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Abstract 
 

 
Spatially fractionated radiotherapy, also known as grid therapy (GRID), has 
been used for more than a century to treat several kinds of lesions.  Yet, the 
grid technique remains a relatively unknown and uncommon treatment 
modality nowadays. Spatially fractionated beams, instead of conventional 
homogeneous fields, have been used to exploit the clinical finding that 
normal tissue can tolerate higher doses when smaller tissue volumes are 
irradiated. This increase in tolerance with reducing beam sizes is known as 
the dose-volume effect. Despite the fact that targets were given an 
inhomogeneous dose distribution, good results in the form of shrinking of 
bulky tumors have been observed. The biological processes responsible for 
this effect are still under discussion, with several possible causes. However, 
numerous experiments on mice, rats and pigs have confirmed the existence 
of this effect, which in turn motivate the present development of grid 
therapy. 

While mainly photons have been used in grid therapy, proton- and ion-grid 
therapies are also emerging as viable alternatives especially in light of the 
development of new particle therapy centers.  

In this work, we used millimeter-wide proton beamlets to propose a new, 
innovative form of grid therapy. Grids of proton beamlets were crossfired 
and interlaced over a target volume with the intention to achieve two main 
objectives: (1) to keep the grid pattern (adjacent high and low doses) from 
the skin up to the vicinity of the target while (2) delivering a nearly 
homogeneous dose to the target volume.  

In a preliminary study, the possibility of using this new interlaced and 
crossfired geometry with currently available beam sizes at a modern proton 
therapy center was explored in a proof of concept study. A treatment 
planning system was used to re-plan two patients previously treated with 
photon therapy. This study demonstrated the potential of the said geometry, 
with encouraging results on the studied cases. The beam separation could be 
well preserved down to the target, while delivering a nearly homogeneous 
dose to the targeted area (± 5-10 %).  

Dose distributions for mm-wide proton beamlets were then calculated 
through Monte-Carlo (MC) simulations, to study the depth-dose and lateral 
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characteristics of such smaller beams. Beams with widths of 0.5 to 3 
millimeters, full width at half maximum (FWHM), were considered. Using 
these MC data, a virtual grid irradiation with the proposed interlaced-
crossfiring geometry was performed in a 200x200x200 mm3 water tank, 
targeting a 20x20x20 mm3 cube at the center of the tank. Results comparable 
to the first study were observed, with a well-defined grid pattern down to the 
vicinity of the targeted cube, and satisfying dose coverage of the target in all 
cases (< ± 5 %). 

The interlaced crossfiring geometry proposed here allows a good spatial 
separation between the beams from the skin down to the target depth, which 
is anticipated to be important to improve the normal tissue tolerance to high 
doses. However, a good dose coverage of the target, similar to what is 
obtained in standard clinical radiotherapy, can still be achieved by 
crossfiring and interlacing the beam grids from several incident directions. 
The proposed new grid method has the potential to redefine the way grid 
therapy is used today, and could be used in the future.  
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Abbreviations 
 

 
C-T-C Center-to-center 

FWHM Full width at half maximum 

IMPT Intensity modulated proton therapy 

IMRT Intensity modulated radiation therapy 

MC Monte Carlo 

MCS Multiple Coulomb scattering 

MRT Microbeam radiation therapy 

PTV Planning target volume 

PVDR Peak-to-valley dose ratio 

RBE Relative biological effectiveness 

SBRT Stereotactic body radiation therapy 

SFUD Single field uniform dose 

SOBP Spread-out Bragg peak 

TPS Treatment planning system 
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1.  Introduction 
 

 
For almost 120 years, from the discovery of x-rays in 1895 by Wilhelm 
Röntgen until now, ionizing radiations have been used as a regular modality 
to treat cancerous tumors and other lesions. In search for the best treatment 
outcome, new treatment techniques (high-energy external-beam therapy, 
brachytherapy, rotating gantries), treatment sources (60Co sources, LINACs, 
cyclotrons, synchrotrons) and other particles (protons, heavy-ions) have been 
introduced in the clinic. 

As knowledge was gained over the years, more effort was put on reducing 
the toxicity of radiotherapy treatments to the skin and healthy tissues beneath 
it and around the lesion. Techniques using broad radiation beams like 
Intensity-Modulated Radiation Therapy (IMRT), Volumetric Modulated Arc 
Therapy (VMAT) with photons or Intensity-Modulated Proton Therapy 
(IMPT) with protons, where the target is irradiated with beams incident from 
several directions to lower the normal tissue dose, were developed. In 
parallel, temporal dose fractionation i.e. whether the dose should be given in 
several fractions over time or in a single fraction (radiosurgery), has become 
the standard of care. Radiotherapy as a whole has been greatly focusing on 
protecting the surrounding healthy tissues while delivering a clinically 
relevant dose to the targeted tumor. 

In proton therapy, the special dosimetric characteristics of charged particles 
are exploited. Charged particles interact through numerous collisions with 
the atomic electrons of the medium in which they are propagating, slowly 
reducing their speed. As a consequence, the slower the particles become, the 
longer they will interact with the medium, increasing the energy locally 
deposited. This will result in a high energy being deposited as the charged 
particles are completely stopped, known as the Bragg peak. Furthermore, in 
addition to slowing down, charged particles experience multiple collisions 
with atomic nuclei in the medium, leading to these particles being deflected 
from their initial path and scattering in the medium. This is known as 
multiple Coulomb scattering (MCS). 

In radiotherapy, the limited range of the protons (and more generally ions) is 
therefore used to improve dose conformity to the target and consequently the 
outcome of radiotherapy treatments. From single field uniform dose 
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treatments (SFUD) and IMPT, where targets are given homogeneous doses, 
to proton stereotactic body radiation therapy (proton SBRT or proton 
radiosurgery) where high inhomogeneous doses are allowed in the targeted 
volumes, proton therapy has greatly developed. It is worth mentioning also 
that protons and other heavier charged particles have been known for many 
years to have a different relative biological effectiveness (RBE) compared to 
conventionally used photons (Durante and Paganetti, 2016). While a 
constant RBE value of 1.1 has been assumed for protons, studies pointing 
towards the existence of a variable RBE have been conducted in the past 
years (Dasu and Toma-Dasu, 2012). 

One form of therapy that was developed to allow the further reduction of the 
toxicity to normal tissue is the so-called grid therapy. In grid therapy, narrow 
beams are arranged in a chess-board pattern leading to a spatial fractionation 
of the beams, with unirradiated parts of tissue left in between them. The idea 
of spatially fractionating the beams to increase the healthy tissue tolerance to 
the treatment is not new (Köhler, 1909; Laissue et al., 2012). The method 
has been abandoned and then rediscovered several times since its 
introduction. It came back some years ago as a trial to treat bulky tumors for 
which there were no other treatment options available (Kaiser et al., 2013; 
Mohiuddin et al., 1990, 1999, 2015; Neuner et al., 2012; Peñagarícano et al., 
2010).  

The motivation for using small beams in place of regular broad, 
homogeneous fields directly comes from the clinical observation that normal 
tissue can tolerate a higher dose if the radiation dose is concentrated in a 
small volume. This finding is known as the dose-volume effect and has been 
mainly observed on skin and spinal cord in several animal experiments (Bijl 
et al., 2002; Hopewell and Trott, 2000). Other organs located beneath the 
skin have been found to have similar properties (Haring, 1934). 

Historically, only photons have been used in grid therapy. The spatial 
fractionation of the beams has been obtained with the use of perforated 
collimators attached directly on the treatment head. However, the arrival of 
more recent techniques such as proton and heavy-ion therapy opened a new 
door for grid therapy. Because of the interesting depth-dose characteristics of 
charged particles into the human body, a new proton- or ion-grid therapy has 
emerged.  

Until recently, almost all research and treatments using grid therapy have 
been conducted using only one incident grid, itself consisting of numerous 
micro- or minibeams and centimeter-wide beams. Using such irradiation 
geometry, not only the normal tissue but also the target receives a spatially 
fractionated dose, i.e. some parts of the tumor/lesion receive very high doses 
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(dose peaks) and some parts receive low doses (valley doses). Some attempts 
have been made to deliver a nearly homogeneous dose to the target using 
only one incident grid (Dilmanian et al., 2015; Zlobinskaya et al., 2013). 
This resulted in the loss of the grid pattern of the dose distribution (made of 
consecutive peaks and valleys of dose, responsible for the improved 
tolerance of the tissue) already a few centimeters in depth beneath the skin, 
i.e. a high and nearly homogeneous dose several centimeters before the 
target. This could be of importance since most radiation necrosis in normal 
tissues appears in the high dose regions, near the target.  

In this work we proposed a new grid method using mm-wide proton 
beamlets. Our main goals were the following: (1) to maintain the grid pattern 
of the dose distribution, made of alternating high and low doses, in the 
normal tissue up to the direct vicinity of the target, (2) to deliver a rather 
homogeneous dose to the target (with a high minimum dose) and (3) to use 
small enough beamlets to exploit the described dose-volume effect. 

To do so, we crossfired and interlaced grids of beamlets incident from 
several directions. In this project, we will show that interlacing and 
crossfiring different incident beam grids over the target will greatly improve 
the dose coverage of this latter while still maintaining a good separation of 
the beamlets in the normal health tissue.  

In Paper I, a study of what could be currently done with available beam sizes 
at a modern proton center facility was conducted. Two patients previously 
treated with photon therapy at Karolinska Hospital for a liver and a rectum 
irradiation were replanned using a commercial proton treatment planning 
system (TPS) with the suggested grid therapy method. Doses inside and 
outside the target were studied as a proof-of-concept study, to evaluate if 
grid therapy could be technically feasible today, using beams in the 
centimeter range currently employed at The Skandion Clinic for example. 
Data for one of the two patients, using more conventional radiation therapy 
techniques, can be found in Paper II for comparison. In this paper, 10 
patients with liver metastasis treated with conventional photon therapy were 
replanned using broad-beam proton therapy with the same dose objectives. 

In Paper III, a Monte Carlo (MC) study was performed to obtain dosimetric 
characteristics of small proton beamlets in the 0.5-3 millimeters (FWHM) 
range and determine which beam width could potentially be the most 
advantageous for grid therapy. The doses produced by such beamlets were 
then used to produce a virtual grid irradiation were a cubic target at the 
center of a water tank was cross-fired with interlacing proton grids, using 
different grid parameters 
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In Paper IV, a parallel project in collaboration with Osaka University, Japan, 
is presented. In this project, a similar study as conducted in Paper III was 
performed for assessing the feasibility of using carbon beamlets with widths 
in the interval 0.1-3 mm (FWHM) for grid therapy. MC dose distributions of 
single carbon beamlets were simulated. Then, another virtual grid irradiation 
with the suggested carbon beamlets was produced, using comparable 
irradiation geometry as described previously, i.e. a cubic target volume at the 
center of a water tank was crossfired with interlaced carbon grids. Several 
grid parameters were again studied.  
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2.  Grid Therapy 
 

 
2.1.  The history of grid therapy 

 

The history of grid therapy can be traced back to 1909 (Köhler, 1909; 
Laissue et al., 2012), when Dr. Alban Köhler, a German physician, proposed 
to attach an iron wire net with 1 mm-square holes to a radiation source, 
pushed to the patient’s skin, with the aim of irradiating this latter with small, 
separated beams. The suggested irradiation method was expected to increase 
the maximum tolerated skin dose five to ten times and therefore, achieve a 
better skin sparing (Köhler, 1909). He tested this grid setup in 1912 on 
several patients, irradiating the skin with up to approximately 60 Gy, and 
observed the healing of skin necrosis in several weeks. 

 

 

Figure 1. Schematic illustration of a typical grid with circular holes arranged in an 
hexagonal pattern. 

 

In 1933, Dr. Liberson, from the U.S Marine Hospital of New York City, 
revived the concept of grid therapy and published a new study, without any 
apparent knowledge of Köhler’s work (Liberson, 1933). In this paper, 
Liberson explored different possible geometries for a perforated screen 
(Figure 1), trying out squared, oval or round perforations, comprising one-
quarter, one-half or two-thirds of the total screen area. Similar to Köhler, his 



16 

 

main concern was the skin protection. Skin reactions were commonly 
observed at the time of orthovoltage x-ray therapy. He finally opted for a 
1.5-2 mm thick lead sheet, perforated with 2 to 8 mm circular holes in 
diameter, comprising half of the total screen area. Liberson then applied his 
grid technique on small animals, mice and rabbits, but also on a few human 
cases (mostly inoperable head & neck, lung, esophagus and bone cases) and 
noticed an increased skin tolerance when using his perforated screen. He did 
not however study other organs and focused on the skin toxicity.  

One year later, in 1934, Dr. Wilhelm Haring performed his own study of 
grid therapy (Haring, 1934). The grid he used consisted of a 25x25 cm large 
and 3 mm thick lead sheet, perforated with 3 mm holes in diameter and 
comprising half of the total screen area, much like Liberson’s perforated 
screen. With the use of this grid, he irradiated a total of 20 patients, mainly 
lung and stomach carcinomas and one case of pelvis sarcoma. He was able 
to deliver approximately 5 Gy to the skin without noticing any important 
unexpected effects. However, Haring remained relatively vague on the 
outcome of the treated cases, providing only details on the evolution of the 
skin. He simply mentioned that in the pelvis case, no further grow of the 
tumor was observed after irradiation. 

Dr. Hirsch Marks, in 1950, reported three cases of grid treatments (Marks, 
1950). The grids employed were made of 3-mm-thick lead-rubber sheets, 
perforated with 0.25 cm2 to 4 cm2 squared holes (depending on the grid 
used) comprising 40% of the total screen area. The three patients presented 
with either vulva mass, suprapubic mass or tongue carcinoma. After grid 
irradiations of 184, 210 and 212 Gy over 35, 18 and 20 treatment days 
respectively, there was no clinical evidence of remaining disease for any of 
the treated cases. 

Finally, in 1953, in his book titled X-Ray Sieve Therapy in Cancer: A 
Connective Tissue Problem, Dr. Benjamin Jolles provided an extensive study 
of grid therapy, focusing on the radiobiology of the connective tissue, the 
irradiated tissues and their neighborhood (Jolles, 1953). He notably 
emphasized the protective role of the normal tissue and its role in the 
repairing of irradiated adjacent tissues which could explain the results 
witnessed with grid therapy. In the last chapter of his book, Jolles presented 
detailed information on grid treatments for a total of 56 patients, which most 
of the other authors failed to provide, focusing only on the evolution of the 
skin after treatment and not on the treatment itself. The treated patients were 
separated in two groups: the “accessible tumors” group, comprising 36 
patients (12 skin; 3 anus; 5 vulva, 7 breast, 9 lymph nodes in neck and 
groins) and the “deep-seated tumors” group containing 20 patients (8 
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carcinoma in uterus and ovary, 2 lung; 7 bowel, 3 miscellaneous). From 
these study cases, Jolles reported remarkable results for many patients, some 
with very advanced diseases that would have only been offered very limited 
or no palliative care with conventional therapy at this time. In the first 
patient group, the response to treatment for the skin cases was excellent 
while the treatments of the anus and vulva cancers provided a high degree of 
palliation. However, the response of lymph nodes of neck and breast cancers 
was poor. In the second group of patients (the deep-seated tumors), the 
overall response was “fairly good”, with a degree of palliation way above 
anything conventional therapy would have offered. For this second group, 
Jolles emphasized that the curative value of the treatment had still to be 
demonstrated, but concluded that grid therapy has proved to be useful in 
some difficult cases which could be successfully treated without any risk of 
skin necrosis. 

 

 

2.2.  Radiobiological basis of grid therapy: the dose-
volume effect 

 

The rationale for using small and spatially-fractionated  radiation beams to 
achieve a higher normal tissue sparing is directly related to the dose-volume 
effect, which has been historically described for single beam irradiations 
(Hopewell and Trott, 2000). 

Experiments on animals, including rats (Bijl et al., 2002, 2003, 2006, 
Hopewell et al., 1986, 1987; van der Kogel, 1993a; Laissue et al., 2013; van 
Luijk et al., 2005), pigs (van den Aardweg et al., 1995; Hopewell et al., 
1986; van der Kogel, 1993b), monkeys (Schultheiss et al., 1994) and dogs 
(Powers et al., 1998) have showed that the tolerance of the organs studied 
(mainly skin and spinal cord) to radiation greatly increases with a decreasing 
beam size (Figure 2). In the case of pig skin irradiation, a steep rise in the 
ED50, i.e. the dose required to expect a particular endpoint to occur in 50% 
of the treated animals, was observed for beamlets smaller than 8 mm when 
looking at the acute reaction moist desquamation and late dermal thinning. 
In studies of the rat spinal cord, similar results were observed for beamlets 
which were 9-mm-wide and smaller when the endpoint paralysis was 
considered. 
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Figure 2. Animal data showing the influence of field size on biological responses in 
different normal tissues. (A) Data for pig skin (Hopewell, 1990; Hopewell et al., 
1986) for: (▲) the acute reaction of moist desquamation/acute ulceration; and (•), 
late dermal thinning after 104 weeks. Irradiation with plaques of 90Sr/90Y of 
differing diameters. (B) Data for rat spinal cord for the end-point of white matter 
necrosis. The results of two studies have been combined (■), (Hopewell et al., 
1987); (•), (van der Kogel, 1993a). (from Hopewell and Trott, 2000 with 
permission) 

The reason why the tolerance of the normal tissue increases when the 
irradiated volume becomes smaller is still to-date not fully understood. But 
several hypotheses have been proposed to explain the dose-volume effect. 

