temozolomide (TMZ) with median survival after diagnosis of 15

months [1]. TMZ acts via alkylation of O6-Guanine, which induces DNA damage and

cell death. However, many patients are observed to acquire TMZ resistance in recur-

rent gliomas [2]. Therefore, there is an urgent need for reliable in vitro and preclinical

models that more closely model the course of human GBM and enable testing of

new interventions that improve clinical management and are predictive for disease

outcome in patients.

Increasing evidence shows that some drugs that fail to show efficacy in 2D are effec-

tive in 3D culture systems [3]. This is significant because spheroids better recapitu-

late features of solid tumour growth such as inward proliferation and spatiotemporal

changes in oxygen concentration reminiscent of tumour hypoxia [4]. Radiation sensi-

tivity is also known to be different between cells grown as monolayer or cells grown in

3D [5]. Therefore, spheroids may be a more relevant in vitro model system to perform

drug screening in combination with radiotherapy.

Through these 3D spheroid model systems, once candidate drugs have been identi-

fied, preclinical animal models can improve their translational relevance e.g. by reflect-

ing the tumour micro-environment, especially when the clinical treatment practice can

be mimicked by use of orthotopic tumour models and precision image guided radio-

therapy, downscaled from human radiotherapy conditions. Orthotopic mouse models

require non-invasive imaging techniques to monitor disease progression and therapy

response longitudinally. Bioluminescence imaging (BLI) is a fast and sensitive method

to monitor tumour growth kinetics in vivo. Recently, dedicated image guided small an-

imal radiotherapy (SmART) devices have become available for preclinical research,

which combine micro-CT imaging or other modalities (e.g. BLI) with advanced preci-

sion irradiation using millimetre sized beams in the same frame of reference making

tumour delineation and treatment planning highly accurate thereby limiting normal tis-

sue toxicity [6]. Previously, we have shown that combining BLI with contrast-enhanced

micro-CT provides an accurate and sensitive integrated approach to determine in situ

tumour volumes and monitoring of disease progression in an orthotopic model of GBM

[7]. The focus of this study was to develop a clinically relevant integrated approach us-

ing a spheroid drug screening platform in vitro and to demonstrate the power of using

high-precision SmART technology in vivo to assess the effect of radiation treatment

in a model of intracranial GBM.
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6.2 Materials and methods

6.2.1 Cells and chemical treatments

U87MG-Luc2 and U87MG-R (resistant cells to TMZ) cells were grown in DMEM (In-

vitrogen) supplemented with 10% FBS (Hyclone). U87MG-Luc2 is a widely used

glioma cell line transduced with a lentiviral vector expressing firefly luciferase (Perkin

Elmer, Waltham, MA). TMZ resistant U87MG-R were generated essentially as de-

scribed elsewhere [8]. Cell lines were treated with increasing concentration of TMZ

(Selleck) (1, 5 and 25 lM) and/or Cisplatin (Selleck) (2.5 lM). DMSO was used as ve-

hicle for both drugs. TMZ and Cisplatin were stored at 100 mM stock concentration in

-80 and room temperature, respectively.

6.2.2 3D spheroid assay

0.750 gr agarose (Sigma–Aldrich) was dissolved in 50 ml serum free medium and

autoclaved. 50 µl of agarose mixture was pipetted per well into the 96-well plate.

2500 cells/200 µl of growth medium were seeded on the agarose coated plates per

well. After 4 days, one spheroid per well was formed with a diameter of ∼400 µm (12

spheroids/treatment condition), treatment was started and phase-contrast pictures

were taken from individual spheroids 3x/week. Spheroid volumes were analyzed us-

ing MATLAB (The MathWorks Inc., Natrick, Ma). Growth medium with drugs was

refreshed every 3 days.

6.2.3 Animal surgery and imaging

Immunocompromised CD1 nu/nu mice (n = 23) were used in this study. Animal work

was performed in accordance with national code for the experimentation with animals.

Surgical procedures and imaging techniques were performed as described previously

[7]. All mice were anesthetized with a gas mixture of air and 4% isoflurane prior to

intracranial surgery. A midline scalp incision was made, the bregma was identified

and the guide screw entry was then marked at 3 mm posterior and 2 mm right lateral

to the bregma and from the cortical surface a 3 mm deep craniotomy was created. 5

µl cell suspension in PBS (100,000 cells) was injected into the brain using a Hamilton

syringe. The needle was slowly removed 5 min after the injection to prevent any

reflux of the cells. The skin was closed using skin glue. BLI and contrast-enhanced

micro-CT imaging were used to confirm tumour establishment. BLI was performed

3x/week using the Optix MX2 system (ART Inc., Saint-Laurent, QC). Fifteen minutes

6

116



Glioblastoma and preclinical image guided radiotherapy

prior to BLI imaging, 150 mg/kg of d-luciferin (PerkinElmer, Waltham, MA) in PBS was

injected intraperitoneally. Images were analyzed using Optix (OptiView version 2.01,

ART Inc.). Micro-CT imaging was performed periodically using the small animal micro-

IR (X-RAD 225Cx, Precision X-ray Inc., North Branford, CT). To enhance soft tissue

contrast 150 µL of the iodinated Omnipaque 350 (GE Healthcare, Little Chalfont, UK)

was injected undiluted via the tail vein immediately prior to micro-CT imaging.

6.2.4 In vivo irradiation

The dedicated small animal radiotherapy planning system SmART-Plan (version 1.3.1,

Precision X-ray, North Branford, CT) was used to create, evaluate, and deliver irradi-

ation [9]. The tumour was delineated as gross target volume (GTV) and the normal

brain was delineated as organ at risk (OAR). The planning target volume (PTV) was

equal to the GTV and dose was planned to the PTV. Two static parallel opposed

beams linked to the irradiator isocentre were used to deliver a homogeneous dose

to the PTV. Radiation was delivered using a photon spectrum of 225 kVp at 12 mA,

which provides a dose rate of approximately 3 Gy/minute.

6.2.5 Statistical analysis

Statistical analysis was carried out using GraphPad Prism version 5.01. A non-

parametric Mann Whitney and one way ANOVA was performed to determine differ-

ences in growth delay in vitro and in vivo, respectively. Asterisk indicates significance

(*p <0.05, **p <0.01 and ***p <0.001), ns: not significant.
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Figure 6.1: Dose-response spheroid growth delay upon treatment with TMZ, RT and their
combinations. A) and B) Increasing concentration of TMZ shows an enhanced growth delay for
U87MG-Luc2, while no effect is observed in U87MG-R. C) RT and RT+TMZ treatment shows
an increased growth delay for U87MG-Luc2. D) RT treatment shows an increased growth
delay while RT+TMZ shows to reduce the delay. E) RT+CisPt+TMZ shows an enhanced
growth delay compared with RT and RT+TMZ. Spheroid growth delay is expressed in T15SV.
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6.3 Results

We established robust spheroid culturing conditions for U87MG-Luc2 cells that yield

highly reproducible sphere growth reliable for quantitative treatment efficacy evalua-

tion. Spheres could be maintained in culture for as long as 25 days and reaching

up to at least 20 times of their initial treatment starting volume. We first determined

the sensitivity of U87MG-Luc2 spheroids to different concentrations of TMZ. Use of

increasing concentrations of TMZ (1, 5 and 25 µM) resulted in a significant increase in

spheroid growth delay expressed as time to reach 15 times starting volume (T15SV)

from 8 days for vehicle to 8.1, 8.8 and 9.8 days, respectively (figure 6.1A). Such

TMZ dose-dependent response was not observed in U87MG-R cells (figure 6.1B).

We chose 5 µM TMZ as a sub-curative dose for use in combination treatments. In

U87MG-Luc2 cells single radiation doses of 2, 4, 8 and 12 Gy resulted in a dose-

dependent decrease in T15SV from 4.3 days in the non-irradiated group to 5.0 and

5.9 days after 2 and 4 Gy, respectively. Doses of 8 and 12 Gy resulted in such a

severe growth delay that 15SV could not be reached within the course of the experi-

ment. Although the growth rate of the U87MG-R was slower, the response to RT was

similar, in that there was an increasing growth delay after 2, 4, 8 and 12 Gy irradiation

(figure 6.1D). We then tested the combination treatments and found that addition of

TMZ (5 µM) resulted in additive effects at every radiation dose level in the U87MG-

Luc2 cells (figure 6.1C), but not in the U87MG-R cells. If anything, addition of TMZ

seemed to make the cells even slightly more radiation resistant (figure 6.1D). These

data show the potential of using 3D spheroid technology to reliably quantify treatment

efficacy. Exemplified here using the standard treatment of care for GBM (radiation

+ TMZ), this methodology can now be applied to test virtually any treatment combi-

nation. One of such uncommon, but potentially interesting combination is addition of

alkylating agents such as Cisplatin to the standard of care schedule. The addition

of Cisplatin to the standard treatment combination in U87MG-Luc2 cells resulted in a

significant (p <0.05) increase in spheroid growth delay (figure 6.1E).