Migration of unirradiated cells to irradiated volumes to repair the radiation 
damage was suggested already in 1953 by Jolles as stated previously (Jolles, 
1953). Since then, other studies have explored this process (Hopewell and 
Trott, 2000; Shirato et al., 1995; Withers et al., 1988). The undamaged cells 
are believed to be able to migrate a short distance (~2mm) from the 
unirradiated to the irradiated volumes and contribute to the repair of the 
locally damaged cells. 
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Furthermore, while a “classical” bystander effect has been observed and 
described extensively, for which a decrease in the survival of unexposed 
cells next to irradiated cells was witnessed, some evidence seems to point 
towards the existence of another type of bystander effect (described as type 
III in Mackonis et al., 2007). In this case, communication between cells 
receiving a high dose and close cells receiving a low dose is thought to lead 
to an increased survival of the highly irradiated cells. In grid therapy, this 
could occur when cells in the peak region (high dose) are more efficiently 
repaired if the neighboring cells in the valley region (low dose) are 
undamaged. 

 

  

2.3.  Contemporary grid therapy 
 

After the Second World War, the development of high-energy (MeV) and 
Cobalt-60 treatment units marked an important turn in the history of grid 
therapy. With the new devices then available, the dose to the skin was 
reduced due to the buildup effect of dose for high energy photons. The 
concept of grid therapy was slowly abandoned and the number of patients 
treated was greatly reduced. 

Grid therapy has however resurfaced in the last two decades: it has been 
occasionally performed at few clinics around the world as an attempt to 
shrink bulky tumors that other treatment modalities failed to treat, with 
impressive results (Kaiser et al., 2013; Mohiuddin et al., 1990, 1999, 2015; 
Neuner et al., 2012; Peñagarícano et al., 2010). It has mainly been used for 
head-and-neck, thoracic and abdominal cancers, sometimes in combination 
with other treatment modalities. 
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Figure 3. Photograph of a grid collimator used clinically (from Zwicker et al., 2004 
with permission). 

 

Beam sizes of approximately 1 cm at the patient skin have been produced 
with the help of collimators attached to a gantry head (Figure 3). Only a 
single incident grid has normally been used, leading to an inhomogeneous 
dose being delivered to the targeted lesion, similar to what can be observed 
in some brachytherapy treatments (Figure 4). But despite the fact that some 
parts of a large tumor are receiving lower doses (sometimes, no dose at all), 
significant reductions in the size of those bulky tumors have been observed 
(Figure 5). 
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Figure 4. (a) Beam’s eye view (BEV) of one multileaf collimator strip over the 
target breast in a patient with locally advanced breast cancer; (b) dosimetric profile 
of spatially fractionated GRID radiotherapy beamlets in BEV. (from Neuner et al., 
2012 with permission) 

 

 

 

Figure 5. Neck nodes from primary squamous cell cancer of the oropharynx. (Left) 
Before and (Right) after a 15 Gy grid irradiation (from Mohiuddin et al., 1999 with 
permission). 
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2.4.  Experimental grid therapy with µm- and mm-wide 
beamlets 

 

Another form of grid therapy which has been studied for the last three 
decades is the so-called Microbeam Radiation Therapy (MRT) (Blattmann et 
al., 2005; Bouchet et al., 2010; Bräuer-Krisch et al., 2005, 2010; Crosbie et 
al., 2010; Dilmanian et al., 2006, 2007; Grotzer et al., 2015; Laissue et al., 
2013; van der Sanden et al., 2010; Serduc et al., 2009, 2010, 2008; Slatkin et 
al., 1992; Smilowitz et al., 2006). In MRT, grids containing quasi-parallel 
photon beamlets produced by a synchrotron accelerator with widths in the 
micrometer range (typically 25-100 µm) are used. The beamlets comprising 
the grid are usually spaced with distances of 100-400 µm (Figure 6) and 
peak entrance doses up to 10 000 Gy have been investigated. MRT is an 
extreme case where the dose-volume effect is exploited maximally, with 
extremely small beamlets to greatly increase the radiation tolerance of the 
underlying tissues.  

Even though only a small volume of the target receives high doses of 
radiation, good tumor control has been reported after MRT (Dilmanian et al., 
2003; Laissue et al., 1998; Miura et al., 2006). Preferential damage seems to 
occur to the tumor microvasculature when irradiating with microbeams. This 
process has been shown mainly for rat brain tumors (Bouchet et al., 2010, 
2013). In these studies, a differential effect of the microbeams on the tumor 
vasculature has been observed, leading to increased blood vessel 
permeability and to tumor hypoxia. However, no such effects were detected 
in the normal brain vasculature. 

Most MRT studies have been focusing on rat and mouse brain tissues, with 
limited data on the spinal cord and skin. Experiments with pigs are currently 
ongoing, while the first clinical trials are in preparation (Bräuer-Krisch et al., 
2015). 
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Figure 6. Horizontal section of the cerebellum of a piglet 15 months after irradiation 
with a skin entrance dose of 300 Gy. Some cells and their nuclei directly in the path 
of microbeams were destroyed. There was no tissue destruction present, nor were 
there signs of hemorrhage. The paths of the microbeams appear in the section as 
thin, white horizontal parallel stripes, which are more easily visible in the insert. 
Beam width 27 mm, spacing 210 mm. (from Blattmann et al., 2005 with permission) 

 

With the recent developments in proton and heavy-ion therapy, a new kind 
of grid therapy has been suggested. In proton and ion grid therapy, the 
special dose characteristics of charged particles are taken advantage of. With 
limited range of charged particles, a conformal dose distribution on the distal 
edge of the target volume can be produced. Furthermore, due to multiple 
Coulomb scattering of the charged particles in the medium, the initially 
spatially fractionated beamlets will overlap at a certain depth and produce a 
nearly homogeneous dose distribution over the target as depicted in Figure 7. 

Proton and ion grid therapy have mostly been explored with the use of 
minibeams, i.e. beamlets with widths in the order of 0.3-0.7 mm (Dilmanian 
et al., 2012, 2015; Lee et al., 2016; Peucelle et al., 2015; Prezado and Fois, 
2013) and sometimes microbeams (Kłodowska et al., 2015; Zlobinskaya et 
al., 2013).  Only few studies have been published so far, but it is a growing 
field of research that has shown great potential for future clinical 
applications. 
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Figure 7. Example of a single grid irradiation in water with 1 mm-wide 115 MeV 
proton beamlets. 
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3. Towards a new proton grid therapy 
 

Several major differences in how grid therapy can be delivered can be 
identified when studying retrospectively the history of grid therapy, from the 
very first attempts in the beginning of the 20th century until today’s research 
on this topic. With grid therapy, the dose distributions produced inside the 
irradiated target volume can be of two different types: 

Type 1: The beamlets are well separated throughout the irradiated 
volume and the target, producing peaks and valleys of dose in the 
normal tissue and also in the targeted disease. 

Type 2: The beamlets are well separated at the volume entrance but 
overlap in depth due to scattering in the volume, creating a nearly 
homogeneous dose distribution in the targeted disease but also 
several centimeters in front of it.  

In this project, these two approaches are merged to create a new and 
improved grid therapy. The objectives for the suggested therapy were the 
following: 

1. To maintain the grid pattern of the dose distribution (peaks and 
valleys) in the normal tissue from the entrance down to the direct 
vicinity (< 1 cm) of the target, in order to keep the normal tissue 
toxicity as low as possible for all organs, and not only for the skin. 

2. To deliver a nearly homogeneous dose to the targeted volume to 
achieve a high tumor-control probability. 

3. To use small enough beamlets to take advantage of the previously 
discussed dose-volume effect. 

To fulfill those objectives, a new grid geometry was suggested. By 
crossfiring interlaced grids of proton beamlets over a target volume, a dose 
distribution similar to what can be obtained with e.g. SBRT inside a target 
volume can be achieved. Outside of the target volume however, a well-
defined grid pattern in the dose distribution can still be preserved in the 
normal tissue down to the direct vicinity of the target. The interlaced 
crossfiring geometry has been used before (Dilmanian et al., 2006, 2012; 
Lomax and Schaer, 2012; Prezado and Fois, 2013; Serduc et al., 2010) but 
with different objectives and/or particle types. Only Prezado and Fois, 2013 
presented results with proton beamlets. In their study, proton beamlets with 
an energy of 1 GeV were used to irradiate a volume with the proposed 
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geometry but due to the high kinetic energy of the protons, the beamlets 
propagated way beyond the target. The Bragg-peaks were therefore located 
outside of the body. In the abstract from Lomax and Schaer, 2012, a similar 
grid irradiation as used in this thesis was presented with proton beams. 
However only very limited information about the planning strategies was 
included in this abstract and their work on this topic seems to have been 
discontinued.  

The work presented here aimed to use this new grid geometry and prove its 
potential usefullness for radiotherapy treatments. To do so, several questions 
had to be answered: 

1. Is it possible to deliver this kind of grid treatment with currently 
available proton beamlets at modern proton facilities with the help 
of a commercial Treatment Planning System (TPS)? (Paper I) 

2. How do the results from the first study compare with conventional 
treatments? (Paper II) 

3. What kind of treatments could be produced with smaller beamlets? 
(Paper III) 

4. How does carbon grid therapy compare with proton grid therapy? 
(Paper IV) 

 

 

3.1.  Grid geometries and irradiation setups 
 

Two types of grid were evaluated in this work: 

• A 1-D grid consisting of parallel planar beamlets as pictured in 
Figure 8.a 

• A 2-D grid comprising parallel circular beamlets (Figure 8.b) 
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Figure 8. Schematic of (a) a 1-D and (b) a 2-D grid. The center-to-center (c-t-c) 
distance between the beamlets is shown for both cases. 

 

Both of these grid types could be used depending on the 
situation/objective/studied case. The 2-D grid type offers a higher normal 
tissue protection, due to the spatial fractionation of the beamlets in two 
dimensions, leaving a higher volume of non-irradiated tissue in-between the 
beamlets. However, the 1-D grid type offers a higher dose coverage in case a 
deep-seated target is irradiated, due to a larger volume being irradiated by 
one single grid. 

To create a nearly homogeneous dose distribution inside the targeted 
volume, the grids were crossfired in an interlaced manner as described 
previously and illustrated in Figure 9. With this setup, we can arrange the 
beam grids to interlace over the target. Due to multiple Coulomb scattering 
in the medium through which the protons are transported, the elemental 
beamlets contained in the grids will overlap in the targeted volume, which 
will produce a nearly homogeneous dose.  

 

 

Figure 9. .  Crossfiring of 2x2 interlaced 2-D grids inside a cubic target volume. 
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Intrinsically, interlacing two opposing 1-D grids might be enough to produce 
sufficient dose coverage inside a specific target volume. Adding two 
additional opposed grids will increase the total target dose, while decreasing 
the peak and valley doses outside of the target. However, when using 2-D 
grids, 2x2 opposing grids seem to be mandatory to achieve reasonable dose 
coverage of the target volume. 

The center-to-center (c-t-c) distance between the beamlets inside a single 
grid can also be adapted. Intuitively, when the c-t-c distance is increased, a 
decrease in the valley dose is obtained. However, obtaining good dose 
coverage of the irradiated target with a large c-t-c distance will be 
challenging, due to a reduced number of beamlets contributing to the total 
dose inside the target.  

 

 

3.2.  Treatment Planning System study 
 

Modern photon grid therapy treatments have shown that good results could 
be achieved with spatially fractionated beams with sizes of approximately 1 
cm at the patient skin (Kaiser et al., 2013; Mohiuddin et al., 1990, 1999, 
2015; Neuner et al., 2012; Peñagarícano et al., 2010). At a modern proton 
facility center such as The Skandion Clinic in Uppsala, proton beams with 
widths of 7 – 12 mm full width at half maximum (FWHM) at the patient 
skin, depending on the energy, can be produced without any need for 
additional collimation.  

For beamlets of these sizes, a small but not insignificant dose-volume effect 
has been observed in animal experiments (Hopewell and Trott, 2000). The 
first study of this thesis work then focused on the possibility to carry out grid 
therapy treatments using grids containing beamlets currently available at a 
modern proton therapy center (Paper I, Henry et al., 2016). While smaller 
beamlets would be more beneficial according to the dose-volume effect, 
those “larger” beamlets used for the study could still be advantageous 
compared to the beam sizes used in conventional proton therapy. 
Furthermore, the fact that extra collimation is not required is an important 
practical advantage. 

The Treatment Planning System (TPS) Eclipse Protons (Varian Medical 
Systems) was used to re-plan two patients that were previously treated with 
conventional photon therapy at Karolinska Hospital in Stockholm for liver or 



29 

 

rectal cancer. The patients were re-planned using the suggested interlaced 
and cross-fired grid therapy with either 1-D or 2-D grids.  

The results of this study showed that it was possible to irradiate the targeted 
disease (here the planning target volume, PTV) with a high and nearly 
homogeneous dose, while preserving the grid pattern of the dose distribution 
down to the vicinity of the target. When normalizing the minimum target 
dose to 100%, the valley dose in the normal tissue was approximately 5-
20%, depending on the depth considered. The peak doses ranged from 
approximately 50 to 120 %. Even in the neighborhood of the PTV (2 cm 
before), a peak-to-valley dose ratio (PVDR) of 5 could still be observed. The 
target dose ranged from 100 to 120-140 % depending on the grid geometry 
used. 

This work demonstrated the potential of such a proton grid therapy from a 
dosimetric point of view. In this study, only already clinically available tools 
were used, showing that the proton grid therapy technique described in this 
paper is achievable without overcoming important technical issues.   

As a comparison, the potential of more conventional proton therapy 
techniques (proton radiosurgery) on the liver cancer case has been 
investigated in Paper II (Mondlane et al., 2016). In this work, ten patients 
diagnosed with liver metastasis and treated with SBRT at Karolinska 
Hospital were replanned using IMPT and with the same dose objectives set 
to the targets as in the photon SBRT plans. Patient no. 1 in this Paper II is 
the patient used for grid planning in Paper I. While similar doses could be 
delivered to the PTV, a clear improvement regarding the sparing of the 
organs at risk was noticed when using IMPT instead of photon SBRT. 
Comparison of photon SBRT, proton SBRT and proton grid plans can be 
found in Figure 10. With grid therapy, our hypothesis is that an even greater 
normal tissue sparing could be achieved, compared to the studied IMPT 
radiosurgery.  
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Figure 10. Comparison of (a) conventional photon therapy (SBRT), (b) proton grid 
and (c) proton radiosurgery (SBRT) plans on a liver cancer case. 

 

 

3.3.  Monte Carlo simulations with small beamlets 
 

Proton beamlets 

To determine what would be possible to achieve with beamlets which are 
smaller than what is used clinically today, i.e. beamlets with widths in the 
range 0.5-3 mm FWHM, a Monte-Carlo study was performed.  

The use of small proton beamlets would enable a better exploitation of the 
dose-volume effect, and might therefore prove to be a better choice to 
achieve a higher protection of the sensitive tissues. However, there are 
additional concerns with smaller beamlets, such as altered dosimetric 
properties compared with broad beams, and the need for extra collimation to 
create those small beamlets. 

The aim of this specific study was, first of all, to assess the dosimetric 
differences between narrow and wide proton beams. Transversal dose 
profiles and depth-dose curves were simulated. Then, a simple proton grid 
irradiation of a small cubic target at the center of a water tank was simulated, 
following the method described in Paper I, with the same grid geometries. 
An extensive focus was put on assessing the impact of the beamlet width and 
the c-t-c distance on the final dose distribution. 



31 

 

The Geant4-based MC code TOPAS was used. For the single beamlet study, 
five clinically relevant energies in the range 70-230 MeV were simulated for 
the considered beamlet width (0.5-3 mm FWHM). For the grid irradiation, 
the energies used to cover the target volume were in the range 112-124 
MeV. For both studies, the MC dose was scored with sufficiently small 
voxels to ensure the numerical robustness of the highly localized peak doses.  