To forward novel treatment combinations into patients it is of vital importance not only

to have a robust in vitro system for efficacy testing, but also to develop clinically rel-

evant in vivo models and technology. To do so, we applied stereotactic implantation

to intracranially inject U87MG-Luc2 cells. BLI measurements (3x/week) were used

to monitor tumour growth. Having established the in vivo growth characteristics, we

used SmART technology for precise irradiation. Prior to irradiation, tumours were de-

lineated using contrast-enhanced micro-CT for planning the radiation delivery (figure

6.2B). Upon 3 consecutive increases of BLI signal, indicative of active tumour growth,
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Figure 6.2: A) Visualization of the tumour in the brain, and applied parallel opposed beams to
target the tumour. B) Tumour delineation based on contrast-enhanced micro-CT prior to RT.
Red contour: tumour, Blue line: normal brain tissue.

Figure 6.3: Top) Resulting DVHs of the tumours and normal brain tissue (excluding tumour)
for all cases. Bottom) Standard deviations of the DVHs per dose group.
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Table 6.1: Dose-volume metrics and structure volumes for the PTV and healthy brain, and
applied circular beam size for all cases, sorted per dose group. Average values are provided
for each dose group. PTV=planning target volume

PTV Normal Brain

beam � Dmean D5 D95 V95 V Dmean Dmax V100 V
(mm) (Gy) (Gy) (Gy) (%) (mm3) (Gy) (Gy) (%) (mm3)

4 Gy
5 4.1 4.3 3.9 98.2 4.0 0.9 4.6 9.0 324.1
5 4.0 4.2 3.9 99.5 11.0 0.9 4.4 7.7 345.9
3 4.2 4.4 3.9 99.8 4.1 0.5 4.7 6.3 338.4
5 4.0 4.1 3.8 92.5 6.7 0.7 4.4 1.7 348.5
5 - - - - - 0.8 4.6 6.8 341.2
5 3.9 4.1 3.8 91.4 9.3 0.9 4.3 1.9 364.3

Average 4.0 4.2 3.9 96.3 7.0 0.8 4.5 5.6 343.7

8 Gy
3 7.9 8.3 7.6 93.4 2.6 1.1 9.0 2.6 338.4
3 6.6 8.1 1.2 42.6 12.7 1.0 8.8 1.5 406.1
5 7.9 8.3 7.5 89.3 6.5 1.7 8.9 4.0 336.0
5 - - - - - 1.9 9.5 11.3 331.4
5 8.1 8.5 7.7 98.4 2.7 2.0 9.2 10.5 380.9

Average 7.6 8.3 6.0 80.9 6.1 1.6 9.1 6.0 358.5

12 Gy
5 12.2 12.9 11.6 98.6 6.7 2.8 14.1 11.1 336.9
3 11.6 12.1 11.0 69.3 2.6 1.4 12.8 0.3 333.0
5 12.2 12.9 11.6 98.5 9.7 2.7 13.8 8.9 344.2
5 12.1 12.6 11.6 97.0 13.0 2.9 13.5 10.2 354.4
3 11.6 12.6 10.6 60.4 5.6 2.4 14.5 2.9 376.8
5 - - - - - 2.5 13.6 5.1 341.5
3 11.6 12.1 11.0 70.5 1.3 1.6 12.7 0.4 335.9

Average 11.9 12.5 11.2 82.4 6.5 2.3 13.6 5.6 346.1
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Figure 6.4: Radiation dose-response tumour growth delay and survival. A) Tumour growth
delay is normalized to the BLI signal intensity at the start of the treatment. B) Kaplan-Meier
curves showing times to reach endpoint measured by neurological and atypical behavior.

tumours were irradiated with either of 4, 8 or 12 Gy, based on treatment plans gener-

ated using SmART-plan. An example of tumour delineation in axial, coronal and sagit-

tal direction is shown with radiation treatment setup using 2 parallel-opposed beams

(figure 6.2A). Tumours were irradiated with 5 mm or 3 mm beams, depending on their

volume. Resulting dose-volume histograms (DVH) and DVH metrics of the PTV and

OAR for all in vivo irradiations are shown in table 6.1. The DVHs indicate clearly that

the prescribed dose to the PTV is well achieved, and reveal that about 80% of the

normal brain remains untreated (figure 6.3). The mean dose within the PTV (Dmean)

was close to the planned dose with an average prescribed dose of 4.0, 7.6 and 11.9

Gy for 4, 8 and 12 Gy radiation groups, respectively (table 6.1). In one case, a high

deviation from the planned dose of 8 Gy was observed. This was because the tumour

volume was not completely covered by the 3 mm beam (figure 6.5).

To assess the target coverage and normal tissue sparing, we report the V95 for the

PTV and V100 for the OAR, i.e. the percentages of the volume receiving 95 (V95) or

100 (V100) % of the prescribed dose. To provide additional insight in the uniformity of

the delivered dose to the PTV, we report the minimum dose to the hottest 5% (D5)

and 95% (D95) of the PTV. The uniformity is consistent among mice in each radiation

group, with only one case showing a large variation due to the aforementioned rea-

son. We observed that on average, 96.3%, 80.9%, and 82.4% of the tumour volume

prescribed with the planned doses of 4, 8 and 12 Gy, respectively, received 95% of

the prescribed doses (V95). We noticed that mice irradiated with 3 mm beams showed

lower V95 compared to 5 mm ones (Table 1). Three mice are lacking information on
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their PTV due to erroneous injection of the contrast agent for the CT image; however

the BLI demarcated signal region was used for irradiation using the 5 mm beam, which

could provide a sufficient margin to achieve good tumour coverage. To standardize

tumour burden the endpoint was defined as the time to reach 10 times increase in

absolute number of photons measured by BLI. Radiation treatment showed a signif-

icant dose–response on tumour growth delay measured from an average of 16 days

for non-irradiated group to 22.7, 26.3 and 28.1 days for mice receiving a single dose

of 4,8 and 12 Gy, respectively (figure 6.4A). By increasing the dose, differences were

observed in the survival based on humane endpoints as expressed in the survival

curves (figure 6.4B).

6.4 Discussion

The micro-invasive nature of GBM into the normal brain makes complete surgical

resection impossible, and standard of care for GBM includes radiotherapy and

chemotherapy [1]. Advances in molecular imaging using CT-based planning PET

[10] and MRI [11] have resulted in improved accuracy of treatment planning and a

modest increase in tumour control with reduced normal tissue toxicities. However,

more radical improvements on survival are needed and will most likely come from

novel therapeutic approaches. To facilitate the rapid translation of radiobiology

into clinical practice, novel approaches need to be validated in relevant in vitro

as well as preclinical in vivo models using routine clinical procedures. Here we

demonstrate an integrated platform for GBM treatment evaluation from in vitro drug

screening of treatment combinations to in vivo orthotopic tumour model using small

animal image guided radiotherapy planning and precision irradiation. First our

study confirms that the 3D spheroid model is a reproducible and robust screening

methodology to identify combination therapies for GBM that reflect in vivo response.

Dose–responses can be obtained in the spheroid growth delay assays using clinically

relevant treatments and characteristics such as TMZ sensitivity and resistance.

Gene expression profiles derived from 3D models are reported to be closer to clinical

profiles when compared to 2D models [12]. Strong similarities have been shown in

drug resistance phenotypes between tumour samples and those observed with 3D

spheroid models [13].

These findings provide the rationale for using 3D system to better predict clinical ef-

ficacy. In that context, our data showing significant increased efficacy when com-

bining TMZ/RT with Cisplatin are encouraging. Although not commonly used, the
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non-overlapping toxicity profiles of both drugs and the underlying mechanism of ac-

tion whereby cisplatin reduces DNA-alkyl transferase enzyme activity (responsible for

conferring resistance to TMZ) offer potential. The combination of Cisplatin with bid

TMZ regimen in chemotherapy-naı̈ve patients with recurrent glioblastoma has shown

already to be effective in a Phase II clinical study [14]. Our data in spheroids indicate

that adding Cisplatin has also potential in regimens where radiation is part of standard

of care.

The 3D models used here however still lack important factors from the tumour micro-

environment such as vasculature, fibroblasts or immune cells. Therefore, we used a

preclinical orthotopic GBM model and demonstrated the feasibility of image guided

radiotherapy using clinical radiation schemes employing image guided small animal

micro-irradiators. While the U87MG model lacks important features of human GBM

such as micro-invasion, its reproducible tumour growth with short latencies make it an

ideal preclinical model to study the in vivo efficacy of novel radiosensitizers in standard

of care combination therapies. Models which have more typical GBM characteristics

such as primary patient derived models represent important advances which need to

be implemented. The effect of radiation on normal brain tissue is a determining factor

in GBM treatment because of functional impairment. Considering this and in con-

trast to standard devices using a single large beam, the use of image guided multiple

cross-firing beams on a rotating gantry that deliver a prescribed dose to an isocentre

placed at the centre of the target (tumour), results in greater dose homogeneity and

less dose at the OAR. Based on the DVHs, the parallel-opposed fields indicate that

the beams were highly conformal to a localized brain region. They also demonstrate

a highly uniform dose distribution across the tumour, which is particularly useful when

trying to establish a dose–response curve in order to identify an appropriate treatment

dose that allows room for therapeutic synergies for multimodal treatments. However,

the fraction of the beam containing penumbra is greater for the smaller 3 mm beam

than for the 5 mm beam, which reduced the V95. Therefore, treatment margins should

be applied to visible tumours (GTV) for sub-clinical disease spread and uncertainties

in treatment delivery. Our study employed a radiation field size that is proportion-

ally more realistic to clinical experience than previously published used whole brain

irradiation, which is frequently used in mice.

In conclusion, the use of new high-precision image guided animal irradiation platforms

may accelerate the discovery and facilitate the implementation of novel treatment in-

terventions from in vitro screening approaches into clinical testing.
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Supplementary material

Figure 6.5: Tumour with high deviation from indicated dose. The tumour delineation and calcu-
lated dose distribution with the CT image shows that the tumour is not completely covered by
the 3 mm beam. The DVH shows a big deviation from the planned dose (8Gy) to the tumour.
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7.1 New frontiers

With the introduction of micro-IGRT platforms, a new generation of integrated hard-

ware became available to advance preclinical radiobiological research. The integra-

tion of µCT image guidance, beam collimation, anaesthesia systems, and various

spatial degrees of freedom for animal and radiation beam positioning enabled confor-

mal dose delivery in the preclinical setting. Additional imaging modality integrations

are also rapidly becoming available. With the increasing interest in, and development

of, new orthotopic cancer models, powerful software packages for e.g. treatment plan-

ning and dose calculation are required to benefit from the full potential of micro-IGRT

devices.

It is encouraging that the visualisation and quantification of target and avoidance tis-

sues, beam configurations and calculated dose distributions, incentivizes a pursuit for

improved dose delivery conformality using the smallest treatment margins possible. It

then becomes important to consider accuracy limits and required treatment margins;

what you see is an estimate of the dose distribution that you get. This is in remarkable

contrast to traditional animal irradiations during which radiation targeting, conformality

and delivered dose uncertainties can be an order of magnitude larger.

7.2 Practical deployment

Optimal and efficient use of a micro-IGRT platform requires the input from a varied

mix of people with different backgrounds. Clinical practice should be involved to guide

research hypotheses, physicists and engineers need to assure, not solely quantify,

image guidance and radiation targeting uncertainties, and animal lab technicians and

dedicated researchers need to be trained to understand and use the hardware and

software properly. Presence and availability of support staff are indispensable for

these platforms. I have seen first-hand that our X-RAD 225Cx was often seemingly

surrounded by an invisible wall for other researchers, indicating the need to improve

the workflow and available tools. Well designed and implemented software is indis-

pensable, software that ideally shouldn’t require users to consult the manual.

Such a combination of differently skilled people, for whom it is also possible to dedi-

cate time to the projects, may be the biggest hurdle for many institutes that are setting

up precision image guided radiobiological studies. Particularly, these devices need to

bring together researchers from the wet and dry lab, who are often physically sepa-

rated in different departments, buildings or institutes. This takes effort and patience
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to accomplish, to convene and keep such teams together, and to align their biolog-

ical and technical jargons. It is difficult to understand what is possible for different

team members, or perhaps more importantly to know what is impossible. When our

micro-IGRT arrived, we were asked to perform three-dimensional heterogeneous ir-

radiations on the millimetre scale, while we were just getting started with depth dose

rate lookup tables. Biologists can laugh at physicists’ pursuit to skim another percent

error margin, and the physicists need to face faeces in their equipment.

Clinical devices undergo an extensive commissioning procedure and detailed annual,

monthly and daily quality assurance protocols are performed. Micro-IGRT installations

do not benefit from such available human resources and financial streams. Nonethe-

less, these platforms require regular quality assurance such as dosimetric character-

isation and verification, maintenance to high voltage and moving parts, and software

updates.

In research grants, it is often not possible to budget for maintenance and support staff.

Upfront installation costs, including necessary facility modifications such as floor re-

inforcements or increased cooling capacity and anaesthesia gas venting, create a

big threshold. Especially when the base functionality of these devices needs to be

extended with e.g. additional mechanical degrees of freedom for irradiation or biolu-

minescence imaging. It is also difficult to assure continued use of this expensive re-

search hardware, which makes budgeting for recurring costs difficult as well. Besides

these obstacles, it is difficult to consult available knowledge. Literature is scattered

throughout journals of which some only relate to this research field. There is also

no single database or overview of published work or operating standards available.

To help address this, our research group started to organize three-day symposia on

Precision Image Guided Small Animal RadioTherapy of which the most recent edition

was held in March 2018 in Lisbon, after successful editions in Maastricht (2013), Van-

couver (2014) and Ghent (2016). On average, we welcomed more than one hundred

attendants from industry and research institutes, mainly from North-America and Eu-

rope but more recently also from Asia and Australia, indicating the expansion of the

research field. In 2011, we estimated that there were 11 operational micro-IGRT de-

vices worldwide, about 40 in 2014, and currently that number lies well above 100. We

expect that this growth will continue until there are about 250 devices worldwide at re-

search institutes and pharmaceutical companies in perhaps 10 years from now. The

first installed micro-IGRT systems are getting replaced by more modern iterations,

and some institutes are purchasing a second system due to heavy use.
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Figure 7.1: We can expect that the field of preclinical radiation therapy will innovate in the il-
lustrated key areas. Innovative and extended hardware for micro-IGRT platforms can improve
dose delivery and image guidance. Additional user friendly software is needed to pursue eas-
ier, faster and a more robust workflow and to improve overall data management. Preclinical
treatment planning will benefit from improved data accessibility and multi-parametric image
guidance inputs, which can then be used to optimise treatment plans and consequent irradi-
ation plans. All these elements together are needed to optimise the benefit of research data
for clinical translation, to design subsequent clinical trials.
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7.3 Irradiation hardware

The current generation micro-IGRT platforms have seen about a decade of evolution

and will continue to evolve in the foreseeable future. Important innovative aspects

are e.g. image guidance, data management, and irradiation planning. Since the in-

troduction of the first commercial micro-IGRT platform, there have been numerous

improvements and changes to the cabinets, such as integrated optical imaging, a de-

creasing device footprint, many software updates, and extended degrees of freedom

for irradiation. An overview of key improving areas is illustrated in figure 7.1.

The commercially available competing devices are the X-RAD SmART, formerly X-

RAD 225Cx, from Precision Inc. (North Branford, USA) (PXi) and the SARRP from

Xstrahl ltd. (Camberley, UK). These systems are similar and converging to the same

capabilities. Both systems enable dose delivery from any direction while targeting any

three-dimensional isocentre. Both systems use the same x-ray tube (Comet MXR-

225), use a range of fixed aperture beam collimators, and can be equipped with a jaw-

type variable aperture collimator and bioluminescence imaging capability. There are

however distinct design differences. Cone beam CT image acquisition on the SARRP

is performed by coronal rotation of the animal, whereas the X-RAD SmART rotates

the gantry in the axial plane of a stationary animal. The X-RAD SmART uses an on-

board optical camera mounted on the gantry for bioluminescence imaging, whereas

the SARRP requires a separate detachable optical camera setup module, which uses

a rotatable 3-mirror system to achieve multi-view image acquisition. In comparison

with clinical linacs, micro-IGRT platforms have the possibility to change the irradiation

spectrum during irradiation, but lack beam shaping functionality using multi-leaf colli-

mators, and also lack roll and pitch rotation of the subject. There are however several

approaches from different research groups and manufacturers to extend the beam

shaping functionality. The current standard of practice for beam delivery is the use of

circular or rectangular static aperture collimators that need to be inserted manually. A

variable aperture collimator would not only increase the flexibility to tune beam sizes

to a target volume to improve dose conformality but would also shorten and simplify

the workflow. The user would not have to insert and remove the collimator between

imaging and irradiation sessions or change the collimator during a multi-beam irradia-

tion protocol with different beam sizes, which reduces error proneness. As mentioned

in chapter 1, groups from Stanford University and University of Western Ontario ex-

tended a µCT scanner with an iris-like collimation and asymmetrical jaw collimation

system, respectively [1, 2]. The group from Johns Hopkins University developed a

motorized variable aperture collimator (MVC) in collaboration with XStrahl Ltd. [3,
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4] for the SARRP, and also PXi developed a variable aperture collimator for their X-