Based on the simulation results, a discussion about optimal c-t-c distances 
for each beamlet width studied was initiated. With these optimal c-t-c 
distances, a high and nearly homogeneous target dose could be achieved 
(with a standard deviation of less than ± 5% in all cases). However, outside 
of the target, the grid pattern of the dose distribution could still be 
maintained in the normal tissue, with peak doses more than twice as high as 
the valley doses in the direct vicinity of the target (1 cm), which is of 
importance for the toxicity of the treatment.  

This study showed that the use of small beamlets in the millimeter range is 
compatible with the dosimetric objectives which we have set. The dose 
distributions obtained with these beam grids, containing mm-wide beamlets, 
have to be further evaluated for clinically more realistic cases. With this 
simple, first-approach study, the potential of proton grid therapy with 
interlaced and crossfired beamlets has been demonstrated. 

 

 

Figure 11. Example of 2x2 opposing 1-D grids interlacing in a cubic target with 2 
mm-wide beams and a c-t-c distance of 7 mm. 
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Carbon beamlets 

In Paper IV, the use of carbon beamlets, instead of protons, was studied. The 
aim was to investigate whether the cross-fired and interlaced grid geometry 
could also be applied with the use carbon beamlet.   

A similar workflow was applied. First, single carbon beamlets of 0.1-10 mm 
width with energy of 225.4 MeV/nucleon were simulated with the PHITS 
MC code and their depth-dose and lateral-dose characteristics were plotted. 
Second, a cubic target was irradiated with varying grid geometries, as 
described previously, with energies ranging from 225.4 MeV/u to 250.0 
MeV/u. The dose objectives were again set to achieve a nearly homogeneous 
dose distribution in the target and a well-defined grid pattern in the non-
targeted volumes.  

With the right parameters set, i.e. beamlet width and c-t-c distance, the dose 
objectives could be fulfilled. Most of the evaluated cases resulted in a target 
dose coverage between 95-105 % when normalizing the 100 % to the mean 
target dose. In certain cases, the PVDR could be kept around 4 and above, 
very close to the target (0.5 mm).  However the use of carbon beamlets 
introduces various characteristics that have to be taken into account: 1) with 
carbon beams, a sharp lateral penumbra can be observed. This is particularly 
interesting for grid therapy, as the valley dose will be kept low in between 
the beamlets with such small lateral penumbra. 2) However, the reduced 
lateral scattering of carbon beams implied that the beamlets have to be 
relatively close to each other in the grids if an homogeneous dose inside the 
targeted volume is desired. This is counterbalancing the sharp lateral 
penumbra and a compromise has to be found. Nevertheless, carbon grid 
therapy remains a strong candidate as well for grid treatments using the 
cross-fired and interlaced grids geometry.  
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4. Outlook and future studies 

 

During the first part of this work, which has been presented and summarized 
in this document, we mainly focused on exploring and demonstrating the 
potential of proton grid therapy, through dosimetric studies of simple cases 
and Monte-Carlo simulations. From this point and onwards, the aim is to 
continue developing the proton grid therapy technique further, using the 
foundations we described in this Licentiate thesis. Our ongoing/planned 
work include: 

• As a continuation of Paper I, a study of new clinical cases that could 
benefit from being treated with a proton grid irradiation, using 
available beamlet sizes at The Skandion Clinic in Uppsala is 
currently carried out. This new study focuses mainly on re-
irradiation of palliative cases for which conventional radiotherapy 
would be too aggressive. 

• As a continuation of Paper II, dosimetric comparisons between 
conventional photon/proton therapy and grid therapy will be further 
conducted. The aim is to continue evaluating whether grid therapy 
could be advantageous for tissue sparing, compared to the two 
aforementioned modalities 

• As a continuation of Paper III, we plan to carry out MC simulations 
of proton grid treatments on patient CT data, to compare the proton 
grid therapy with mm-wide beamlets that we described with real 
clinical cases. An in-house planning system based on MC beam data 
is currently under development for this purpose. The final aim is to 
investigate if there is an advantage with grid therapy using those 
small beamlets over conventional proton or photon therapy. 

• To produce the beamlet widths used in Paper III and in this new MC 
study, extra collimation will be necessary. A collimator that can be 
attached to The Skandion Clinic’s gantry snout has been built to this 
purpose (Figure 12. 3D visualization of the collimator design. 
Different inserts with slits (left) or holes (right) were built. . 

• Measurements of grid treatments in a phantom, with or without this 
collimator, using Gafchromic films, are also under way. These 
measurements will help us demonstrate the feasibility of grid 
therapy from a technical point of view using the currently available 
technology and hardware. 
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• Radiobiological experiments will also be carried out, to better 
understand the repair mechanisms involved in grid therapy, and 
more specifically, the tolerance of normal tissues to grid irradiations, 
depending of the grid type (1-D/2-D), the beamlet width, c-t-c 
distance and given dose. As a collaborator in a European research 
network formed to evaluate the clinical potential of microbeam grid 
therapy, I have been involved in experiments carried out recently at 
the European Synchrotron Research Facility in Grenoble, France. 
Pigs have been irradiated to the brain with this technique in February 
2017 and the animals are right now being studied to determine the 
effects of these irradiations. 

 

 

 

Figure 12. 3D visualization of the collimator design. Different inserts with slits 
(left) or holes (right) were built. 
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Proton Grid Therapy: A Proof-of-Concept
Study
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Abstract
In this work, we studied the possibility of merging proton therapy with grid therapy. We hypothesized that patients with larger
targets containing solid tumor growth could benefit from being treated with this method, proton grid therapy. We performed
treatment planning for 2 patients with abdominal cancer with the suggested proton grid therapy technique. The proton beam
arrays were cross-fired over the target volume. Circular or rectangular beam element shapes (building up the beam grids) were
evaluated in the planning. An optimization was performed to calculate the fluence from each beam grid element. The opti-
mization objectives were set to create a homogeneous dose inside the target volume with the constraint of maintaining the grid
structure of the dose distribution in the surrounding tissue. The proton beam elements constituting the grid remained narrow
and parallel down to large depths in the tissue. The calculation results showed that it is possible to produce target doses ranging
between 100% and 130% of the prescribed dose by cross-firing beam grids, incident from 4 directions. A sensitivity test showed
that a small rotation or translation of one of the used grids, due to setup errors, had only a limited influence on the dose
distribution produced in the target, if 4 beam arrays were used for the irradiation. Proton grid therapy is technically feasible at
proton therapy centers equipped with spot scanning systems using existing tools. By cross-firing the proton beam grids, a low
tissue dose in between the paths of the elemental beams can be maintained down to the vicinity of a deep-seated target. With
proton grid therapy, it is possible to produce a dose distribution inside the target volume of similar uniformity as can be created
with current clinical methods.

Keywords
proton therapy, grid therapy, proton grid therapy, spatially fractionated beams, treatment planning, new treatment method

Abbreviations
CI, conformity index; CT, computed tomography; 1-D, 1-dimensional; 2-D, 2-dimensional; IMPT, intensity-modulated proton
therapy; PGT, proton grid therapy; PTV, planning target volume; PVDR, peak-to-valley dose ratio; SBRT, stereotactic body
radiation therapy

Received: August 05, 2016; Revised: October 04, 2016; Accepted: October 28, 2016.

Introduction

For over a century, grid therapy has been carried out on a small

scale at a few clinics around the world with the aim of reducing

the size of large bulky tumors.1,2 Historically, unidirectional

(occasionally parallel opposing) photon beam grids have been

used for grid therapy. The elemental beams, building up the

grid, typically have had sizes of approximately 1 cm or larger at

the patient surface and have been separated with a similar dis-

tance. The beam grid array has been used to irradiate the

patients with a chessboard-shaped irradiation pattern. At the
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onset of grid therapy, the aim was to reduce the skin toxicity

observed in the early days of radiotherapy.3 Later, it was rea-

lized that not only the skin would benefit from leaving volumes

of unirradiated cells in between the radiation beams but that the

toxicity is also reduced for other organs located deep beneath the

skin.4 The dose delivered to the target in grid therapy has typi-

cally alternated between very high peak and lower valley doses.

In recent years, a large number of patients have been treated

for bulky head and neck, thoracic, and abdominal cancers using

the grid technique, with impressive results.5-10 Typically, a

large dose, for example, 15 Gy (inside each of the small beams

building up the grid), has been given to the targeted disease in a

single fraction. Sometimes, it has been combined with other

therapies. Grid therapy has been found to produce limited toxi-

city in the surrounding sensitive tissues, considering the high

in-beam doses given. Although certain subvolumes of the tar-

get (in between the beams) are given lower doses, significant

reductions in the sizes of large tumors have been demonstrated.

The high normal tissue tolerance to beam grids is closely

related to the so-called dose–volume effect, which has been

described for single beams.11 Experiments with beam sizes in

the millimeter to centimeter range with both protons and

photons have demonstrated that the tolerance doses for certain

biological endpoints are rising with reduced beam sizes.11,12

The migration of cells from unirradiated to irradiated volumes

and an improved vascular repair if only a short segment of a

vessel is irradiated have been stated as reasons for the improved

tissue repair for smaller beam sizes. Experiments and preclini-

cal radiotherapy trials with photon and ion beam grids, contain-

ing beam elements of widths in the micrometer to millimeter

range, have more recently been carried out.13-16

In this work, we calculated dose distributions, produced by

proton beam grid irradiations, using real patient composition

data. Using proton beams, instead of photons, enables better

protection of sensitive risk organs located posterior to the target

due to their limited range in tissue. The aim of this work was to

study whether it is possible to produce a dose distribution with

a well-defined grid structure throughout the normal radiation-

sensitive tissue while delivering a more uniform dose (with a

high minimum dose) to a large, deep-seated target, containing

solid cancer growth. For this purpose, we explored the use of

cross-firing of proton beam grids over the target volume.

Cross-firing allows for a larger separation between the beam

elements incident from each direction than what would have

been possible if only 1 beam grid would have been used to

irradiate the whole target volume with a uniform dose. That,

in turn, makes it possible to maintain a low dose in between the

beam elements of the grid, which has been shown to be of

importance to keep the toxicity at a low level for the grid

therapy carried out in the past. Even though the dose–volume

effect has only been systematically studied for a few organs and

biological endpoints, we hypothesize that many of the organs

traversed by the beam array exhibit an increased radiation tol-

erance if irradiated with grids containing small beams (width

<1.5 cm) instead of with conventional beams, used clinically,

of widths of several centimeters.4

Modern proton therapy centers provide the possibility to

perform so-called spot scanning, which makes it possible to

scan the proton pencil beam in a grid-like pattern without added

collimation. The divergence of the scanned proton beam is

small. Therefore, the elemental beams, building up the grid,

will be quasi-parallel and nonoverlapping. However, Coulomb

scattering will widen the elemental proton beams with increas-

ing depth in tissue.

We regard this study as a first step in the development of a

new grid therapy method. We expect the target dose to be more

inhomogeneous than what is typically created when cross-

firing uniform beams. Therefore, we suggest that proton grid

therapy (PGT) with cross-firing could be used for treating solid

tumor growth. If the minimum dose is high enough, the ther-

apeutic objectives could be reached, despite a more fluctuating

target dose. At the moment, we are mainly focused on the

dosimetric possibilities offered by such a technique. The dose

prescription that should be used for this type of treatment and

whether the suggested technique should be combined with

other therapies are not dealt with in this study. Issues regarding

organ motion, setup and range uncertainties, and the validity of

radiobiological assumptions are only briefly discussed here and

will be addressed separately in more detail at later stages of this

project. The patient computed tomography (CT) data sets with

delineated structures used in this study (from 1 patient with

liver cancer and 1 patient with rectal cancer) have been selected

based on the shape, size, and location within the body of the

planning target volumes (PTVs). Whether these 2 specific can-

cer types are suitable to treat with PGT must be determined

based on several other medical considerations than what is

considered in this work.

Methods and Materials

Irradiation Setup

Two types of proton beam grids were evaluated in this work:

� A 1-dimensional (1-D) grid with narrow rectangular

(‘‘planar’’) beams (Figure 1A)

� A 2-dimensional (2-D) grid with circular beam elements

(Figure 1B)

The total beam area in each array is different for these 2

cases. With the intention of producing a more homogeneous

dose to the target volume, an approach with an interlaced cross-

firing irradiation technique was attempted (Figure 2). This

method has been developed in the microbeam grid radiotherapy

research but it has not yet been used clinically.17-19 With this

technique, the target is irradiated with grids of beams incident

from different directions. By slightly shifting the grid position

in a direction perpendicular to the direction of the beam grid

propagation, the beam grids can be interlaced at a certain depth.

For each proton beam grid plan created, 4 different irradia-

tion setups were evaluated: 2 opposing 1-D grids, 2 opposing 2-

D grids, 2 � 2 opposing 1-D grids, and 2 � 2 opposing 2-D

grids. The last 2 of these setups are shown in Figure 2.
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Patient Data and Treatment Planning

With prior permission, CT data with delineated structures from

2 anonymous Karolinska Hospital patients, previously treated

with conventional photon radiotherapy for either liver or rectal

cancer, were used for this study.

All of the grid plans were prepared using the Varian Eclipse

treatment planning system version 13 (Varian Medical Sys-

tems, Palo Alto, California). The proton beam data from the

Skandion proton therapy center, with available energies from

70 to 235 MeV, were employed. The smallest available beam

size (full width at half maximum, FWHM) at the patient skin

currently available at the Skandion clinic was used for the

elemental beams in the grid. It is varying in the range from

7 to 10 mm, depending on the incident proton energy. A spot

spacing of 8 mm was chosen to build the grid pattern since it

was of similar size as the beam FWHM, which was considered

suitable for the interlaced cross-firing.

For the maximum proton kinetic energy considered in this

work (235 MeV), the maximum kinetic energy of secondary

electrons will be *0.5 MeV. The maximum range in tissue for

this electron energy is less than 2 mm, which means that the

electrons produced near the beam edge will not reach midway

between the 2 neighboring elemental beams in the grid. How-

ever, the incident proton beams have a Gaussian spatial distri-

bution, which means that a small fraction of the protons will be

incident on the patient also in between the beam elements and

produce dose there.

The treatment fields (the proton beam grids) were created in

a stepwise process. Multifield optimization, that is, intensity-

modulated proton therapy (IMPT), of regular broad proton

beams was first of all performed with a homogeneous dose

objective set for the PTV. One hundred percent of the PTV

should receive 100% of the prescribed dose (priority ¼ 100).

To prevent too large dose inhomogeneities inside the PTV, an

additional restriction was included. Only 5% of the target vol-

ume was allowed to receive more than 120% of the prescribed

dose (priority ¼ 50). This first optimization resulted in 2 or 4

(depending on the number of grids used) rather uniform fields,

without any grid pattern. In the next step, the ‘‘edit spots’’ built-

in functionality of Eclipse was used to delete selected spots and

thereby build the grid pattern. For the 1-D grid irradiations,

every second vertical line of spots was deleted, whereas for

the 2-D grid irradiations, every second vertical and horizontal

line of spots were deleted. After performing the spot dele-

tions, the center-to-center distance between 2 beam elements

inside a grid was 16 mm. To produce the interlacing, the

spots that were deleted in 1 field were kept in the opposing

field and vice versa. Finally, using the same objectives and

priorities as used initially, but with the new spot maps, a

second optimization was performed. The dose distributions

were normalized to 100% at the point of PTV minimum dose.

A few initial calculation tests showed that if the spot spacing

was set to a larger value than the 8 mm chosen, for example,

10 mm (ie, 20 mm after the spot deletion), it was not possible

for the optimization algorithm to reach the optimization

objectives.

The dose-volume histograms (DVHs) for the PTVs were

then extracted and compared for the different grid plans pre-

pared. Furthermore, the conformity index (CI), defined as the

ratio between the volume receiving 100% of the prescribed

dose and the PTV volume, was determined. Intensity-

modulated proton therapy has been shown to be sensitive to

organ motion and setup errors.20 We also evaluated the robust-

ness of the treatment against setup errors by varying the posi-

tion or the rotation angle of one of the incident beam arrays.

Results

In Figure 3A and B, coronal views of the patient with rectal

cancer are shown at a tissue depth of 7 cm (3 cm upstream from

the target) with superimposed dose distributions produced by a

1-D grid or a 2-D grid irradiation, respectively. As shown in

these figures, the dose distributions produced by the individual

beam elements were well separated at this depth. The small

divergence of the proton beams and the short range of the

secondary electrons produced created a low dose in between

the beam elements down to depths, where the Coulomb scatter-

ing had widened the proton beams considerably.

In Figure 4A to D, it can be observed that it was possible to

maintain a grid-shaped dose pattern from the skin down to the

proximity of the PTV, even though the beams are densely

spaced. Despite the preserved grid pattern of the delivered dose

close to the target surface, satisfying dose coverage of the

target was achieved by combining the interlacing and cross-

firing techniques. The choice of beam setup (1-D or 2-D grids

and the number of grids used) has an important impact on the

produced dose distributions. For the case depicted in Figure

4A, for which only 2 opposing 1-D grids were used, the target

dose was rather homogeneous, ranging from 100% to 116%,

with a mean dose of 111%. The maximum peak dose in the

elemental beams outside the target was approximately 71% at

a distance of 2 cm from the target. As shown in Figure 4B, a

higher level of homogeneity could be produced inside the

target when using 2 � 2 opposing 1-D grids (mean dose ¼
107%; maximum dose ¼ 113%). The maximum peak dose

outside the PTV also decreased to 46%. Similar results were

obtained for the rectal cancer case with this geometry (Figure

a b

Figure 1. A, One-dimensional (1-D) beam grid containing rectangular-

shaped beam elements. B, Two-dimensional (2-D) beam grid contain-

ing circular-shaped beams.
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4C), with PTV mean and maximum doses of 114% and 125%,

respectively. The use of 2� 2 opposing 2-D grids (Figure 4D)

created a mean dose of 120% and a maximum dose of 142%
inside the target, but higher doses were also delivered in the

beams outside the PTV. This tendency could be noted espe-

cially at the skin entrance where the relative maximum dose

was approximately 82%. Figure 5 shows the differential PTV-

DVHs for the liver and rectal cancer target irradiations for

each of the beam setups studied in this work.

The maximum peak and valley doses at the skin entrance

and at a position 2 cm anterior (upstream) to the PTV are

summarized in Table 1, as well as the mean and maximum

doses inside the PTV. Since large fluctuations of the valley and

peak doses could be observed for each irradiation setup (even

within the same grid), only the maximum valley and peak doses

at the different locations were recorded. Of all the cases stud-

ied, the 2� 2 opposing 1-D grid geometry produced the highest

dose homogeneity inside the target. On the other hand, the 2 �

2 opposing 2-D grid geometry produced the highest mean and

maximum target doses, indicating that it is difficult to avoid

cold spots in the target with this setup. Because a smaller total

beam area is used with this configuration, the peak doses out-

side the PTV must be increased in order to deliver a satisfying

minimum target dose.

In Figure 6, the variation in the peak and valley doses with

depth is shown inside one of the 1-D and one of the 2-D beam

grids used for the irradiation of the rectal cancer target, as

shown in Figure 4C and D, respectively. The doses produced

inside the anterior treatment grids were studied and the dose

profiles were recorded at the center of these grids. The peak-to-

valley dose ratios (PVDRs) ranged from approximately 9 at the

skin to 5, 2 cm anterior to the PTV, inside both of these grids.

Finally, the PVDRs were approximately 1 or 1.1 inside the

PTV for the 1-D or 2-D beam grids, respectively. The target

dose homogeneity was somewhat lower for the 2-D beam grid

irradiation setup.

a b

Figure 2. Interlacing of 4 beam grids inside a hypothetical cubic target volume (dashed box). A, One-dimensional (1-D) beam grids. B, Two-

dimensional (2-D) beam grids.

Figure 3. Dose distributions obtained for the 2 types of grid irradiations considered in this work superimposed on coronal computed tomography

(CT) sections from the patient with rectal cancer. A, One-dimensional (1-D) grid. B, Two-dimensional (2-D) grid.
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In Table 2, the doses received by 95% and 50% of the PTV

are presented for both the liver and rectal cancer treatments for

the 4 different grid irradiation techniques evaluated. The CI is

also shown. Higher D95%, D50%, and CI can be observed for the

2-D grid irradiation setups.

A situation in which one of the grids used in the cross-firing

was translated or rotated was also studied to determine the

robustness of the proposed grid irradiation to realistic setup

uncertainties. Gantry angular shifts of 1�, 2�, and 3� were con-

sidered as well as lateral translations (perpendicular to the

beam propagation) of the patient position of 1 and 2 milli-

meters. In Table 3, the resulting minimum, maximum, and

mean doses inside the target after the translations or shifts of

one of the grids are presented. Due to the rather poor target

dose uniformity obtained for the irradiation geometry with 2

opposing 2-D grids, it was excluded from this part of the study.

The use of 4 beam grids instead of 2 increased the robust-

ness of the treatment to small setup errors. In most cases, a shift

in the gantry angle of 1 grid had only a small effect on the final

dose distribution in the target. However, a lateral shift of one of

the beam grids caused bigger fluctuations. In that case, the

peaks of the shifted grid are getting closer to the peaks of the

opposing grid instead of coinciding with the valleys. As a

result, hot and cold spots appear. The mean target dose, on the

other hand, was unaffected by setup errors as can be expected.

In small volumes containing normal tissue, located next to the

target, the doses in some cases increased with up to 10% as a

result of the setup errors. Since these hot spot volumes are

small, we do not expect them to increase the treatment toxicity

significantly. Further away from the target (at more than a few

mm distance), the size of doses given to the skin and other

normal tissues remained unchanged.

Discussion

The results of this work showed that it is possible to create a

rather uniform dose (with a high minimum dose) inside the

PTV by cross-firing proton beam grids. Similar dose homoge-

neity can be achieved with PGT as with more conventional

treatment techniques, for example, stereotactic body radiation

therapy (SBRT).21 The choice of irradiation geometry, that is,

beam grid type and the numbers of grids used, was shown to

have an important impact on the dose homogeneity that could

be achieved inside the PTV. Cross-firing of beam grids, con-

taining either ion or photon beam elements, over a target vol-

ume has previously been suggested.22-25 In previous studies of

proton beam grid therapy, the aim has normally been to create a

uniform target dose.15,16,23 On the contrary, when photon beam

grids have been considered for cross-firing, the aim has often

been to produce a highly nonuniform target dose, reminiscent

of what can be created in brachytherapy.22,24,25 It is evident that

it is possible to create nonuniform target doses also with proton

beam grid irradiations. However, existing tumor control prob-

ability models indicate that an improved therapeutic effect can

be obtained if the minimum target dose is sufficiently ele-

vated.26 We have shown in this work that a high minimum

target dose can be produced with the proposed interlaced

cross-firing PGT technique, without irradiating any risk organ

Figure 4. Planned dose distributions obtained for the grid irradiations superimposed on axial computed tomography (CT) sections from the 2

patient cases studied: (A) liver cancer, 2 opposing 1-dimensional (1-D) grids, (B) liver cancer, 2� 2 opposing 1-D grids (C) rectal cancer, 2� 2

opposing 1-D grids, and (D) rectal cancer, 2 � 2 opposing 2-dimensional (2-D) grids. CT indicates computed tomography; 1-D, 1-dimensional;

2-D, 2-dimensional.
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from more than 1 direction. This will be more difficult to

achieve with photon-based grid therapy with divergent beams.

Furthermore, we have demonstrated that it is possible to

preserve the grid structure of the dose distribution down to the

depth of the target volume if cross-firing is used. This distin-

guishes this work from previous studies done on proton beam

grid therapy,15,16 in which a homogenous dose has been pro-

duced for each incident beam grid. Keeping the grid structure

of the dose distribution down to the direct vicinity of the target

(with high doses restricted to small volumes) could be of

importance to prevent side effects. In photon beam–based

radiosurgery, the tissue volume immediately surrounding the

target is normally given high doses. It is in these tissue volumes

that the risk of radiation-induced side effects after radiosurgery

has been shown to be the highest, for example, in the brain.27

For extracranial SBRT, there is to our knowledge no detailed

report describing which metric is the most appropriate for pre-

dicting the risk of side effects.

The DVHs for the normal tissue extracted from the grid

therapy planning (not shown in this article) give an indication

of which dose levels are present in this tissue but cannot be

used for a direct estimation of the negative side effects of the

treatment. The reason is that the DVHs show a summary of the

doses given to independent volumes regardless of whether spa-

tial fractionation is used. The DVHs in that sense depend only

on the total beam area used to irradiate a delineated volume.

In this work, we have investigated the possibility to perform

proton grid treatments with beam sizes and energies available

at modern proton facilities using a commercial treatment plan-

ning system. However, substantial evidence from preclinical

research indicates that the use of even smaller beams could

improve the normal tissue tolerance to this type of treatment

even further.12,13,18 Further studies to determine suitable proton

beam collimation techniques are required to develop a thera-

peutic method using beam widths of only 1 or a few milli-

meters. Moreover, the increase in the tolerance doses with
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Figure 5. Differential dose-volume histograms (DVHs) for the planning target volumes (PTVs) obtained with the different irradiation setups

evaluated in this work for (A) the liver cancer treatment and (B) the rectal cancer treatment.
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decreasing beam sizes for different organs and endpoints must

be more accurately determined to establish a clinical advantage

of PGT. The prescription doses that should be administered and

whether fractionation should be used must also be decided. The

possibility to use this treatment as a boost will be evaluated

further on.

In this work, the IMPT method was used to produce the

treatment plans for the grid irradiations. The proton range

uncertainties are important to consider in IMPT when the

proton beam path goes through tissue with a density that varies

with, for example, the breathing motion. Intensity-modulated

proton therapy has previously been suggested for the treatment

of abdominal cancer by other authors.28,29 We expect that the

range uncertainties will have a similar impact on the delivered

doses in PGT as for other types of proton beam treatments. The

range uncertainties are affecting the dose distribution along the

beam grid propagation direction. These will therefore not dete-

riorate the beam grid characteristics. We suggest irradiations

Table 1. Summary of Data for Selected Dosimetric Variables Obtained From the Created Treatment Plans.a

Treatment Case Irradiation Technique

Skin Dose Dose 2 cm Before PTV Dose Inside PTV

Max Valley (%) Max Peak (%) Max Valley (%) Max Peak (%) Max (%) Mean (%)

Liver 2 opposing 1-D grids 10 69 21 71 116 111

2 opposing 2-D grids 20 138 35 125 169 135

2 � 2 opposing 1-D grids 4 46 15 51 113 107

2 � 2 opposing 2-D grids 6 120 25 67 119 108

Rectum 2 opposing 1-D grids 6 92 18 84 147 119

2 opposing 2-D grids 15 202 35 159 216 152

2 � 2 opposing 1-D grids 5 58 10 56 125 114

2 � 2 opposing 2-D grids 6 82 12 64 142 120

Abbreviations: 1-D, 1-dimensional; 2-D, 2-dimensional; Max, maximum; PTV, planning target volume.
a The normalization (100%) was done to the minimum target dose.
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Figure 6. The variation in the peak and valley doses with depth is shown inside the beam grids, incident anteriorly on the patient with rectal

cancer. A, One-dimensional (1-D) grid. B, Two-dimensional (2-D) grid.

Table 2. Representative Dosimetric Characteristics of the PTV Coverage for the Different Grid Irradiation Setups Evaluated.

Structure Irradiation Technique Volume (cm3) D95% (%) D50% (%) CI

PTVLiver 2 opposing 1-D grids 59.6 108 111 1.36

2 opposing 2-D grids 123 134 2.05

2 � 2 opposing 1-D grids 105 107 1.22

2 � 2 opposing 2-D grids 106 108 1.29

PTVRectum 2 opposing 1-D grids 409.2 115 118 1.39

2 opposing 2-D grids 134 151 1.75

2 � 2 opposing 1-D grids 112 114 1.24

2 � 2 opposing 2-D grids 116 119 1.32

Abbreviations: CI, conformity index; 1-D, 1-dimensional; 2-D, 2-dimensional; PTV, planning target volume.
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from several angles (as was done in this work) to improve the

target dose coverage, the treatment robustness, and to reduce

the peak doses given to normal tissue. Furthermore, since we

aim to irradiate solid tumors, minor fluctuations in the target

dose will be less important as compared to the situations when

smaller targets with microscopic spread are treated, as long as

the minimum dose is sufficiently high. If the cross-fired proton

beam grids are misaligned, due to, for example, organ motion,

the target dose will become more inhomogeneous and more

similar to what is typically achieved with photon beam–based

grid therapy. Methods such as image-guided radiotherapy,

abdominal pressure, gating, and rescanning can of course also

be used to further reduce the treatment delivery uncertainties.

Conclusion

The PGT method suggested in this work can be offered by

proton therapy centers equipped with spot scanning capabil-

ities. With PGT, a rather homogeneous and high dose can be

produced in a deep-seated target, while the grid structure of the

dose distribution can be maintained down to the vicinity of the

target volume (with a low dose in between the beams). By

cross-firing 1-D proton beam grids, a more uniform target dose,

with a CI closer to 1.0, can be produced than with 2-D proton

beam grids. We anticipate that the high minimum dose given to

the target by cross-firing the proton beam grids will translate

into an increased tumor control probability, compared to what

can be obtained with the highly nonhomogenous target dose

obtained with unidirectional photon beam grid irradiations. We

also expect that a high degree of normal tissue sparing can be

obtained because the normal tissue is only irradiated with grids

of small beams down to large depths. A sensitivity test showed

that treatments with 4 interlaced proton beam grids are reason-

ably robust against setup errors.
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Abstract

Purpose: Radiosurgery treatment of liver metastases with photon beams has been an

established method for more than a decade. One method commonly used is the

stereotactic body radiation therapy (SBRT) technique. The aim of this study was to

investigate the potential sparing of the organs at risk (OARs) that the use of intensity-

modulated proton therapy (IMPT), instead of SBRT, could enable.

Patients and Methods: A comparative treatment-planning study of photon-beam and

proton-beam based liver-cancer radiosurgery was performed. Ten patients diagnosed

with liver metastasis and previously treated with SBRT at the Karolinska University

Hospital were included in the study. New IMPT plans were prepared for all patients, while

the original plans were set as reference plans. The IMPT planning was performed with

the objective of achieving the same target dose coverage as with the SBRT plans.

Pairwise dosimetric comparisons of the treatment plans were then performed for the

OARs. A 2-sided Wilcoxon signed-rank test with significance level of 5% was carried out.

Results: Improved sparing of the OARs was made possible with the IMPT plans. There

was a significant decrease of the mean doses delivered to the following risk organs: the

nontargeted part of the liver (P¼ .002), the esophagus (P¼ .002), the right kidney (P¼
.008), the spinal cord (P ¼ .004), and the lungs (P ¼ .002). The volume of the liver

receiving less than 15 Gy was significantly increased with the IMPT plans (P ¼ .004).

Conclusion: The IMPT-based radiosurgery plans provided similar target coverage and

significant dose reductions for the OARs compared with the photon-beam based SBRT

plans. Further studies including detailed information about varying tissue heterogeneities

in the beam path, due to organ motion, are required to evaluate more accurately whether

IMPT is preferable for the radiosurgical treatment of liver metastases.

Keywords: liver metastases; treatment planning; stereotactic body radiation therapy;

intensity-modulated proton therapy

Introduction

The liver is the most common site of metastatic spread for several malignancies, mainly

primary gastrointestinal tumors [1]. Surgical resection is the treatment of choice for both

primary liver tumors and oligo-liver metastases. Nevertheless, approximately 70% to 90%

of liver metastases are not resectable [2]. A number of noninvasive modalities for

http://theijpt.org



treatment of liver malignancies are currently being used in clinics, for example, radiofrequency ablation and radiation therapy,

with promising local control rates [3–5]. Several reports have described the feasibility of dose escalation in radiation therapy of

focal lesions if only a limited part of the healthy liver volume is treated [6, 7]. However, a nonnegligible risk of radiation-induced

side effects after radiation therapy remains, increasing with the volume of the treated tumor. Long-term migration to more

advanced Child-Pugh scores have been reported to cause radiation-induced liver disease, resulting in liver failure foremost in

patients with scores of B and C [8].

Photon-based stereotactic body radiation therapy (SBRT) has emerged as a radiation surgery technique with which high

fraction doses can be delivered to targets of moderate sizes in different parts of the body [7], for example, targets in the liver.

Treatment planning studies of SBRT implemented with proton beams have also been reported [9, 10]. Radiation therapy of

lesions located in the liver is influenced by anatomical changes due to respiratory motion. Thus, high-precision radiation

surgery of liver cancer remains challenging, despite the recent advances made in methods used for patient setup and image-

guided radiation therapy [11]. In order to reduce the treatment delivery uncertainties, methods such as 4-dimensional (4D)-

planning, respiratory gating and abdominal pressure can be used.

In this study, we compared photon-based SBRT with intensity-modulated proton therapy (IMPT)–based radiosurgery, on a

treatment-planning basis, for the treatment of liver metastases of different sizes and locations. The main objective of the IMPT

planning was to create similar dose coverage of the planning target volume (PTV) as obtained with the SBRT plans. The aim

was thereafter to estimate quantitatively the potential dosimetric advantages of IMPT over SBRT in terms of sparing of the

organs at risk (OARs). Of primary concern was the dose delivered to the healthy part of the liver, which is the main limiting

factor in SBRT of liver malignancies.