RAD SmART. The extensions for commercial systems are designed to deliver varying

rectangularly shaped fields using two sets of orthogonally placed jaws for beam col-

limation, as illustrated in figure 7.1. A full downscaled version of a clinical multi-leaf

collimator (MLC) is not expected to be developed for these devices ever, although an

initial design has been published by the research group from University of Wisconsin-

Madison [5, 6]. Manufacturing, radiation leakage, and irradiation quality assurance

would become insurmountable for reliable practical application. Instead, a micro-jaw

collimation approach for rectangular fields could be used to deliver a superposition of

multiple beams of varying sizes to achieve micro-IMRT, such as the group from the

department of radiation oncology at the University of California Los Angeles (UCLA)

who recently reported on their sparse orthogonal collimator with rectangular aper-

ture optimisation for their X-RAD SmART [7, 8]. It is important to note however, that

all micro-variable aperture collimators remain unvalidated in published literature for

therapeutic dose delivery.

A downside of such hardware that enables the use of many smaller beams to deliver

complex dose distribution is that the required irradiation time to delivery therapeu-

tic doses increases considerably. A dose rate increase for x-ray tubes installed on

micro-IGRT units is likely to occur and would be the most straightforward approach to

decrease required beam-on times. The current x-ray tubes use a static electron target

(anode). With a rotating target and improved cooling systems, such as those used in

modern clinical CT scanners, heat dissipation within the x-ray tube can be improved to

enable higher currents, and sufficiently powerful high voltage generators are already

available. A dose rate increase is beneficial for several purposes. A smaller elec-

tron focus closer to an ideal point source increases the achievable imaging resolution.

Also, following the same principle, the use of a smaller focal spot for irradiation de-

creases the beam penumbra sizes. Another pragmatic approach to increase the dose

rate is to position the animal closer to the x-ray source. The remaining clearance

between the end of the collimator and the animal is usually only about 5 cm. How-

ever, with automatically calculated irradiation protocols, and with treatment planning

software that would be aware of the spatial occurrences of the animal couch, animal,

and beam shaping hardware during the treatment, such a source to target distance

decrease could be incorporated without any additional effort from the user.

The current commercial micro-IGRT units are equipped with a small and large focal

spot for x-ray generation that have a diameter of about 1.0 or 5.5 mm, respectively.

The large focal spot offers a higher photon flux at the expense of imaging quality and
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beam penumbra sharpness, but both focal spot distributions are heterogeneous [9].

Stewart et al. reported a penumbra sharpening for the 80%-20% dose falloff region

of 0.43 to 0.21 mm for a 1 mm diameter beam [10, 11], when comparing the resulting

beam penumbrae when using the small and large focal spot for irradiation. A smaller

focal spot would also reduce the non-uniform fluence in very small fields [9]. Espe-

cially when applying a dose painting technique as described in chapter 5, the dose

rate quickly becomes the limiting factor for practical applicable complex treatments.

The use of smaller beams, and the use of the small focal spot for irradiation, at higher

dose rates can improve achievable dose conformality for the same irradiation time.

An extension of the work of the optimisation framework and dose painting techniques

presented in chapter 4 and 5 could involve the optimisation with inclusion of the small

and large focal spot for irradiation. Higher dose rates of the large focal spot and better

spatial dosimetric modulation of the small focal spot can then be included in the same

irradiation protocol.

There are a few groups that work on the development of x-ray shutters for micro-IGRT

platforms. An x-ray shutter nearly eliminates the ramp up and ramp down times for

the dose rate in the target region. A group from Oxford University upgraded the treat-

ment head assembly of their SARRP to include an x-ray shutter [12], and a research

group from Cyceron in France developed a beam shutter that can be attached to a

fixed aperture collimator of the X-RAD 225Cx [13]. This technique is known as gating

and can be applied at the expense of prolonged treatment time, see figure 7.1 for an

illustration. Gating can be used to reduce the required CTV-PTV margin due to e.g.

breathing motion [12, 13]. The collimator assembly from Oxford University can work

in tandem with an optical fibre for diffuse reflectance measurements to determine the

mouse breathing phase in real time to take breathing motion into account, which can

be useful for both imaging and irradiation. I do not see a need for such advanced

tracking and correction methods in the foreseeable future. The field has just started

to mature, and the community could currently benefit more from investigations into

the type and magnitude of organ motion related issues, and recommendations and

operating procedures on margin management. Initial work from Van der Heijden et

al. [14], and Vaniqui et al. [15] on required planning target volume margins for mice

lung tumours is valuable and will need to be extended, after which further standard

practices can be published. Recently, the ESTRO Advisory Committee in Radiation

Oncology Practice (ACROP) issued the first report for preclinical radiotherapy. The re-

sulting publication provides an overview of the current state of the art in image guided

preclinical radiotherapy technology, provides recommendations on study reporting,

and identifies challenges in the field [16].
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Clinical proton therapy centres are being built rapidly around the world. Although

the idea of using particles for therapeutic purposes is certainly not new, it has only

relatively recently seen an introduction in routine clinical practice, and expansion of

radiobiological knowledge in the field of particle irradiations is needed. To enable

particle irradiation, complex hardware and expensive infrastructure are needed, most

often using a cyclotron for particle generation. Such investments are too large for

dedication to micro-IGRT devices, but a viable option can be to couple a micro-IGRT

to a clinical ion beam. The SARRP has been coupled to a proton beam line by a re-

search group from the University of Washington [17], and a group from the University

of Pennsylvania put their SARRP on rails to be dockable to a clinical ion beam [18],

to enable image guided preclinical particle irradiations. Our own research group in-

vestigated the suitability of using the very recently installed local clinical proton pencil

beam scanning facility for use in small animal irradiations [19].

There are many other smaller but important improvements that we can expect to take

place in the following years. Mechanical tolerances of the collimator in its holder could

be reduced. These tolerances cause imperfect and inconsistent collimator alignment

with the focal spot which is problematic for precise and accurate therapeutic dose

delivery. The weight imbalance of the gantry and the attached hardware causes flex

during gantry rotation which can only be compensated partially. The irradiation work-

flow can also be made more robust by increasing the number of sensors to detect

e.g. correct collimator positioning, x-ray filter selection, irradiation delivery based on

monitor units instead of beam-on time, correct animal position, correct anaesthesia

administration, and improved feedback during treatment delivery. This would also en-

able the implementation of collision detection and prevention between the collimator

and animal couch, or worse, with the animal itself, an important feature that is cur-

rently lacking in all micro-IGRT platforms. Other benefits are further automation such

as the mentioned variable collimator, automated x-ray filter selection, and communi-

cation between the different software packages for image acquisition and processing,

data management, and treatment planning. Such improvements would vastly improve

the overall workflow, ease of use, and increase robustness. Since animal lab work of-

ten involves repetitive actions, it is especially important to avoid steps that are prone

to human error.

7.4 Image guidance

The field of precision preclinical localised irradiation is made possible through the in-

tegration of proper image guidance which is fundamental for animal setup, radiation
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planning, and animal follow up. CT imaging is the basis and is fast and relatively

cheap. Exciting innovations are taking place in this area that can be integrated in

micro-IGRT platforms in the future, with techniques such as dual [20, 21], phase-

contrast [22], and spectral CT imaging. By combining different photon spectra for

imaging, that should be minimally overlapping, multi-parametric volumes can be re-

constructed [21]. Resulting data are valuable for improved detection of the elemental

composition of the tissues and can improve the accuracy of dose calculations [23].

The integration of optical cameras enable bioluminescence imaging (BLI) and could

enable fluorescence imaging in the future. It is already relatively common to use im-

age fusion to register CT images of the animal in its current treatment position to

previously acquired image data such as MR, PET or SPECT. The onboard optical

camera integration of the X-RAD SmART enables a faster and easier workflow that

includes BLI. The optical camera for the SARRP needs to be attached, calibrated, and

detached for each optical imaging session which prolongs the workflow considerably

to about 40 minutes per animal when using bioluminescence guided irradiation [24].