Materials and Methods

Patient Selection and Treatment Planning

For this study, 10 patients previously treated for metastases in the liver with SBRT at the Department of Oncology and

Pathology at Karolinska University Hospital were included. These patients were diagnosed with tumors of different volumes

(range, 18.6 to 332.3 cm3) and locations (Table 1).

The static computed tomography (CT) examinations used for the treatment planning contained 3.0-mm-thick slices. The

internal target volume (ITV) was delineated by contouring the gross tumor volume in different breathing phases in the 4D-CT

image study. Expansion margins of 5 mm in the transversal direction and 10 mm in the craniocaudal direction were added to

the ITV to create the PTV.

The SBRT plans were prepared with the Eclipse treatment planning system, version 11.0.42 (Varian Medical Systems, Palo

Alto, California). Beam data obtained for 6 MV photon beams, produced by Varian linear accelerators (Varian Medical

Systems), were used in the planning. Two types of SBRT were used for the patient treatments, that is, a multiple static-field

technique or volumetric-modulated arc therapy (VMAT). The VMAT was mostly used for treatments of large targets or when

Table 1. Patient and treatment characteristics.

Patient no.

Modality

(photon RT) Fractionation

Abdominal

pressure

Target

volume

(cm3) Target location

1 Static fields 15 Gy 3 3 Yes 59.6 Central-peripheral

2 Static fields 17 Gy 3 3 Yes 73.1 Superior

3 VMAT 8 Gy 3 7 No 332.3 Posterior/whole liver extent axially

4 Static fields 8 Gy 3 5 Yes 302.6 Central/whole liver extent axially

5 Static fields 7 Gy 3 8 No 66.4 Central-periphery

6 VMAT 7 Gy 3 8 No 294.1 Central-superior

7 Static fields 15 Gy 3 3 No 18.6 Central-periphery

8 VMAT 7 Gy 3 8 Yes 78.6 Superior

9 Static fields 17 Gy 3 3 No 30.2 Central

10 Static fields 15 Gy 3 3 No 72.3 Central

Abbreviations: RT, radiation therapy; VMAT, volumetric-modulated arc therapy.
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critical structures were located in the proximity of the target. The stereotactic body frame was used for all patients.

Furthermore, abdominal pressure was used in those cases when the target motion amplitude was larger than the expansion

margins of the PTV. The dose prescription in the SBRT plans was made at the periphery of the PTV. The central parts of the

PTV received maximum doses in the interval of 145% to 160% of the prescribed dose. The analytical anisotropic algorithm

was used for the photon-beam dose calculation and the progressive resolution optimizer algorithm was used for optimization of

the VMAT plans. Descriptions of the patient setup, the photon-beam SBRT technique used, the prescribed doses and the

sizes of the PTV volumes for each patient are shown in Table 1.

The SBRT plans were set as reference plans, and all patients were then retrospectively planned with IMPT. The Eclipse

treatment planning system was also used for the IMPT treatment planning. To eliminate possible uncertainties specific for the

proton dose calculation, the stereotactic frame was assigned the Hounsfield unit value of air in the planning CT studies before

the treatment planning. A 2-field beam-setup configuration was used to prepare the IMPT plans. The choice of beam angles

varied depending on the target location, the size of the PTV, and the proximity of the OARs. Direct irradiation of the spinal cord

and right kidney was avoided. The proton beam data used in the treatment planning were obtained from the Skandion clinic, a

facility with an IBA (Ion Beam Applications S.A., Louvain-La-Neuve, Belgium) proton cyclotron (the range of incident proton

energies was 60 to 230 MeV). The spot-scanning technique combined with multifield optimization, that is, IMPT, was used in

the planning. The proton dose calculation was made using the proton convolution superposition algorithm (version 13.0.28).

The IMPT treatment planning was performed with the objective of making the dose-volume histogram (DVH) for the PTV

coincide with that obtained with the SBRT plan. The optimization objectives were set as follows: 100% of the PTV should

receive 100% of the prescribed dose, and the maximum dose given to the PTV should be in the range from 145% to 160% of

the prescribed dose. In addition, 3 distinct isodose levels (between 70% and 97% of the maximum dose) in the photon plans

were converted into structures and used in the optimization of the proton plans.

Dosimetric Analysis of the Treatment Plans

To quantify the obtained dose conformity around the PTV for the 2 alternative modalities, the conformity index (CI) was

calculated using the definition in Report No. 62 of the International Commission on Radiation Units and Measurements [12],

that is, the quotient of the treated volume (in this study it was the volume enclosed by the prescription [100%] isodose surface)

and the volume of the PTV. A relative biological effectiveness of 1.1 was assumed for the proton beams, and the produced

doses were reported in isoeffective equivalent dose, Gy (IsoE).

The OARs considered relevant for this study were the normal liver tissue (main risk organ), the esophagus, the right kidney,

the lungs, and the spinal cord. The normal liver was considered to be the part of the liver that is not included in the PTV. The

Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC) guidelines define risk levels for the whole liver,

excluding the gross tumor volume [13]. The dosimetric evaluation was based on pairwise comparisons of the dose-volume

values for the different OARs obtained from the treatment plans prepared with either photon or proton beams. A comparison of

the dosimetric values obtained with those recommended by QUANTEC (Table 2) was also performed. The dose-volume

metrics used for the evaluation were the mean dose in the liver and the volume of the normal liver that received a dose ,15

Gy, the mean doses given to the right kidney and the lungs, V35 and the mean dose for the esophagus, and the maximum and

mean doses given to the spinal cord.

Table 2. QUANTEC recommendations for the threshold values of the dose-volume metrics for the organs at risk and the corresponding clinical endpoints.

Organ Volume segmented Endpoint Dose-volume metric Rate (%)

Liver Whole liver, GTV Classic RILD Dmean ,15 Gy (3 fx SRS) ,5

Dmean ,20 Gy (6 fx SRS)

.700 cm3 of normal liver Classic RILD VD,15 .700 cm3 ,5

Right kidney Bilateral whole kidney Clinically relevant renal dysfunction Dmean ,28 Gy ,50

Lungs Whole organ Symptomatic pneumonitis Dmean ,13 Gy 10

Spinal cord Partial organ Myelopathy Dmax ,20 Gy (3 fx SRS) 1

Esophagus Whole organ Grade �2 acute esophagitis V35 ,50% ,30

Grade �3 acute esophagitis Dmean ,34 Gy 5–20

Abbreviations: QUANTEC, Quantitative Analyses of Normal Tissue Effects in the Clinic; GTV, gross tumor volume; RILD, radiation-induced liver disease; fx, fraction; SRS,

stereotactic radiosurgery.

Note: Data from Marks LB et al. Use of normal tissue complication probability models in the clinic. Int J Radiat Oncol Biol Phys. 2010;76:S10-9.
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A 2-sided Wilcoxon signed-rank test with a significance level of P , .05 was used for the statistical comparisons of the

dosimetric values extracted from the treatment plans.

Results
A visual comparison of the calculated dose distributions in the photon-beam and proton-beam based plans indicates that

larger volumes of healthy tissue were irradiated in the VMAT and the static-field SBRT plans compared with the corresponding

IMPT plans. Planned dose distributions for 2 representative patient cases (patient No. 3 and patient No. 5) are presented in

Figure 1. Patient No. 3 had a large target volume (332.3 cm3) and was planned for VMAT-based SBRT or IMPT, as shown in

Figure 1A and 1B. Patient No. 5 had a small target volume (66.4 cm3) and was planned for static-field SBRT or IMPT (Figure

1C and 1D). The DVHs obtained for the PTVs and the OARs for these 2 patients are displayed in Figure 2. The objective to

produce a similar DVH for the PTV with the IMPT plan as with the SBRT plan was reached, as illustrated in Figure 2. However,

it should be emphasized that the DVHs do not provide spatial information, that is, they do not indicate whether the dose

distributions are matching pairwise from voxel to voxel. The same value of the CI was obtained with either the SBRT or the

IMPT plans for all patients (0.99), except for patient No. 3, for whom the CI was 0.93 with the VMAT plan and 0.97 with the

IMPT plan. The important differences between the plans, obtained with the 2 different beam types, could be observed in the

DVHs obtained for the OARs. There was a clear reduction of the irradiated volumes of most OARs in all patients with IMPT.

Clinically relevant dose-volume values for the OARs are presented in Tables 3 and 4. The mean dose given to the normal

liver tissue decreased from an average value of 11.3 Gy in the SBRT plans to 6.9 Gy (IsoE) in the IMPT plans. This decrease

was mainly due to a reduction of the volumes irradiated with low and intermediate doses (Figure 2). The volume of the liver

receiving a physical dose of less than 15 Gy increased from an average value of 1181.5 cm3 in the SBRT plans to 1354.7 cm3

in the IMPT plans. The threshold value for the mean dose given to the normal liver, for observing the classic radiation-induced

liver disease, was exceeded for 1 of the 10 patients in the SBRT plan (with 3.8 Gy for patient No. 3). The mean dose given to

the healthy part of the liver was below this threshold value in the IMPT plans for all patients. Patient No. 3 also did not pass the

volume constraint for normal liver (VD,15 . 700 cm3) with the SBRT plan. However, this constraint was passed for all patients

with the IMPT plans.

The average mean dose given to the right kidney decreased from 3.2 Gy in the photon plans to 1.5 Gy (IsoE) in the proton

plans. For patient No. 3, however, for whom the right kidney was adjacent to the target, higher mean doses were given to the

Figure 1. Calculated dose

distributions at the position of

the planning isocenter for (A–

B) patient No. 3 and (C-D)

patient No. 5. (A) A volumetric-

modulated arc therapy based

stereotactic body radiation

therapy (SBRT) plan. (B) A 2-

field intensity-modulated

proton therapy (IMPT) plan.

(C) A static-field SBRT plan.

(D) A 2-field IMPT plan.
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right kidney in both the photon and proton plans. For all patients, the mean doses given to the right kidney were below the limit

of 28 Gy for which clinically relevant renal dysfunction may appear. However, the latter threshold value has been determined

for bilateral kidney irradiation. In our study, this value was used for comparison with the dose given to the right kidney only.

For the spinal cord, the maximum doses decreased from an average value of 11.9 Gy in the photon plans to 1.3 Gy (IsoE) in

the proton plans. The mean doses given to the spinal cord also decreased, from 4.9 Gy in the photon plans to 0.0 Gy (IsoE) in

the proton plans. The threshold value above which radiation myelopathy may be observed was exceeded with 1.0 Gy for

patient No. 1 with the SBRT plan. For 2 other patients (patient No. 3 and patient No. 4), the maximum doses given to the spinal

cord were 21.0 Gy and 24.7 Gy, respectively, in the SBRT plans. Both of these values are above the 20.0 Gy threshold.

However, this threshold value for the maximum dose has been determined for hypofractionated treatments given in 3 fractions.

For these 2 patients (No. 3 and No. 4), the doses were given in 7 and 5 fractions, respectively. For all patients, the maximum

doses given to the spinal cord were reduced to below the threshold value in the IMPT plans.

The mean dose given to both lungs, counted as 1 organ, may be considerably lower than the dose given to the right lung,

which is adjacent to the liver. Therefore, the mean doses given to the right lung and to both lungs (counted as 1 organ) were

Figure 2. The dose-volume

histograms obtained for the

planning target volumes and

for the organs at risk with the

stereotactic body radiation

therapy plans (dashed curves)

or the intensity-modulated

proton therapy plans (solid

curves) for 2 patients (No. 3

and No. 5).

Table 3. Dosimetric values for the liver, right kidney and spinal cord. Proton doses are given in Gy (IsoE).

Patient #

Normal liver Right kidney Spinal cord

Mean dose (Gy) VD,15 (cm3) Mean dose (Gy) Maximum dose (Gy) Mean dose (Gy)

Photon Proton Photon Proton % increase Photon Proton Photon Proton Photon Proton

1 8.1 3.5 1550.6 1787.6 13.3 0.5 0.0 21.0 1.4 9.3 0.0

2 8.9 4.0 1535.0 1718.3 10.7 1.2 0.0 4.0 0.0 0.3 0.0

3 23.8 14.9 397.6 726.0 45.2 18.6 12.8 24.7 7.8 9.7 0.4

4 16.6 10.9 740.6 928.8 20.3 8.6 1.7 21.0 0.1 9.3 0.0

5 11.5 10.4 740.6 733.1 -1.0 0.5 0.0 5.6 0.0 4.4 0.0

6 14.0 6.8 1054.0 1352.7 22.1 1.0 0.0 10.5 3.6 3.4 0.1

7 5.5 3.6 1017.9 1059.2 3.9 0.0 0.0 0.0 0.0 0.0 0.0

8 6.3 3.3 1658.2 1730.8 4.2 0.7 0.0 18.9 0.0 7.8 0.0

9 6.6 3.3 2239.4 2474.6 9.5 0.5 0.0 6.1 0.0 1.3 0.0

10 11.6 8.1 881.4 1036.0 14.9 0.0 0.0 7.5 0.3 3.2 0.0

Mean 11.3 6.9 1181.5 1354.7 14.3 3.2 1.5 11.9 1.3 4.9 0.0

P-value 0.002 0.004 0.008 0.004 0.004
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separately determined in this study. There was a reduction of the mean doses given to both lungs, from an average value of

2.8 Gy in the photon plans to 1.2 Gy (IsoE) in the proton plans. The average mean dose, given to the right lung only, decreased

from 3.7 Gy in the photon plans to 2.1 Gy (IsoE) in the proton plans. The threshold value for observing symptomatic

pneumonitis was not exceeded in any of the SBRT or IMPT plans.

The mean doses given to the esophagus decreased from an average value of 6.0 Gy in the photon plans to 0.4 Gy (IsoE) in

the proton plans. The V35 of the esophagus was 0% in all treatment plans. The threshold values for observing acute

esophagitis of grades �2 (V35 ,50 %) or 3 (mean dose ,34 Gy) were not exceeded in any of the treatment plans.

For all patients, the median of the mean doses given to the OARs were compared (Table 5). The median values of the

percentage decrease of the mean doses given to the OARs with the IMPT—compared with the SBRT—plans are also presented.

There was a significant reduction of the mean doses given to the OARs in the IMPT plans compared with the SBRT plans (P , .05).

Discussion

The results of this study indicate significant dosimetric advantages, in terms of sparing of the OARs, of IMPT compared with

photon-beam based SBRT for the treatment of liver metastases. The potential for an improved normal-tissue sparing was also

indicated in the comparisons of the obtained dose-volume values with the QUANTEC recommendations. Previously published

reports comparing the use of proton and photon beams for conventionally fractionated [14–16] and hypofractionated [9]

radiation therapy of liver malignancies have obtained similar results. Furthermore, clinical trials with proton and carbon-ion

beams for the treatment of hepatocellular carcinoma (HCC) obtained improved local control rates, compared to photon-beam

based radiation therapy, with the same or lower high-grade toxicity [17]. In a previous comparison of IMRT and IMPT plans for

radiosurgery of large metastases in the liver, Petersen et al [9] reported an improved sparing of the normal liver tissue with

IMPT. In the present study, an improved sparing of normal liver tissue with IMPT was observed for both small and large PTVs.

Table 4. Dosimetric values for the lungs and esophagus; proton doses are given in Gy (IsoE).

Patient no.

Both lungs,

Mean dose (Gy)

Right lung,

Mean dose (Gy)

Esophagus,

Mean dose (Gy)

Photon Proton Photon Proton Photon Proton

1 2.2 1.2 3.3 2.2 7.0 1.7

2 0.5 0.0 0.6 0.0 1.8 0.0

3 9.6 5.5 11.9 8.9 16.3 0.6

4 2.2 0.7 3.3 0.7 5.4 0.0

5 1.1 0.2 1.1 0.4 7.1 0.2

6 5.3 3.6 8.1 6.7 7.1 0.5

7 0.1 0.0 0.2 0.0 0.3 0.0

8 4.4 0.2 5.0 0.4 12.7 0.0

9 0.6 0.0 0.6 0.0 0.4 0.0

10 2.3 0.5 3.2 0.9 2.2 0.8

Mean 2.8 1.2 3.7 2.1 6.0 0.4

P value .002 .002 .002

Table 5. Comparison of the median of the mean doses given to the organs at risk for all patients.

Organs at risk

Median of mean dose (range), Gy
Median of the percentage

decrease in mean doses (range) P valuePhoton plan Proton plan

Healthy liver 10.2 (5.5 to 23.8) 5.4 (3.3 to 18.3) 42.5 (9.6 to 56.8) .002

Esophagus 6.2 (0.3 to 16.3) 0.1 (0.0 to 1.7) 98.6 (63.6 to 100) .002

Spinal cord 3.9 (0.0 to 9.7) 0.0 (0.0 to 0.4) 100 (0.0 to 100) .004

Whole lung 1.7 (0.1 to 9.6) 0.4 (0.0 to 5.5) 75.0 (32.1 to 100) .002

Right lung 3.3 (0.2 to 11.9) 0.7 (0.0 to 8.9) 67.8 (32.1 to 100) .002

Right kidney 0.6 (0.0 to 18.6) 0.0 (0.0 to 12.8) 100 (0.0 to 100) .008
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The mean doses given to the normal liver decreased with a median value of 42.5% (range, 9.6% to 56.8%), and the volume of

the normal liver tissue receiving ,15 Gy increased with a median value of 11% (range, �1.0% to 45.2%) with IMPT.

Furthermore, for patients with larger targets, we noticed a relative increase in the sparing of the normal liver tissue with IMPT

compared with results obtained for patients with smaller targets.

The choice of beam angles is an important aspect when planning proton-beam treatments of liver cancer. The increased

accuracy of the IMPT technique improves the possibility to spare the functional part of a liver with underlying liver disease, that

is, cirrhosis [18]. Information about the functional parts of the liver can be obtained with, for example, positron emission

tomography–magnetic resonance imaging studies, which then could be used in the IMPT planning.

Radiation therapy of malignancies in the liver is, to a certain degree, influenced by anatomical variations, mainly due to the

breathing motion. In this work, the effects of organ motion have been considered by using 4D-CT image studies and the ITV

concept for the PTV delineation. However, further studies with 4D treatment planning are required to quantify the uncertainties

in the dose delivery and to evaluate the robustness of both the SBRT and IMPT treatments. Petersen et al [9] suggested that

the organ motion uncertainties during liver cancer treatments could be handled with increased PTV margins. However, we

believe that the interplay effect also [19, 20], which is of importance for proton-beam spot scanning of moving targets, must be

considered. In the worst-case scenario, this effect could produce cold spots in the target, which could not be remedied with

increased PTV margins. The treatment delivery uncertainties can be handled by different means, for example, abdominal

pressure, increased spot size, gating, and/or multiple repainting. The development of image-guided radiation therapy [11, 21–

23] may further improve the robustness of proton therapy of tumors located in regions affected by involuntary motion and

fluctuating tissue heterogeneities. Issues related to anatomical variations during proton radiation therapy of liver malignancies

will be investigated in a future project.

In addition, in this work the IMPT treatment planning was performed on CT studies with structures delineated for photon

therapy, maintaining the same target volumes and risk structures without considering the specific range uncertainties for

proton beams. For the clinical implementation of proton therapy, all elements of the treatment planning should be adapted to

the characteristics of proton beams.

Conclusion
In this study, a treatment-planning–based comparison of photon-beam SBRT and IMPT for radiosurgery of liver metastases

was performed. The IMPT treatment was shown to provide significant dosimetric advantages, in terms of sparing of the OARs,

compared with what was achievable with the SBRT technique. This can be expected to lead to a reduction of the number of

observed side effects after radiosurgery of liver metastases. However, further studies with the aim of quantifying the

uncertainties in the treatment delivery due to fluctuating tissue heterogeneities and involuntary organ motion should be carried

out in order to accurately evaluate the advantages of using IMPT instead of SBRT for treating malignancies in the liver.
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Abstract 

Background: Grid therapy has in the past normally been performed with photon-

beam grids, incident from one direction. With this setup, a distribution of 

alternating high (peak) and low (valley) doses is produced in the target volume. 

In this work, a new method to deliver grid therapy, based on crossfiring grids of 

mm-wide proton beamlets over a target volume, was evaluated with Monte Carlo 

simulations.  

Material and Methods: Dose profiles, for single mm-wide proton beamlets (1-3 

mm FWHM), in water were simulated with the Monte Carlo code TOPAS. 

Thereafter, grids of proton beamlets were directed towards a cubic target volume, 

located at the center of a water tank. The aim was to deliver a nearly 

homogeneous dose to the target, while creating high dose heterogeneity in the 

normal tissue, i.e. high gradients between valley and peak doses in the grids, 

down to the close vicinity of the target.  

Results: The relative increase of the beam width with depth was largest for the 

smallest beams. The Bragg peak to entrance dose ratios were reduced when the 

beamlet size was decreased. With the interlaced crossfiring setup, satisfying dose 

coverage of the cubic target volume (σ<± 5%) was obtained, while keeping the 

grid pattern of the dose distribution down to the target. The need to select a 

center-to-center distance which provides a suitable trade-off between a high 

target- to entrance-dose ratio, target-dose uniformity and a low valley dose in the 

normal tissue was identified. 

Conclusions: A nearly homogeneous dose distribution can be obtained in a target 

volume by crossfiring grids of mm-wide proton-beamlets, while maintaining the 

grid pattern of the dose distribution at large depths in the normal tissue, close to 

the target volume. We expect that the use of this method will increase the tumor 

control probability and improve the normal tissue sparing in grid therapy. 

Keywords: grid therapy; proton therapy; spatially fractionated therapy; Monte 

Carlo 



 

 

Introduction 

Spatially fractionated radiation therapy, or grid therapy, utilizes the volume effect to 

radically reduce normal tissue complication while retaining tumor control. Grid therapy 

has been studied for more than a century [1–3], but the interest in this field has grown 

rapidly over the past two decades. 

In grid therapy, individual beamlets are spatially arranged in order to leave 

unirradiated volumes in-between them. This is often referred as a “chess-board” pattern. 

This results in a dose distribution made of localized high doses (peak doses) and low 

doses between the beamlets (valley doses) which has been observed to produce 

increased sparing of certain organs such as the skin and spinal cord [1,4]. A low valley 

dose has been associated with effective tissue recovery [3]. In clinical radiotherapy, 

radiation necrosis most commonly occur near the target in the high dose volumes [5]. 

Therefore, the need for a low valley dose will be the most prominent close to the target. 

The increased skin tolerance may be attributed to the migration of cells from 

nearby regions of unirradiated skin towards the radiation-damaged areas [6]. A dose-

volume effect has been observed for the spinal cord, despite its serial architecture. For 

the white matter necrosis end-point, an exponential increase in the tolerance has been 

reported, when using beamlets of less than 10 mm width [7]. 

There is also a form of inter-cellular signaling, called the bystander effect, which 

has been claimed to be of importance for the cellular response to radiation [8–10]. 

However, there is consensus that the direct effects of radiation on cells are much more 

important for the outcome of radiotherapy than the so-called indirect effects, of which 

the bystander effect is one of them. If the bystander effect plays any role whatsoever for 

the outcome of radiotherapy is still unknown. 



 

 

Today, spatially-fractionated radiotherapy with megavoltage X-ray beams is still 

occasionally used in a few clinics around the world to treat bulky tumors when other 

treatment options have been exhausted [11]. The size of the beamlets, building up the 

grid in these treatments, is in the order of 1 cm2 and the target is typically irradiated 

from a single direction. 

Micrometer beamlets, or microbeams were shown to produce almost no damage 

despite the high doses given, during experiments related to the preparation of the first 

manned space flights [12]. Several decades later, the concept of grid therapy was 

exploited with microbeams produced from a synchrotron X-ray source [13]. Research 

related to this technique has been carried out at a few synchrotron research centers 

around the world  and an extremely high normal-tissue tolerance has been demonstrated 

[14,4]. So far, microbeam grid therapy has only been tested on small animals but  

preparations for the first human clinical trial are in progress [15]. 

As an intermediate step between grid therapy with microbeams and with larger 

centimeter-wide beams, grid therapy with beamlets of widths in the interval 0.3-0.7 mm 

(a.k.a. minibeams) has been proposed [16]. Research related to minibeam therapy with 

both X-rays and ion-beamlets has been reported [16–18]. Ion beamlets may better spare 

sensitive structures located behind the target volume, due to their limited range. 

In a previous study by Henry et al. [19], a new grid therapy method based on 

crossfiring of interlaced proton grids has been suggested. The grids used contained cm-

wide beamlets, which is the smallest beam size which can be delivered at proton therapy 

clinics currently in operation with scanned beams, without additional collimation. With 

the suggested method, a uniform target dose could be produced, while the grid structure 

of the dose distribution was retained in the surrounding normal tissues. The idea was to 



 

 

provide a technically feasible solution which can readily be applied at existing proton 

therapy centers. 

This previous work is here continued by evaluating if the proposed grid therapy 

could be performed with grids containing narrower proton beamlets of a few mm width 

instead. Such grid therapy will be easier to deliver from a practical point-of-view 

compared to e.g. microbeam therapy, with fewer issues related to collimation (e.g 

achievable dose-rate after the collimator). There will also be an increased robustness to 

setup errors and organ motion issues. Moreover, beamlets of a few mm width have been 

shown to be less biologically damaging than the clinically applied cm-wide beams [6]. 

Hence, arranging these kinds of beamlets in a grid pattern could be used to improve 

normal tissue response. 

This study was divided in two parts. In the first part, dose distributions produced 

by single monoenergetic and mm-wide (full-width at half maximum, FWHM) beamlets 

were determined with Monte-Carlo simulations to study, quantitatively, how such small 

beamlets scatter in a given medium and how the Bragg peak dose is reduced at larger 

depths. In the second part of this study, simulation results for single beamlets were used 

to calculate the dose distributions produced by proton grids. Simulation of a simple grid 

irradiation of a small target volume at the center of a water tank was performed. 

Irradiation geometries, using several irradiation angles and grid parameters (see below) 

were studied. 

Grid therapy adds four additional parameters and variables to those known from 

conventional therapy: 1) the center-to-center (c-t-c) distance parameter specifies the 

distance between the individual beamlets making up the grid. 2) The initial beamlet 

width parameter is of importance as it may influence the tissue tolerance and depth at 

which the beamlets will begin to overlap. 3) The quality of the grid is here described as 



 

 

the valley-to-peak dose ratio (VPDR) variable, which is a quantity that reaches zero for 

a perfect grid with zero dose in the valley. Vice versa, VPDR reaches 1 if the dose is 

homogenous. The ideal scenario, which can be used as an optimization objective, is thus 

to achieve a VPDR of 0 outside the tumor, and 1 inside it. In most publication on grid 

therapy the inverse parameter (the PVDR) is mentioned to characterize the 

heterogeneity of the dose distribution produced in beam grids. We will not use the 

PVDR term, since it is divergent when the valley dose reaches zero, possibly leading to 

numerical unstable conditions e.g. during optimization. 4) Finally, the peak-dose 

variable deserves special attention in grid therapy. Dose is a point-quantity, and we 

regard average dose as a less meaningful descriptor when VPDRs are not equal to 1 (i.e. 

a grid is present). The peak-dose in the grid is reported together with the VPDR 

parameter. This poses an extra challenge to Monte Carlo simulations to ensure a 

sufficiently small scoring volume, so the peak dose is properly recorded. 

These four parameters and variables are not independent of each other, as the 

choice of c-t-c distance and initial beamlet size influences the achieved VPDR and peak 

dose. 

 

Material and Methods 

Monte Carlo simulation parameters 

The MC simulations were performed with the Geant4-based MC-code TOPAS [20] 

version 3.0.p1. The proton-beam transport was simulated in a water phantom. The 

G4_WATER component was used with a 75 eV mean excitation energy. The initial 

divergence of the proton beamlets was neglected as it was proven to have a limited 

impact on the lateral dose spreading in water compared to multiple Coulomb scattering 



 

 

[21]. The Gaussian primary proton kinetic energy spread was assumed to be 0.75 % of 

the incident energy. Each monoenergetic beamlet had a circular Gaussian shape and a 

total of 5x107 histories were simulated. For all other parameters, the default TOPAS 

settings were used. The numerical stability of the peak doses was checked by varying 

the scoring grid dimensions.  

Single beamlet distributions 

Dose distributions for single proton beamlets of 1, 2, and 3 mm initial widths (FWHM, 

defined at phantom surface) were simulated for five different energies: 70, 110, 150, 

190 and 230 MeV, covering the energy range available at typical proton therapy 

facilities. Additionally, in order to relate to previous minibeam research, a 0.5 mm-wide 

beamlet (FWHM) was studied, for the same energy range. The geometry used was a 

200 x 200 x 400 mm3 water phantom. The dose to the medium was scored in a 50 x 0.1 

x 400 mm3 slice which was then binned to contain 0.1 x 0.1 x 0.5 mm3 voxels. The MC 

transport cut-off range was set to 0.02 mm.  

Depth-dose curves and transversal dose profiles were then determined for the 

simulated beamlets. The depth-dose profiles were normalized to the Gaussian peak dose 

at the phantom surface. The variation of the beamlet FWHMs with depth was 

determined from the transversal dose profiles. 

 

Irradiation with grids 

Grids of proton beamlets were directed towards a 20 x 20 x 20 mm3 cubic-shaped 

target, which was located at the center of a 200 x 200 x 200 mm3 water phantom, with a 

spread-out Bragg peak (SOBP) (112-124 MeV). The water phantom was binned to 

obtain 0.2 x 0.2 x 0.2 mm3 voxels and the MC transport cut-off range was set to 0.04 

mm. 



 

 

Grids containing beamlets with initial beam width of 1-3 mm (FWHM) were 

chosen for the grid irradiations. Two types of grids were considered: (1) a 1-D grid 

made of elongated beamlets, spatially fractionated along one direction (Figure 1a) and 

(2) a 2-D grid made of circular (Gaussian) beamlets, spatially fractionated in two 

directions (Figure 1b). For the 1-D grid, ‘beamlet width’ refers to the width of the 

narrow side of the elongated beamlets. These elongated beamlets were created by 

superposing multiple circular, Gaussian beamlets. The dose distributions produced by 

the irradiation grids were then calculated by adding the simulated dose distributions for 

single proton beamlets, separated with the specified c-t-c distance. Different c-t-c 

distances inside the grids were used to evaluate the impact of this parameter on the 

resulting dose distributions inside and outside the target (Figure 1).  

 A total of 3 irradiation geometries were evaluated: 1) single grid 

irradiation from one direction, 2) two opposing interlacing grids and, 3) four (2x2 

opposing) interlacing grids. Each of these geometries was evaluated with either 1-D 

grids or 2-D grids. 

 

[Figure 1 near here] 

 

Dose evaluation and grid parameter selection criteria 

To evaluate the relative dose distributions produced by the grid irradiations, the 

minimum and maximum doses given to 95 % of the target volume were compared for 

different c-t-c distances and initial beamlet FWHMs (1, 2 and 3 mm). The peak doses 

and the VPDRs outside of the target volume were also determined at several depths (at 

entrance and at 1 and 2 cm distance (upstream) from the target). The overall 

normalization of the dose was done relative to the mean target dose (100 %).  



 

 

The following criteria were applied in order to select a combination of the c-t-c 

distances and initial beamlet size which could be considered suitable for grid therapy: 1) 

The standard deviation of the target dose distribution should not exceed σ=± 5 %. 2) 

The peak dose in the normal tissue close to the target (2 cm before) should not exceed 

the mean target dose (100 %). 3) For the irradiation geometries which were based on 

interlaced-crossfiring, the VPDR should not exceed 0.5 in the close vicinity of the target 

(1 cm before). The choice of 0.5 is arbitrary, and can be updated as radiobiological 

evidence is gathered. Thus, for given target doses and tissue types, acceptable VPDR 

and peak dose thresholds which produce a sufficient normal tissue sparing must be 

established. Here, only cases that would produce a peak dose that is at least twice as 

high as the valley dose close to the target were selected. 

 

Results 

 

Single beamlet distributions 

In Figure 2a, the central-axis depth-dose distributions for four proton beamlets with an 

energy of 150 MeV and initial FWHMs of 0.5-3 mm are shown. Due to multiple 

Coulomb scattering occurring in the medium, and the lack of lateral charged-particle 

equilibrium inherent to small beamlets, the central axis dose decreases rapidly with  

depth, resulting in a Bragg peak which is lower than the entrance dose. This effect is 

particularly noticeable for the smallest beamlet widths studied. When normalizing the 

entrance dose, the relative dose in the Bragg peak was 0.54 for the 3 mm-wide beamlet, 

but only 0.02 for the 0.5 mm-wide beamlet.  

The reduction of the Bragg peak dose can also be observed in Figure 2b in 

which the central-axis depth-dose distributions for 2 mm-wide beamlets with energies 



 

 

of 70-230 MeV are shown. For a fixed initial beamlet width, the relative dose at the 

Bragg peak decreased with increasing initial proton energy, 2.4 for 70 MeV protons, 

down to 0.05 for 230 MeV protons.  