However, at the moment and in the near future, BLI can only be used for fast and

relatively cheap animal follow up, for which it is ideally suited since there is essen-

tially no background noise during measurements. The spatial accuracy of acquired

BLI data, particularly of reconstructed three-dimensional BLI distributions, is insuffi-

cient for useful and reliable radiation targeting. This is because it is very difficult to

reconstruct light propagation through different, unknown, tissues using multi-angular

two-dimensional acquisitions as input. The irradiation margin that would need to be

incorporated would be relativley large, in the order of several millimetres and thereby

defeat the purpose of precision preclinical irradiation.

The onboard electronic portal imaging device (EPID) is currently only used for cone

beam CT image guidance but offers additional opportunities for improvements. An

interesting use is to improve radiation targeting accuracy. Using the known Winston-

Lutz animal couch corrections to compensate for mechanical sagging [25] together

with gantry-flex corrections that are normally only used to improve cone beam CT

image reconstruction accuracy, the position of the centre of the beam on EPID can

be calculated. Using a short pre-beam exposure, a correction for the animal couch

position can be calculated to correct for specific perturbation corrections such as im-

proper collimator placement or for a small drift of the focal spot [26]. For the X-RAD

225Cx, this approach was reported to improve targeting accuracy to 0.05±0.05 mm

[26].

Another valuable use is the development of µ-Dose Guided RadioTherapy procedures
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for verification of the actual delivered dose. Initial work from Granton et al. [27] used

the EPID to verify whether the intended dose is delivered at the position of the EPID

of an X-RAD 225Cx, and Anvari et al. calculated transit doses using the CCD-camera

based EPID of their SARRP [28]. Currently, the delivered dose is not verified against

planned dose routinely during or after each treatment, but especially when preclinical

irradiations become more complex and use tighter irradiation margins, verification

becomes an essential part of the irradiation workflow. Another approach is to back

project measured photon fluences to calculate the dose distribution within the subject

[29]. Such dose guided radiotherapy methods are becoming more common in clinical

practice and could be extended to micro-IGRT platforms. Onboard imaging devices

can also be used to improve and speed up quality assurance procedures [30], which

is especially important in research laboratories where there is limited support staff in

general.

7.5 Software

Many different drivers, libraries, databases, and software packages are required for

proper functioning of micro-IGRT platforms; software is at the core to integrate all

different parts of these platforms. In general, we differentiate between two different

packages; one package that controls the micro-IGRT hardware, and another that is

used for radiation treatment planning. Currently, preclinical radiation planning soft-

ware needs to catch up with the latest hardware capabilities. Moreover, radiobiologi-

cal study designs need to catch up with the current capabilities of micro-IGRT hard-

ware and software. There are e.g. only very few research groups that use all current

capabilities of preclinical treatment planning software SmART-ATP. Most of the radio-

biological study setups are performed using very simple beam configurations with little

attention for volume of interest definition or dose evaluation and optimisation, but that

is expected to change in the near future.

Instead of using more complex beam shaping hardware to improve dose delivery

conformality, another approach is the use of a fixed aperture beam in a dynamic

fashion. This dose painting technique where the animal is translated during irradiation

is described in detail in chapter 5. Dynamic use of the available degrees of freedom is

seen as important next step to improve preclinical precision irradiation using current

generation hardware, illustrated by the transition from irradiator types A-B to C-D in

figure 5.1. A major advantage of such approaches is that the hardware does not

need to be extended or replaced, but only software updates are required to improve
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the capabilities of a platform. When variable aperture collimators are ready for animal

irradiations, these would be ideally suited to further increase dose delivery flexibility.

The identification and digital segmentation of target and avoidance volumes is cur-

rently the most time-consuming step in the clinical radiotherapy workflow because

it predominantly involves manual labour. Capable software is key to improve and

shorten this process. Multi-parametric imaging such as multi-energy CT can improve

tissue identification, which can be used to feed information to automatic contouring

algorithms [31].

Data storage, processing, accessibility, analysis, and availability are big challenges in

contemporary clinical practice, especially in the highly technological field of radiother-

apy. All these data management aspects are still only in early stages of development

in preclinical research. Clinical practice is ahead with more mature systems to e.g.

record and verify different steps in the process, but preclinical practice is much more

scattered, also for standards on communicating data between different systems. A

better implementation of overall data management solutions in preclinical practice

would undoubtedly improve and speed up preclinical research and translation to clin-

ical practice [32].

7.6 Preclinical irradiation planning

The main difference between preclinical and clinical radiotherapy planning, results

from the lower photon energies used. Although kV photon energies are used in clin-

ical practice, such as for orthovoltage skin irradiation or brachy therapy, there are no

clinical radiation planning tools available that are suitable for micro-IGRT platforms.

For skin irradiation, there is currently no patient specific image guidance or radiation

planning being used. While photon energies for brachytherapy can be lower, such as

50kVp, current clinical practice is to use water-based dose calculations [33], which is

also problematic [34].

The application of kernel-based dose calculation methods for kV irradiation is funda-

mentally flawed and should not be used for applications that require high accuracy.

Especially in setups that contain high fluctuations of the elemental composition of

media, such as in the vicinity of interfaces with air or bone. If Monte Carlo models

and radiation transport are validated in e.g. water, then this approach is also valid for

other media. This is due to the inherent correct handling of different photon interaction

mechanisms in all media, as long as cross sections for interaction and scattering are

known. Of course, it is still required and extremely challenging that different tissues
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are identified and assigned correctly. For superposition-convolution dose calculation

methods, this is not the case; if such methods are validated in water, they are not

consequently valid for other media as well. To improve the accuracy of kernel-based

calculation methods, it is needed to include various calculations for e.g. primary and

scatter radiation as a function of energy photon energy, and the need to rotate and

tilt kernels. To include e.g. focal spot inhomogeneity, more alterations and extensions

are needed. An important culprit for accurate MC simulations, is the lack of available

information on the composition and density of animal tissues and their distributions

especially for different strains, ages, and gender. Technology for tissue analysis, e.g.

mass-spectrometry, for these relatively low atomic numbers exists, but is not readily

available in the radiotherapy field, and expensive to use otherwise. With the increas-

ing size of the community, perhaps all involved research institutes could co-finance a

study to gather these valuable data.

One of the main tangible results from the work of this thesis is unmistakably our devel-

oped dedicated Monte Carlo based small animal radiation treatment planning system

SmART-Plan. When we embarked on this project about 6 years ago, we could not

have imagined the impact this work would have. From the start we saw the unmet

need of capable dedicated software that would enable micro-IGRT units to deliver

complex dose distributions. With the specific cumulative knowledge present in our

group, we thought to be in an ideal position to proceed down this path. Instead of

developing tools that would be used solely at our own department, we immediately

strove for a product that could be deployed at other institutes as well. We already col-

laborated with PXi as centre of excellence for their product, and they also supported

our efforts to improve preclinical treatment planning. A synergy that is ongoing until

today, and that we have since professionalized tremendously.

In June 2013, we proudly finalized the commissioning of the first externally installed

version of SmART-Plan at the National Institute of Health in Washington. The project

continued to take a large chunk of our research time, and the number of installations

grew steadily, and in the beginning of 2017 SmART-Plan was being used at about 15

sites worldwide. By then, we had founded the company SmART Scientific Solutions

B.V. to take over this commercial endeavour. New software was built from scratch and

named SmART-ATP, for SmART Advanced Treatment Planning. Combined, SmART-

Plan and SmART-ATP are now being used at more than 30 institutes across North-

America, Europe, Australia and Asia.

Before SmART-Plan was developed, PXi offered DOSCTP for radiation planning which

uses DOSXYZnrc as dose calculation engine as well, but has limited functionality [35].
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Their competitor XStrahl offers Muriplan, which was built by extending SlicerRT [36],

an extension of 3D Slicer [37], and uses a superposition-convolution kernel-based

dose calculation engine [38, 39]. Recently, the company RaySearch Laboratories

entered the field of small animal radiotherapy planning. RaySearch is a fast-growing

radiation treatment planning software company based in Sweden, which licenses their

products for clinical radiation planning. At the Fourth International Conference on

Precision Image Guided Small Animal Radiotherapy Research in Lisbon in March

2018, they demonstrated µ-RayStation for the specific application to small animal

radiotherapy [40]. µ-RayStation is adapted from their clinical radiotherapy planning

system RayStation 5 in collaboration with research groups from Dresden and Nantes.

µ-RayStation uses the Monte Carlo code XVMC/VMC++ [41, 42], for dose simulations

with an analytically modelled irradiator.

7.7 Conclusion

The integration of complementary technologies and capable software have enabled

localized preclinical image guided radiotherapy. Combined with newly developed bio-

logical animal models, these micro-IGRT platforms facilitate the advancement of pre-

clinical radiobiological research using irradiation setups alike contemporary clinical

practice. Adapted study designs may then increase the quality, speed, efficiency, and

cost effectiveness of the development of novel treatment strategies.