In Figure 2c, the variation of the beamlet FWHMs with depth is shown for all 

the initial beamlet widths (0.5-3 mm) and energies (70-230 MeV) studied. The increase 

of the FWHM with depth, for an initial proton energy of 150 MeV, was larger for the 

narrowest beamlets: e.g. +7.4 mm, +6.9 mm, +6.15 mm and +5.59 mm at the Bragg 

Peak for 0.5, 1, 2 and 3 mm-wide beamlets respectively. For mid-range to high energies, 

the FWHMs at the Bragg peak were very similar, independently of the initial beamlet 

size. The FWHM of the 0.5 mm beamlet was only 0.57 mm, 0.37 mm and 0.3 mm 

smaller compared to the 3 mm beamlet at the Bragg peak, for 150 MeV, 190 MeV and 

230 MeV respectively. 

 

[Figure 2 near here] 

 

Irradiation with grids 

Data for selected beamlet widths, c-t-c distances and grid geometries are summarized in 

Tables 1-4. Smoothing or denoising techniques were not applied to the MC calculated 

dose distributions, neither for the results evaluation nor for improving the visualizations.  

A preliminary study showed that the geometry with the two opposing 2-D grids 

produced a target dose distribution with numerous hot and cold spots, and an inferior 

dose homogeneity (>±30 %), unless the c-t-c distance between the beamlets was greatly 

reduced, leading to high VPDRs already at the tank entrance. This geometry was 

therefore disregarded for this study. 



 

 

Several trends can be extracted from these tables: 1) In order to fulfill our dose 

constraints inside the target volume, the c-t-c distance has to be set to a low value if a 

single 1-D grid or a single 2-D grid was used. As a result, the VPDRs were high (>0.70) 

in these cases, even a few centimeters upstream from the target. 2) When using the 

interlaced-crossfiring setups, a large c-t-c distance resulted in a greatly increased 

normal-tissue peak-doses, relative to the target doses, independently of the initial 

beamlet width used, but also, as expected, in a lower VPDR at all depths. A smaller c-t-

c distance, inversely, resulted in a reduced normal tissue peak-dose relative to the target 

dose, and an increased valley dose in depth, due to the lateral contribution of the 

neighboring beamlets, leading to a higher VPDR. 3) The 2x2 opposing 1-D grids 

produced the lowest normal tissue peak-doses, while the 2x2 opposing 2-D grids 

produced the highest, especially at entrance. 4) For all cases, the target dose coverage 

fulfilled, or was very close to fulfill, the conventional homogeneous dose requirement, 

defined as 95 % of the volume receiving 95-107 % of the dose. 

 

[Tables 1-4 near here] 

 

In Figure 3, an example of a crossfired dose distribution produced by 2x2 

opposing and interlaced 1-D grids, with 2 mm-wide beamlets and a c-t-c distance of 8 

mm, is shown. The target dose ranged from 93 to 105 % with a standard deviation σ = 

±3.1 %, while the normal tissue peak dose was kept below 37 % from entrance down to 

the close vicinity of the target. The VPDR was 0.002 at entrance and 0.18 at 1 cm 

distance from the target. 

 

[Figure 3 near here] 



 

 

 

In Figure 4a, the lateral dose profiles for the previous setup, used to produce the 

dose distribution in Figure 3, is shown at different depths. As a comparison, Figure 4b 

shows the lateral dose profiles at the same depth for a single 1-D grid irradiation of the 

cubic target with 2 mm-wide beamlets and a c-t-c distance of 4 mm. Similar target dose 

coverage was achieved with these two setups. With interlaced-crossfiring of the target 

volume, the peak-doses were more than halved at all depths. Similarly, the VPDRs at 

entrance, 2 cm and 1 cm before the target, were 0.13, 0.71 and 0.86 for the single 1-D 

grid irradiation and 0.002, 0.08, 0.18 for the 2x2 opposing 1-D grid geometry, 

respectively. The asymmetric shape of the dose profile shown in Figure 4a is a direct 

result of the irradiation geometry used (2x2 opposing 1-D grids). Dose tails at the side 

of the target correspond to dose from the interlaced grids irradiating the target 

orthogonally. Since the lateral profile has been taken at the center of the target, one side 

of the extracted profile is in line with the peak dose of the orthogonal grid (position 

x=20 mm), while the other side of the profile is in line with the valley dose of the 

interlacing opposing grid (position x=-20 mm). 

 

[Figure 4 near here] 

 

Figure 5 shows the evolution of the VPDRs with depth in the normal tissue for 

five different grid geometries using 2 mm-wide beamlets and different c-t-c distances. 

With the interlaced-crossfiring geometries, the VPDRs could be kept low (<0.2) from 

the phantom surface to the vicinity of the target. With the single 1-D and 2-D grid 

irradiations, the VPDRs were above 0.5 already 3 cm before the target. A new variable 

to determine the quality of the dose distribution produced by the grid irradiation can be 



 

 

defined: The dVPDRγ describes at which depth the VPDR reaches γ %. For the cases 

presented in Figure 5, dVPDR50 was around 5.9 cm for the single grid irradiations, and 8.5 

cm for the interlaced-crossfiring irradiations. As an optimization objective, we would 

like to maximize dVPDRγ for all γ. 

 

[Figure 5 near here] 

 

Discussion 

 

Different grid irradiations of the cubic target volume were simulated, using the three 

proposed initial beamlet widths (1-3 mm FWHM). The beam grids were crossfired and 

interlaced over the target volume to produce the desired level of dose homogeneity. The 

tumor-control probability is generally considered to be determined by the minimum 

target dose [22] and therefore, the production of a high minimum dose within the target 

volume was given a high priority. Outside the tumor, the grid structure of the dose 

distribution was preserved down to tissue depths close to the target volume. 

 The grid parameters, most notably the c-t-c distance, had a very important 

impact on the final result. The most suitable c-t-c distance was found to achieve a good 

dose homogeneity inside the target, a not too large normal tissue peak-dose, as well as a 

low valley dose, i.e. a low VPDR. For the grid irradiations containing 2 or 3 mm-wide 

beamlets, a c-t-c distance of 8 mm seems suitable, because it resulted in a close to 

homogeneous dose distribution inside the cubic target, while keeping the VPDR and the 

peak doses in the normal tissue relatively low. For grids with 1 mm-wide beamlets and 

a c-t-c distance of 8 mm, the in-depth peak doses, VPDR and target dose coverage were 

acceptable but the entrance peak dose was very high (e.g. 527 % for the 2x2 opposing 



 

 

2-D grids geometry). Hence, a c-t-c distance of 7 or 6 mm or the use of another grid 

geometry (e.g. the 2x2 opposing 1-D grids geometry) might be more appropriate in 

order to reduce the entrance peak dose. 

 The choice of initial beamlet widths for this work was based on the subsequent 

considerations: 1) the initial beamlet widths should be easier to produce at existing 

proton facilities than e.g. microbeams. The smallest beam width (without added 

collimation) currently available at proton therapy centers is typically in the order of 10 

mm FWHM. We expect the collimation of 1-3 mm wide beamlets to be carried out with 

practical ease. There will be less scattering and neutrons produced than for the 

collimation of mini- and microbeams. 2) Rather than e.g. producing microbeams, where 

almost the entire broad beam is lost in the collimator, producing millimeter beamlets 

implies less loss of the primary beam in the collimator. This leads to a higher possible 

dose-rate in the target volume, less neutron production in the collimator and less 

activation of the collimator material. The treatment time will still remain higher than if 

conventional proton therapy was delivered though, and may impact collimator design. 

3) The initial beamlet widths should not be smaller than the typical target setup error 

and beam-delivery accuracy that can be expected at a modern proton therapy center 

when motion mitigation techniques, such as stereotactic frames or high-frequency jet 

ventilation is used [23,24]. Hence, we conclude that the interlaced crossfire method is 

feasible at current proton therapy centers. 4) Finally, to our knowledge, the initial 

beamlet sizes investigated in this work have not been studied so far for grid therapy. 

 In this work, we explored the use of five grid irradiation geometries: single 1-D 

grids, single 2-D grids, two opposing 1-D grids, 2x2 opposing 1-D grids and 2x2 

opposing 2-D grids. With the use of a single grid setup, it was not possible to cover the 

cubic target volume with a sufficiently homogeneous dose, while producing at the same 



 

 

time a low valley dose in the normal tissue, close to the target. If the therapeutic dose is 

prescribed to the minimum dose in the target, a large volume of the normal tissue in the 

vicinity of the target will be given doses which are above dose levels that have been 

shown to cause increased risks of radiation necrosis. In this regard, distributing the entry 

dose further using multiple grids, while interlacing the beamlets inside the target, is an 

appealing solution. 

 Which crossfired-interlacing grid geometry that is the best is still subject to 

discussion. With the interlaced 1-D grids, the spatial fractionation inside the grids is 

only one dimensional, reducing the risk for potential setup errors compared to the 2-D 

grids. When the irradiation geometries based on two opposing 1-D grid or 2x2 opposing 

2-D grids are used, each voxel inside the target is mainly irradiated with a single 

beamlet, with only minor contributions from the neighboring beamlets. However, with 

the 2x2 opposing 1-D grid geometry, the entire target volume is irradiated by at least 

two perpendicular beamlets. This is of relevance for the treatment robustness which 

should be taken into consideration. 

 The radiobiological assumptions, on which grid therapy has been based for over 

a century, have to be further investigated. The underlying radiobiological processes that 

explain why grid therapy allows for a better protection of the normal tissue are still to 

be better explained and quantified for additional tissues and beam widths. The grid 

therapy studies which have been conducted in the past mainly focused on exploiting the 

dose-volume effect. Using only one irradiation grid, the normal tissue has sometimes 

been given doses >100 Gy in very small volumes in a single fraction, while the target 

has received a reduced dose [14]. However, the interlaced-crossfiring of proton grids 

studied in this work makes it possible to irradiate the normal tissue with relatively low 

doses, compared to the target dose (2-3 times lower in most cases, depending on the 



 

 

depth). The integral doses given to the normal tissue with this method is comparable 

with the integral doses delivered in conventional proton therapy treatments, but 

confined to relatively small volumes. Theoretically, this should result in an improved 

normal-tissue tolerance for many early and late responding organs. Eventually, only 

radiobiological experiments can reveal which peak dose, VPDR, beamlet width and c-t-

c distance combination that is tolerated. 

 

Summary 

The results of this study showed that it is possible, from a dosimetric point-of-view, to 

use grids containing mm-wide proton beamlets to obtain dose distributions which are of 

potential interest for grid therapy treatments. By interlacing beamlet arrays incident 

from opposing directions, a cubic, nearly homogeneous dose distribution could be 

achieved while maintaining the grid structure of the dose distribution close to the target. 

This approach can lead to considerable improvements in the normal tissue sparing using 

grid therapy, also at larger depths in tissue. 

 The transition from conventional therapy to grid therapy increases the physical 

parameter space to be considered to an overwhelming large size, which may encumber 

the design of the much needed radiobiological experiments. With this work, we hope to 

provide guidance for such future studies, by both defining these parameters and by 

providing relevant sets of treatment parameters and dosimetric values, which can be 

realized at existing proton therapy centers. 

 

 

 

 



 

 

Acknowledgements 

 

Financial support from the Cancer Research Funds of Radiumhemmet is gratefully 

acknowledged 

 

 

References 

 

[1]  Köhler A. Une nouvelle méthode permettant de faire agir, dans la profondeur des 

tissus, de hautes doses de rayons Roentgen et un moyen nouveau de protection 

contre les radiodermites. Ann. d’Electrobiologie Radiol. 1909;10:661–664. 

[2]  Köhler A. Zur Röntgentiefentherapie mit Massendosen. Münchener medizinische 

Wochenschrift. 1909;56:2314–2316. 

[3]  Laissue JA, Blattmann H, Slatkin DN. [Alban Köhler (1874-1947): Inventor of 

grid therapy]. Zeitschrift für medizinische Phys. 2012;22:90–99. 

[4]  Laissue JA, Bartzsch S, Blattmann H, et al. Response of the rat spinal cord to X-

ray microbeams. Radiother. Oncol. 2013;106:106–111. 

[5]  Flickinger JC, Kano H, Niranjan A, et al. Dose selection in stereotactic 

radiosurgery. Prog. Neurol. Surg. 2013;27:49–57. 

[6]  Hopewell JW, Trott KR. Volume effects in radiobiology as applied to 

radiotherapy. Radiother. Oncol. 2000;56:283–288. 

[7]  Bijl HP, van Luijk P, Coppes RP, et al. Dose-volume effects in the rat cervical 

spinal cord after proton irradiation. Int. J. Radiat. Oncol. Biol. Phys. 

2002;52:205–211. 

[8]  Nagasawa H, Little JB. Induction of sister chromatid exchanges by extremely 



 

 

low doses of alpha-particles. Cancer Res. 1992;52:6394–6396. 

[9]  Mackonis EC, Suchowerska N, Zhang M, et al. Cellular response to modulated 

radiation fields. Phys. Med. Biol. 2007;52:5469–5482. 

[10]  Blyth BJ, Sykes PJ. Radiation-Induced Bystander Effects: What Are They, and 

How Relevant Are They to Human Radiation Exposures? Radiat. Res. 

2011;176:139–157. 

[11]  Mohiuddin M, Fujita M, Regine WF, et al. High-dose spatially-fractionated 

radiation (GRID): a new paradigm in the management of advanced cancers. Int. 

J. Radiat. Oncol. Biol. Phys. 1999;45:721–727. 

[12]  Curtis HJ. The use of deuteron microbeam for simulating the biological effects of 

heavy cosmic-ray particles. Radiat. Res. Suppl. 1967;7:250–257. 

[13]  Slatkin DN, Spanne P, Dilmanian FA, et al. Microbeam radiation therapy. Med. 

Phys. 1992;19:1395–1400. 

[14]  Bräuer-Krisch E, Serduc R, Siegbahn EA, et al. Effects of pulsed, spatially 

fractionated, microscopic synchrotron X-ray beams on normal and tumoral brain 

tissue. Mutat. Res. 2010;704:160–166. 

[15]  Bräuer-Krisch E, Adam J-F, Alagoz E, et al. Medical physics aspects of the 

synchrotron radiation therapies: Microbeam radiation therapy (MRT) and 

synchrotron stereotactic radiotherapy (SSRT). Phys. Medica. 2015;31:568–583. 

[16]  Dilmanian FA, Zhong Z, Bacarian T, et al. Interlaced x-ray microplanar beams: a 

radiosurgery approach with clinical potential. Proc. Natl. Acad. Sci. U. S. A. 

2006;103:9709–9714. 

[17]  Zlobinskaya O, Girst S, Greubel C, et al. Reduced side effects by proton 

microchannel radiotherapy: study in a human skin model. Radiat. Environ. 

Biophys. 2013;52:123–133. 



 

 

[18]  Dilmanian FA, Eley JG, Krishnan S. Minibeam therapy with protons and light 

ions: physical feasibility and potential to reduce radiation side effects and to 

facilitate hypofractionation. Int. J. Radiat. Oncol. Biol. Phys. 2015;92:469–474. 

[19]  Henry T, Ureba A, Valdman A, et al. Proton Grid Therapy: A Proof-of-Concept 

Study. 2016; 

[20]  Perl J, Shin J, Schumann J, et al. TOPAS: an innovative proton Monte Carlo 

platform for research and clinical applications. Med. Phys. 2012;39:6818–6837. 

[21]  Grevillot L, Frisson T, Zahra N, et al. Optimization of GEANT4 settings for 

Proton Pencil Beam Scanning simulations using GATE. Nucl. Instruments 

Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms. 2010;268:3295–

3305. 

[22]  Brahme A. Dosimetric precision requirements in radiation therapy. Acta Radiol. 

Oncol. 1984;23:379–391. 

[23]  Santiago A, Jelen U, Ammazzalorso F, et al. Reproducibility of target coverage 

in stereotactic spot scanning proton lung irradiation under high frequency jet 

ventilation. Radiother. Oncol. 2013;109:45–50. 

[24]  Fritz P, Kraus H-J, Mühlnickel W, et al. High-Frequency Jet Ventilation for 

Complete Target Immobilization and Reduction of Planning Target Volume in 

Stereotactic High Single-Dose Irradiation of Stage I Non–Small Cell Lung 

Cancer and Lung Metastases. Int. J. Radiat. Oncol. 2010;78:136–142. 

 



 

 

Table 1. Dosimetric values obtained for single 1-D and single 2-D grid irradiations of a 

cubic target volume with 1, 2 and 3 mm-wide beamlets (FWHM). The dose was 

normalized (100%) to the mean target dose. 