Capable and reliable radiation planning is invaluable for complex and robust in vivo

radiobiological studies, to which the developed and validated techniques in this thesis

contribute. This was achieved by introducing state of the art MC simulations and

radiation plan optimisation for preclinical precision irradiation. These techniques were

applied to achieve dynamic irradiation to improve conformality and flexibility of micro-

IGRT platforms. This leads to the conclusion that the work of this thesis enables

unprecedented preclinical radiation planning accuracy and quantitative insights, and

contributes to enable previously unattainable radiobiological experiments. Developed

knowledge and methods were demonstrated by performing localized brain irradiations

for an orthotopic glioblastoma model in mice. In addition, it can be concluded that

developed knowledge is rapidly distributed to research institutes worldwide through

successful valorisation.

7

142



General discussion

References

1. Graves EE, Zhou H, Chatterjee R, Keall PJ, Gambhir SS, Contag CH, Boyer AL. Design and
evaluation of a variable aperture collimator for conformal radiotherapy of small animals using a
microCT scanner. Med. Phys. 2007; 34: 4359–4367. doi: 10.1118/1.2789498.

2. Jensen MD, Hrinivich WT, Jung JA, Holdsworth DW, Drangova M, Chen J, Wong E. Implemen-
tation and commissioning of an integrated micro-CT/RT system with computerized independent
jaw collimation. Med. Phys. 2013; 40: 081706. doi: 10.1118/1.4812422.

3. Cho N, Wong J, Kazanzides P. Dose Painting with a Variable Collimator for the Small Animal
Radiation Research Platform (SARRP). MIDAS J. 2014; 942.

4. Cho BJ. Forward and Inverse Treatment Planning Solutions for Small Animal Radiation Re-
search. 2017; Available from: http://dspace-prod.mse.jhu.edu:8080/handle/1774.2/58687.

5. Prajapati S, Mackie T, Jeraj R. Open-Source Medical Devices (OSMD) Design of a Small Animal
Radiotherapy System. J. Phys. Conf. Ser. 2014; 489: doi: 10.1088/1742-6596/489/1/012017.

6. Prajapati S, Cox B, Swader R, Petry G, Eliceiri KW, Jeraj R, Mackie TR. Design of an Open-
Source Binary Micromultileaf Collimator for a Small Animal Microradiotherapy System. J. Med.
Devices 2017; 11: 041007-041007–10. doi: 10.1115/1.4038017.

7. Woods K, Nguyen D, Neph R, O’Connor D, Sheng K. A Sparse Orthogonal Collimator for Small
Animal IMRT Using Rectangular Aperture Optimization. Int. J. Radiat. Oncol. • Biol. • Phys.
2018; 102: S152–S153. doi: 10.1016/j.ijrobp.2018.06.368.

8. Nguyen D, Ruan D, O’Connor D, Woods K, Low DA, Boucher S, Sheng K. A novel software
and conceptual design of the hardware platform for intensity modulated radiation therapy. Med.
Phys. 2016; 43: 917–929. doi: 10.1118/1.4940353.

9. Granton PV, Verhaegen F. On the use of an analytic source model for dose calculations in
precision image-guided small animal radiotherapy. Phys. Med. Biol. 2013; 58: 3377. doi:
10.1088/0031-9155/58/10/3377.

10. Stewart J, Lindsay P, Jaffray D. WE-E-BRE-04: Dual Focal Spot Dose Painting for
Precision Preclinical Radiobiological Investigations. Med. Phys. 2014; 41: 504–504. doi:
10.1118/1.4889433.

11. Stewart JMP. Spatially Modulated Dose Optimization and Performance Limitations with Robust
Targeting Performance for Preclinical Irradiation. 2017;

12. Hill MA, Thompson JM, Kavanagh A, Tullis IDC, Newman RG, Prentice J, Beech J, Gilchrist S,
Smart S, Fokas E, Vojnovic B. The Development of Technology for Effective Respiratory-Gated
Irradiation Using an Image-Guided Small Animal Irradiator. Radiat. Res. 2017; 188: 247–263.
doi: 10.1667/RR14753.1.

13. Frelin A-M, Beaudouin V, Le Deroff C, Roger T. Implementation and evaluation of respiratory
gating in small animal radiotherapy. Phys. Med. Biol. 2018; 63: 215024. doi: 10.1088/1361-
6560/aae760.

14. Van der Heyden B, van Hoof SJ, Schyns LEJR, Verhaegen F. The influence of respiratory
motion on dose delivery in a mouse lung tumour irradiation using the 4D MOBY phantom. Br.
J. Radiol. 2017; 90: 20160419. doi: 10.1259/bjr.20160419.

15. Vaniqui A, van der Heyden B, Almeida IP, Schyns LE, van Hoof SJ, Verhaegen F. On the
determination of planning target margins due to motion for mice lung tumours using a four-
dimensional MOBY phantom. Br. J. Radiol. 2018; 20180445. doi: 10.1259/bjr.20180445.

16. Verhaegen F, Dubois L, Gianolini S, Hill MA, Karger CP, Lauber K, Prise KM, Sarrut
D, Thorwarth D, Vanhove C, Vojnovic B, Weersink R, Wilkens JJ, Georg D. ESTRO

7

143



Chapter 7

ACROP: Technology for precision small animal radiotherapy research: Optimal use and
challenges. Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2018; 126: 471–478. doi:
10.1016/j.radonc.2017.11.016.

17. Ford E, Emery R, Huff D, Narayanan M, Schwartz J, Cao N, Meyer J, Rengan R, Zeng J,
Sandison G, Laramore G, N Mayr. An image-guided precision proton radiation platform for
preclinical in vivo research. Phys. Med. Biol. 2017; 62: 43. doi: 10.1088/1361-6560/62/1/43.

18. Welcome to the SARRP, Small Animal Radiation Research Platform (SARRP),
Perelman School of Medicine at the University of Pennsylvania. Available from:
https://www.med.upenn.edu/sarrp/.

19. Almeida IP, Vaniqui A, Schyns LE, van der Heyden B, Cooley J, Zwart T, Langenegger A,
Verhaegen F. Exploring the feasibility of a clinical proton beam with an adaptive aperture for
pre-clinical research. Br. J. Radiol. 2018; 20180446. doi: 10.1259/bjr.20180446.

20. Landry G, Reniers B, Granton PV, van Rooijen B, Beaulieu L, Wildberger JE, Verhaegen F.
Extracting atomic numbers and electron densities from a dual source dual energy CT scanner:
experiments and a simulation model. Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol.
2011; 100: 375–379. doi: 10.1016/j.radonc.2011.08.029.

21. Schyns LEJR, Almeida IP, van Hoof SJ, Descamps B, Vanhove C, Landry G, Granton PV, Ver-
haegen F. Optimizing dual energy cone beam CT protocols for preclinical imaging and radiation
research. Br. J. Radiol. 2017; 90: 20160480. doi: 10.1259/bjr.20160480.

22. Bravin A, Coan P, Suortti P. X-ray phase-contrast imaging: from pre-clinical applications towards
clinics. Phys. Med. Biol. 2012; 58: R1–R35. doi: 10.1088/0031-9155/58/1/R1.

23. Vaniqui A, Schyns LEJR, Almeida IP, van der Heyden B, van Hoof SJ, Verhaegen F. The impact
of dual energy CT imaging on dose calculations for pre-clinical studies. Radiat. Oncol. Lond.
Engl. 2017; 12: 181. doi: 10.1186/s13014-017-0922-9.

24. Zhang B, Wang KK-H, Yu J, Eslami S, Iordachita I, Reyes J, Malek R, Tran PT, Patterson MS,
Wong JW. Bioluminescence Tomography-Guided Radiation Therapy for Preclinical Research.
Int. J. Radiat. Oncol. Biol. Phys. 2016; 94: 1144–1153. doi: 10.1016/j.ijrobp.2015.11.039.

25. Lutz W, Winston KR, Maleki N. A system for stereotactic radiosurgery with a linear accelerator.
Int. J. Radiat. Oncol. Biol. Phys. 1988; 14: 373–381.

26. Stewart JMP, Ansell S, Lindsay PE, Jaffray DA. Online virtual isocenter based radiation field
targeting for high performance small animal microirradiation. Phys. Med. Biol. 2015; 60:
9031–9046. doi: 10.1088/0031-9155/60/23/9031.

27. Granton PV, Podesta M, Landry G, Nijsten S, Bootsma G, Verhaegen F. A combined dose
calculation and verification method for a small animal precision irradiator based on onboard
imaging. Med. Phys. 2012; 39: 4155–4166. doi: 10.1118/1.4725710.

28. Anvari A, Poirier Y, Sawant A. Kilovoltage transit and exit dosimetry for a small animal image-
guided radiotherapy system using built-in EPID. Med. Phys. 2018; 45: 4642–4651. doi:
10.1002/mp.13134.

29. van Elmpt WJC, Nijsten SMJJG, Schiffeleers RFH, Dekker ALAJ, Mijnheer BJ, Lambin P,
Minken AWH. A Monte Carlo based three-dimensional dose reconstruction method derived
from portal dose images. Med. Phys. 2006; 33: 2426–2434. doi: 10.1118/1.2207315.

30. Anvari A, Poirier Y, Sawant A. Development and implementation of EPID-based quality assur-
ance tests for the small animal radiation research platform (SARRP). Med. Phys. 2018; 45:
3246–3257. doi: 10.1002/mp.12939.

31. van der Heyden B, Podesta M, Eekers DB, Vaniqui A, Almeida IP, Schyns LE, van Hoof SJ,
Verhaegen F. Automatic multiatlas based organ at risk segmentation in mice. Br. J. Radiol.

7

144



General discussion

2018; 20180364. doi: 10.1259/bjr.20180364.

32. Persoon L, Hoof S van, van der Kruijssen F, Granton P, Sanchez Rivero A, Beunk H, Dubois L,
Doosje J-W, Verhaegen F. A novel data management platform to improve image-guided preci-
sion preclinical biological research. Br. J. Radiol. 2018; 20180455. doi: 10.1259/bjr.20180455.

33. Rivard MJ, Coursey BM, DeWerd LA, Hanson WF, Huq MS, Ibbott GS, Mitch MG, Nath R,
Williamson JF. Update of AAPM Task Group No. 43 Report: A revised AAPM protocol for
brachytherapy dose calculations. Med. Phys. 2004; 31: 633–674. doi: 10.1118/1.1646040.

34. Beaulieu L, Carlsson Tedgren A, Carrier J-F, Davis SD, Mourtada F, Rivard MJ, Thomson RM,
Verhaegen F, Wareing TA, Williamson JF. Report of the Task Group 186 on model-based
dose calculation methods in brachytherapy beyond the TG-43 formalism: current status
and recommendations for clinical implementation. Med. Phys. 2012; 39: 6208–6236. doi:
10.1118/1.4747264.

35. Chow JCL, Leung MKK. Treatment planning for a small animal using Monte Carlo simulation.
Med. Phys. 2007; 34: 4810–4817. doi: 10.1118/1.2805254.

36. Pinter C, Lasso A, Wang A, Jaffray D, Fichtinger G. SlicerRT: radiation therapy research toolkit
for 3D Slicer. Med. Phys. 2012; 39: 6332–6338. doi: 10.1118/1.4754659.

37. Fedorov A, Beichel R, Kalpathy-Cramer J, Finet J, Fillion-Robin J-C, Pujol S, Bauer C, Jennings
D, Fennessy F, Sonka M, Buatti J, Aylward S, Miller JV, Pieper S, Kikinis R. 3D Slicer as an
Image Computing Platform for the Quantitative Imaging Network. Magn. Reson. Imaging
2012; 30: 1323–1341. doi: 10.1016/j.mri.2012.05.001.

38. Jacques R, Taylor R, Wong J, McNutt T. Towards real-time radiation therapy: GPU accelerated
superposition/convolution. Comput. Methods Programs Biomed. 2010; 98: 285–292. doi:
10.1016/j.cmpb.2009.07.004.

39. Jacques R, Wong J, Taylor R, McNutt T. Real-time dose computation: GPU-accelerated
source modeling and superposition/convolution. Med. Phys. 2011; 38: 294–305. doi:
10.1118/1.3483785.

40. RaySearch releases micro-RayStation for pre-clinical research — RaySearch Laboratories.
Available from: https://www.raysearchlabs.com/press/?year=2017&cisionid=2773432.

41. Kawrakow I, Fippel M, Friedrich K. 3D electron dose calculation using a Voxel based Monte
Carlo algorithm (VMC). Med. Phys. 1996; 23: 445–457. doi: 10.1118/1.597673.

42. Gardner J, Siebers J, Kawrakow I. Dose calculation validation of Vmc++ for photon beams.
Med. Phys. 2007; 34: 1809–1818. doi: 10.1118/1.2714473.

43. Yahyanejad S, van Hoof SJ, Theys J, Barbeau LMO, Granton PV, Paesmans K, Verhaegen F,
Vooijs M. An image guided small animal radiation therapy platform (SmART) to monitor glioblas-
toma progression and therapy response. Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol.
2015; 116: 467–472. doi: 10.1016/j.radonc.2015.06.020.

44. Sosa Iglesias V, van Hoof SJ, Vaniqui A, Schyns LE, Lieuwes N, Yaromina A, Spiegelberg L,
Groot AJ, Verhaegen F, Theys J, Dubois L, Vooijs M. An orthotopic non-small cell lung cancer
model for image-guided small animal radiotherapy platforms. Br. J. Radiol. 2018; 20180476.
doi: 10.1259/bjr.20180476.

45. Balvert M, van Hoof SJ, Granton PV, Trani D, den Hertog D, Hoffmann AL, Verhaegen F. A
framework for inverse planning of beam-on times for 3D small animal radiotherapy using inter-
active multi-objective optimisation. Phys. Med. Biol. 2015; 60: 5681–5698. doi: 10.1088/0031-
9155/60/14/5681.

7

145





Summary

147





Summary

The integration of technologies for preclinical image guidance and precision irradiation

complemented with capable software has enabled localized small animal irradiations.

Novel biological orthotopic animal models enable improved radiobiological insights.

Combined, these advances effected the emergence of a new research area wherein

novel treatment approaches, schemes, and combinations, and normal tissue toxicity

can be studied. This new research contributes to the increasing relevance of preclin-

ical research data, which may help to reduce the number of failing approaches and

therefore expedite clinical translation, and reduce overall animal burden. Accurate

and versatile radiation planning methods are indispensable to maximise the benefits

of such radiobiological studies.

The work of this thesis advances techniques that improve the accuracy and versatility

of preclinical radiation planning, to enable planning and delivery of more flexible and

complex dose distributions for preclinical radiotherapy. Monte Carlo based radiation

planning is introduced to achieve accurate dose calculation at the appropriate scale

and photon energies used. A beam-on time optimisation framework is developed

to achieve a higher degree of planning automation which is essential when moving to

more complex beam delivery protocols. These techniques are extended by using mul-

tiangled irradiation with a fixed beam shape and size, and subject translation during

irradiation to enable more conformal dynamic target irradiation. The developed meth-

ods are applied to enable localized irradiation for an orthotopic glioblastoma mouse

model. All developed knowledge is rapidly distributed to research institutes worldwide

through successful valorisation.
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Samenvatting

De integratie van technologieën voor preklinische beeldgeleiding en

precisiebestraling, aangevuld met de juiste software, heeft gelokaliseerde

bestralingen van kleine dieren mogelijk gemaakt. Nieuwe orthotope biologische

diermodellen verbeteren radiobiologische inzichten. De combinatie van deze

innovaties heeft geleid tot het opkomen van een nieuw onderzoeksgebied waarin

nieuwe behandelingsstrategieën, -schema’s, en -combinaties, en normale-weefsel

toxiciteiten kunnen worden bestudeerd. Zulke nieuwe studies helpen om de waarde

van preklinische onderzoeksdata te verbeteren, wat kan bijdragen om het aantal

falende benaderingen voor nieuwe behandelingsstrategieën te verminderen. Dit

helpt om klinische translatie te versnellen, en om de algehele last voor proefdieren

te verminderen. Nauwkeurige en flexibele methodes voor stralingsplanning zijn

onmisbaar om de bruikbaarheid van radiobiologische studies te maximaliseren.

Het werk waarop deze thesis is gebaseerd verbetert technieken om de

nauwkeurigheid en flexibiliteit van preklinische stralingsplanning te verbeteren, en

om de planning en afgifte van complexe dosisdistributies mogelijk te maken. Er

is gebruik gemaakt van stralingsplanning gebaseerd op Monte Carlo methodes

om nauwkeurige dosisberekeningen op de benodigde geometrische schaal, en

met de correcte fotonenenergieën te bereiken. Er is een optimalisatieraamwerk

voor bestralingstijden ontwikkeld om de automatisering van stralingsplanning te

verbeteren, wat essentieel is om complexere bestralingsplannen mogelijk te maken.

Deze technieken zijn verder ontwikkeld door gebruik te maken van bestralingen

met een vaste bundelvorm en -grootte vanuit meerdere hoeken, waarbij het

bestralingsdoelgebied getransleerd wordt tijdens de bestraling. Hiermee worden

dynamische bestralingsplannen gerealiseerd die beter aansluiten bij het doelgebied.

De ontwikkelde technieken zijn toegepast om gelokaliseerde bestralingen uit te

voeren in een biologisch muismodel voor glioblastoma multiforme. De ontwikkelde

kennis is snel ingezet in onderzoekscentra wereldwijd door succesvolle valorisatie.
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Valorisation

1 Societal value

The relevance of advanced and accessible radiation planning tools for image guided

small animal radiotherapy research platforms has been outlined in the first chapter of

this thesis. This is an invaluable link for the overall innovation in cancer therapy, albeit

with indirect and deferred ultimate benefit for patients. The magnitude of current and

future numbers of patients worldwide assures the societal impact of the work of this

thesis in the long term. In addition, there is an important general trend to minimize the

number of animals used for research to decrease overall animal burden and cost of

studies, for which it is essential to maximise the quality and value of animal research

data. New approaches and tools as presented in this thesis are then indispensable.

2 Innovation and knowledge utilisation

Simply defining a micro irradiator in a clinical TPS is insufficient to reach adequate

planning accuracy for reasons discussed in chapter 1 and 7. During the early stage of

the work for this thesis, there was no commercial software available for image guided

treatment planning in this setting. Research groups were forced to use simpler tabular

lookup calculations or develop their own tools. Both options entail that the advanced

imaging and irradiation hardware would not be used to their full extent, or that a big

investment of time and money are needed to create capable tools. The manufacturers

of the X-RAD 225Cx and SARRP were still in the early stages of development of the

hardware and had no resources, time or specific knowledge readily available for such

developments.

Therefore, we implemented algorithms and knowledge in a user-friendly manner, to

advance ongoing radiobiological studies. To achieve results fast with minimal re-

sources, SmART-Plan was written in a high-level interpreted coding language. Its

development and validation are the topic of chapter 3. The vast knowledge on Monte

Carlo modelling and simulations for kilovolt x-rays was made accessible to users who

did not have specific in-depth knowledge of radiation planning and verification. Big

efforts were made to make the product available to other research groups who had

purchased the same irradiation platform. For marketing and first line customer rela-

tions, a collaboration was established with PXi. SmART-Plan would be sold as an

add-on for new customers of their X-RAD 225Cx, which later evolved into the X-RAD

SmART. With this setup, we had created a unique setting in which we could rapidly

apply any developed knowledge to about half of the research community in this spe-

cific field throughout the world, using remote software updates. Towards the end of
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the work of this thesis, SmART-Plan was operational at about 20 institutes throughout

Europe, North-America, Asia and Australia, and we had presented our work during

several international scientific conferences in the Netherlands, Belgium, Spain, Milan,

Switzerland, and Portugal. SmART-Plan has already been used for many published

studies [1–21], and many more studies are currently in progress or planned. Such

studies are difficult to track as discussed in chapter 7.

3 Commercialisation

Successful valorisation of the developed software means that many hours need to be

dedicated to the project. Valorisation is encouraged, but a research group or institute

is often not equipped for such activities. Therefore, SmART Scientific Solutions BV

was created as mentioned in chapter 7, which is part of the Brightlands Maastricht

Health Campus [22]. SmART Scientific Solutions BV licenses the rights for ongoing

extension, expansion, and development of irradiation planning for image guided small

animal radiotherapy and created the new product SmART-ATP from scratch.

Development of software means that there is a huge cost until the first invoice for the

created product can be sent to a customer. Once a first version of the product is ready,

it is relatively inexpensive to deploy the same version of the product to additional

customers. However, for SmART-ATP, a thorough specific calibration and validation

procedure must be completed for each customer before accurate radiation planning is

possible. Also, costs for customer support grow with the customer database and there

will be ongoing product development. Modern consumer or business software is often

sold using a licensing model with recurring license fees which makes a lot of sense

from the perspective of the commercial entity to assure continuity. However, in the

specific market for SmART-ATP, such costs are difficult to budget for, as purchases are

usually realized with money from research budgets. It is practically more feasible to

include the purchase of additional software together with the purchase of the relatively

expensive hardware.

4 Market

Despite the number of radiobiological studies being conducted worldwide, the po-

tential market for dedicated small animal radiotherapy planning software is relatively

small. In 2013, we estimated that there were about 800 academic medical centres in

Europe and the USA combined, of which about three quarter had a radiation research

line. Only a part of these research centres would be able to benefit or be interested
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in precision irradiation. That means that the total worldwide market would be limited

to a few hundred devices. This makes commercially viable products, and companies

based thereon, difficult to realize. Developments must be carried out lean or using

external funding. In comparison with clinical counterparts of hardware and software,

the potential revenue is very small which is likely one of the main reasons the current

established companies in the field do not seem to be keen to enter this market.

Currently, there are about 130 installed commercial devices from Xstrahl and PXi

combined. It is expected that this market will be saturated relatively soon, after which

revenue for new installs will minimize and new pools of revenue need to be gener-

ated from recurring license fees for ongoing updates, upgrades with new feature sets,

optional add-ons, additional users, or replacement of current setups. More recently,

some larger institutes have shown interest in additional small animal precision irradi-

ation platforms, e.g. because they are physically scattered.

Nevertheless, this means that required investments for research and development

have a high impact on the cost of the product. This slows down technical innova-

tions that may otherwise be relatively straightforward to implement. The commercial

platforms already cost well over half a million US dollars, and considerably more if

a platform is extended with options such as bioluminescence imaging or a more ad-

vanced beam collimation system. This is of course an important reason why there

have been numerous local non-commercial projects to assemble image guided small

animal irradiation platforms as outlined in chapter 1.

The vast majority of the current preclinical radiation research platforms are being op-

erated at academic institutes, and there are only a handful operational devices at e.g.

pharmaceutical companies. Small companies that need animal research are often

spin-offs from academic institutes and outsource such studies to their affiliate univer-

sities. Large companies often choose to outsource animal studies to bigger contract

research organisations (CROs) because they would not only need to invest in the

specific required hardware and software but would also need to set up a research

laboratory with specific knowledge and skills.

Xstrahl developed the small animal radiotherapy planning system Muriplan for their

SARRP, which is based on 3DSlicer [23, 24]. Currently, SmART-ATP can only be

used in combination with the X-RAD SmART, and Muriplan can only be used in com-

bination with the SARRP. At the end of 2017, the company RaySearch Laboratories

announced their product µ-Raystation as discussed in chapter 7 [25]. µ-Raystation

is currently in use at Institut Cancérologie de l’Ouest (Nantes, France) for irradiation
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with their X-RAD 225Cx, and at OncoRay National Center for Radiation Research in

Oncology (Dresden, Germany) in combination with their locally developed SAIGRT.

5 Future

The market for precision small animal irradiation is not yet saturated and the number

of commercial and non-commercial research platforms will keep growing the coming

years. The potential market size may grow considerably in the future if e.g. legislation

for new therapy or compound approval would specifically demand targeted localized

micro irradiation studies with clinically relevant organ at risk avoidance, which is not

the case at this time. Another interesting development might be an increasing interest

in therapeutic irradiation for companion animals. This is currently still very uncommon

in Europe with only about 10-20 irradiation facilities for animals, but higher demands

exist in e.g. the USA.

The modern age of commercial software has seen a tremendous move to server-

side based software, leading to many products being offered as a service (-aaS). The

worldwide internet connectivity improvements with lower latencies and higher band-

widths enabled clients to use CPU and data heavy applications on a server, or in

the cloud, without the need for local installation and setup. Instead of purchasing a

one-time perpetual software license, a recurring license fee is charged for using the

service. Relevant examples in the field of radiotherapy are an online radiochromic film

analysis tool [26], cloud-based radiomics analysis software [27], or the ESTRO online

tissue contouring training tool FALCON [28]. Providing a product as a cloud-based

service has the advantage that is it easier to maintain for the developer. Such a path

could also be realized for small animal radiation planning. Prior to the radiation plan-

ning, the relevant imaging data would need to be uploaded to a server, but thereafter

the calculation may use the more powerful computer resources from the server, and

the irradiation plan is easily communicated using small data packages.

When irradiation hardware evolves, or when new software features are being devel-

oped, substantial feature sets such as automated contouring using machine learning,

can be sold as add-ons, or as paid software upgrades instead of updates, in addition

to e.g. training or educational services. Undoubtedly, the radiation planning software

will need to be updated regularly to provide state of the art capabilities.
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