Beamlet size (FWHM) C-t-c distance Grid type VPDR Peak dose (%) VPDR Peak dose (%) VPDR Peak dose (%) Min dose (%) Max dose (%) σ (± %)

1 mm 3 mm Single 1-D grid 0.008 115 0.83 70 0.95 74 91 105 3.6

Single 2-D grid 0.004 309 0.82 77 0.96 76 91 105 3.6

2 mm 4 mm Single 1-D grid 0.13 77 0.71 75 0.86 78 91 105 3.8

Single 2-D grid 0.13 142 0.70 87 0.87 83 91 105 3.5

3 mm 5 mm Single 1-D grid 0.29 66 0.68 77 0.79 82 89 107 4.9

Single 2-D grid 0.30 100 0.67 91 0.79 90 90 107 4.7

At phantom entrance 2 cm before target 1 cm before target Target coverage V(95 %)

 

 

 

Table 2. Dosimetric values obtained for different proton grid irradiations of a cubic 

target volume with 1 mm-wide beamlets (FWHM) and four different center-to-center 

distances. The dose was normalized (100%) to the mean target dose. 

Beamlet size (FWHM) C-t-c distance Grid type VPDR Peak dose (%) VPDR Peak dose (%) VPDR Peak dose (%) Min dose (%) Max dose (%) σ (± %)

1 mm 5 mm 2 opposing 1-D grids 0.002 92 0.25 50 0.46 47 92 107 3.5

2x2 opposing 1-D grids 0.002 46 0.26 25 0.48 26 93 104 2.8

2x2 opposing 2-D grids 0 206 0.22 43 0.44 34 95 104 2.4

6 mm 2 opposing 1-D grids 0.001 111 0.13 60 0.26 55 89 109 5.0

2x2 opposing 1-D grids 0.001 56 0.13 30 0.29 29 89 106 4.0

2x2 opposing 2-D grids 0 296 0.10 62 0.24 48 93 106 3.4

7 mm 2 opposing 1-D grids 0.001 129 0.07 69 0.15 63 89 110 5.2

2x2 opposing 1-D grids 0.001 65 0.07 35 0.18 32 89 107 4.3

2x2 opposing 2-D grids 0 403 0.04 83 0.13 63 92 108 4.2

8 mm 2 opposing 1-D grids 0 147 0.05 79 0.09 72 92 110 4.3

2x2 opposing 1-D grids 0 74 0.05 39 0.12 37 93 106 3.3

2x2 opposing 2-D grids 0 527 0.02 108 0.08 82 92 111 4.7

At phantom entrance 2 cm before target 1 cm before target Target coverage V(95 %)

 

 

 

 

Table 3. Dosimetric values obtained for different proton grid irradiations of a cubic 

target volume with 2 mm-wide beamlets (FWHM) and four different center-to-center 

distances. The dose was normalized (100 %) to the mean target dose. 

Beamlet size (FWHM) C-t-c distance Grid type VPDR Peak dose (%) VPDR Peak dose (%) VPDR Peak dose (%) Min dose (%) Max dose (%) σ (± %)

2 mm 6 mm 2 opposing 1-D grids 0.007 56 0.23 51 0.38 49 88 107 4.6

2x2 opposing 1-D grids 0.007 28 0.24 25 0.41 26 89 105 3.9

2x2 opposing 2-D grids 0.005 78 0.21 44 0.38 38 93 105 2.9

7 mm 2 opposing 1-D grids 0.003 65 0.13 58 0.23 56 88 108 4.8

2x2 opposing 1-D grids 0.003 33 0.13 29 0.26 29 89 106 4.1

2x2 opposing 2-D grids 0.001 105 0.10 58 0.22 49 93 106 3.3

8 mm 2 opposing 1-D grids 0.002 74 0.08 66 0.15 64 92 108 3.9

2x2 opposing 1-D grids 0.002 37 0.08 33 0.18 33 93 105 3.1

2x2 opposing 2-D grids 0 137 0.05 76 0.13 64 93 108 3.5

9 mm 2 opposing 1-D grids 0.001 84 0.05 75 0.09 72 88 109 5.0

2x2 opposing 1-D grids 0.001 42 0.05 37 0.12 37 89 106 4.2

2x2 opposing 2-D grids 0 174 0.03 96 0.08 80 93 110 4.5

At phantom entrance 2 cm before target 1 cm before target Target coverage V(95 %)

 

 



 

 

Table 4. Dosimetric values obtained for different proton grid irradiations of a cubic 

target volume with 3 mm-wide beamlets (FWHM) and four different center-to-center 

distances. The dose was normalized (100 %) to the mean target dose. 

Beamlet size (FWHM) C-t-c distance Grid type VPDR Peak dose (%) VPDR Peak dose (%) VPDR Peak dose (%) Min dose (%) Max dose (%) σ (± %)

3 mm 7 mm 2 opposing 1-D grids 0.05 44 0.27 49 0.38 49 87 107 4.7

2x2 opposing 1-D grids 0.05 22 0.27 24 0.41 26 87 105 4.2

2x2 opposing 2-D grids 0.05 47 0.25 39 0.38 37 94 104 2.5

8 mm 2 opposing 1-D grids 0.02 50 0.17 55 0.25 55 92 107 3.7

2x2 opposing 1-D grids 0.02 25 0.17 28 0.29 29 92 104 3.1

2x2 opposing 2-D grids 0.02 61 0.14 51 0.25 48 94 105 2.6

9 mm 2 opposing 1-D grids 0.006 57 0.10 62 0.16 62 87 107 4.9

2x2 opposing 1-D grids 0.006 28 0.10 31 0.19 33 87 105 4.3

2x2 opposing 2-D grids 0.005 78 0.08 64 0.15 60 94 106 3.2

10 mm 2 opposing 1-D grids 0.003 62 0.07 67 0.10 68 91 106 3.6

2x2 opposing 1-D grids 0.003 31 0.07 34 0.15 36 91 105 3.3

2x2 opposing 2-D grids 0.002 95 0.05 78 0.10 72 95 108 3.5

At phantom entrance 2 cm before target 1 cm before target Target coverage V(95 %)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 1. (a) A 1-D grid with 4 beamlets and (b) a 2-D grid with 16 beamlets. (c) 3-D 

illustration of two 1-D grids interlacing in a cubic target, each grid containing two 

elongated beamlets. 

 

 

Figure 2. (a) Depth-dose profiles for proton beamlets of energy 150 MeV for four 

different initial beamlet FWHMs (0.5-3 mm), (b) Depth-dose profiles for 2 mm-wide 

beamlets (FWHM) for five different energies (70, 110, 150, 190 & 230 MeV), (c) 

Evolution of the beamlet width (FWHM) with depth for the four initial beamlet widths 

and five energies studied. 



 

 

 

Figure 3. 2D dose distribution produced by irradiation of a cubic target with 2x2 

opposing and interlaced 1-D grids with 2 mm-wide beamlets (FWHM) and a c-t-c 

distance of 8 mm. 

 

 

 

 

Figure 4. Comparison of lateral dose distributions at different depths obtained with: a) 

2x2 opposing 1-D grids with 2 mm-wide beamlets (FWHM) and a c-t-c distance of 8 

mm, b) a single 1-D grid with 2 mm-wide beamlets (FWHM) and a c-t-c distance of 4 

mm. Both figures were normalized (100 %) to the mean target dose. 

 

 



 

 

 

Figure 5. Evolution of the VPDR with depth in the normal tissue, from the entrance to 

the target volume, for 5 different grid irradiation geometries with 2 mm-wide beamlets 

(FWHM). 
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Abstract  

Purpose: Radiotherapy using cm-wide beam-grid elements has been carried out sporadically for more than a 

century. During the past two decades, preclinical research on grid therapy with smaller beam elements, 25 10 
µm - 0.7 mm wide, has been performed. In this work, a dosimetric evaluation of the possibility to perform 

carbon-ion beam grid therapy with mm-wide beam elements, which are technically easier to implement in the 

clinic than micro- and minibeams, was performed. The gain in treatment quality, obtained by crossfiring the 

carbon-ion beam grids over a simulated target volume, was evaluated, quantitatively.  

Methods: Dose distributions produced by a rectangular carbon-ion beam in a water phantom were simulated 15 
with the PHITS Monte Carlo code. The beam element height was set to 2.0 cm in the simulations, while the 

widths varied from 0.1 - 10.0 mm. A spread-out Bragg peak (SOBP) for a single beam element was then 

created, covering a hypothetical target volume along the depth direction. The dose distributions produced by 

beam-grids were thereafter constructed by adding dose profiles simulated for single beams. The separation of 

the beam elements inside the grids were determined for different irradiation geometries with an optimality 20 
criterion.  

Results: The simulated carbon-ion beams remained narrow down to the depths of the Bragg-peaks. A 

beam-element separation which was close to the beam-element width was found optimal for grids containing 

3.0-mm-wide beam elements, while for grids containing 0.5-mm-wide beam elements, a separation which 

was considerably larger than one beam width was found advantageous. The valley doses given to the normal 25 
tissue (at 0.5 cm distance from to the target volume) decreased with approximately 90% for the setup based 

on interlaced crossfiring of four grids, compared to the single-grid irradiations. 

Conclusion: The beam elements in the carbon-ion beam grids remain narrow down to large depths in water. 

The treatment simulation results showed that a homogeneous dose distribution could be created inside the 

target volume, combined with low valley dose in the normal-tissue located close to the target, when 30 
interlaced crossfiring of the carbon-ion beam grids was applied.  

 

Keywords:  carbon-ion therapy, grid therapy, Monte Carlo simulations, treatment optimization
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1. Introduction 

 35 
Soon after x-rays began to be used for radiotherapy, it was found that the skin could repair 
radiation damage better if irradiated with beams of small cross-section area. This finding 
led to the birth of grid-based radiation therapy (RT), for which small x-ray beam elements 
were used to build the grids.1 At a later stage, it was found that not only the skin was better 
protected if irradiated with small beams, but also other tissues. Grid therapy has since then 40 
occasionally been used for patient treatments at a few clinics around the world. Typically, 
a large cancer target has been irradiated with an x-ray grid incident from one direction, 
producing alternating peak and valley doses in the irradiated tissue.2,3 Two main 
parameters are defining the grid, the beam-element size (width and height) and the 
separation between the beam elements inside the grid (center-to-center, c-t-c distance). 45 
   W. Zeman et al (1961) showed that the threshold dose to damage the mouse cerebral 

cortex was considerably higher if the tissue was irradiated with microbeams, compared to 
mm-wide beams.4 However, a dose-volume effect was also observed for beam diameters in 
the millimeter range. In later studies related to the radiation-induced tissue reactions in the 
human skin, pig skin and in the spinal cord of rats, the dose-volume effect have been 50 
characterized over large beam-diameter intervals (up to 40.0 mm).5 More recently, grid 
therapy has been evaluated in pre-clinical animal trials by using a set of highly collimated, 
25-50 µm-wide rectangular x-ray beams, spaced by 0.4 mm or less.6,7 This form of grid 
therapy has been given the name microbeam RT. The tolerance of the normal tissue, e.g. 
the cerebral-nervous system (CNS), to irradiations with x-ray microbeam grids with peak 55 
doses up to 100s of Gys, has been found to be extremely high.7 New irradiation geometries, 
e.g. interlaced crossfiring8 developed for microbeam therapy, have also been made possible 
with the arrival of radiation beams which are more parallel and of higher energy and 
fluence rate. 
   The possibility to perform therapy with grids containing beam elements of widths 60 
somewhat smaller than 1.0 mm (0.3 – 0.7 mm) has also been studied. This kind of beam 
elements have been called “minibeams”.9-13 One advantage of minibeam grid therapy over 
microbeam grid therapy is the comparative ease of minibeam production, due to reduced 
requirements on the beam fluence rate and divergence. The dose profiles, produced by 
these minibeams, are less affected by potential dose smearing due to setup errors and organ 65 
motion. However, it is a well-known fact that the tissue tolerance is reduced when 
increasing the beam-element width from 0.05 mm to 0.5 mm.14 Several studies related to 
minibeam grid therapy with light ions have recently been carried out.10-13 In a recent article 
by Henry et al, the use of proton beams for clinical grid therapy was studied.15 
   Carbon-ion beams have unique physical and biological characteristics, which provide 70 

many advantages in the treatment of cancer compared to photons.16-20  The Bragg peak in 
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the dose distribution is very sharp at the end of the finite particle range and the angular 
scattering is less pronounced than for example for proton beams.18 Accelerated carbon ions 
are categorized as high-LET particles and they are associated with a higher RBE (Relative 
Biological Effectiveness) than photons and protons. The LET and RBE gradually increase 75 
with depth.17,19 The elevated RBE enables efficient treatment of radioresistant tumors.20 
   In this work, we investigated further the possibility of combining carbon-ion RT with 

grid therapy. We studied the dose deposition characteristics in water of single carbon-ion 
beams of widths in the range from a fraction of a mm (minibeams) up to several mm 
(closer to what has been used for patient treatments in the past) with Monte Carlo 80 
simulations. We also studied the possibility to obtain clinically useful dose distributions, 
i.e. a uniform target dose combined with high peak-to-valley dose ratios (PVDRs) inside 
the grids traversing the normal tissue, by crossfiring carbon-ion beam grids over a 
hypothetical target volume. The optimal c-t-c distance for each irradiation setup evaluated 
was then determined with an optimality criterion, defined in section 2.4. 85 
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2. Materials & Methods 
 
2.1 Monte Carlo Simulations  
 90 
We simulated the transport of carbon-ion beams, of different energies and beam widths, in 
water with the PHITS (Particle and Heavy Ion Transport code System) Monte Carlo 
simulation code version 2.88, which allows us to simulate the transport of various particles 
over wide energy ranges.21 
   Table 1 shows a summary of the physical models used in this study for simulating the 95 

nuclear and atomic reactions. The cut-off energies were set to 1.0 × 10-3 MeV for charged 
particles and 1.0 × 10-10 MeV for neutrons. In PHITS version 2.88, the ATIMA physical 
model of ionization, developed at GSI to calculate the energy losses of charged particles, is 
set as default.  

 100 
Table 1. The physical models and libraries used in the simulations 

Physical Models Particles Energy range 

·Ionization ATIMA 
charged particles 

(except for electrons)  
Low and High 

·Hadron-induced  

nuclear reactions 
INCL4.6, JAM, GEM 

Neutron,  

Deuteron, Triton, 3He, α, 

other hadrons, Intermediate ~ High 

·Nucleus-induced  

nuclear reactions 
JQMD, GEM Nucleus (heavy ions) 

·Nuclear data library JENDL-4.0 Neutron Low 

·Atomic data library JENDLE-4.0, EPDL97 Photon Low ~ High 

·Atomic data library EEDL, ITS3.0, EPDL97 Electron, Positron Low ~ Intermediate 

 
   The carbon-ion beams simulated were unidirectional and of rectangular shape, with a 
constant beam height of 2.0 cm, while the widths varied in the interval from 0.1 to 10.0 
mm. Within each beam element, a Gaussian function was used to describe the fluence 105 
distribution. The Gaussian spread in kinetic energy of the incident carbon-ions was set to 
1.0%, as used also in other studies.22  A water phantom, of size 200 × 200 × 231 mm3, 
was used as simulation geometry. The dose was scored in a thin plane of the phantom as 
illustrated in Fig. 1. Two different voxel sizes were used for the dose scoring, depending 
on the purpose of each substudy: 110 
 
1) For the study of the beam widening with depth, a voxel size of 50 µm × 2.5 mm × 0.2 

mm (width × height ×depth) was chosen. 
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2) For the study of dose distributions produced by the carbon-ion beam grid irradiations, 115 

a voxel size of 0.2 mm × 2.5 mm × 0.2 mm (width × height ×depth) was chosen. A 
symmetric scoring geometry was necessary to calculate the composite dose 
distributions, based on the dose distribution simulated for a single beam incident from 
one direction.  

 120 
   The number of simulated primary carbon ions was 2.0 × 107 for each substudy. The 

statistical uncertainty in the calculated dose was less than 1.0 % at the Bragg-peak.  
 

 
Figure 1. Irradiation- and dose-scoring geometry used in the simulations 

 
 125 
2.2 Calculation of the SOBP 
 
For the clinical use of carbon–ion beams, it is necessary to create a spread-out Bragg peak 
(SOBP), which is a weighted superposition of the incident beam-energy components. For 
each beam element in the grid, a calculation of the weight of each beam-energy component 130 
was therefore performed. The SOBP was adapted to cover a cubic target volume of side 
length 2.0 cm, located at the center of the water phantom, along the direction of increasing 
depth (Fig. 2 a). The SOBP was created with the formula developed by T. Bortfeld et al, 
and later improved by D. Jette et al.23,24 by adding simulated depth-dose profiles for carbon 
ions with initial kinetic energies distributed in n equally-spaced energy intervals. The 135 
weights wk, corresponding to each carbon-ion energy component k, were calculated with 
the following equation for k = 0, 1, …, n: 
 

𝑤! =

1− 1− !
!!

!!!!                                         𝑘 = 0

1− !
!
𝑘 − !

!

!!!! − 1− !
!
𝑘 + !

!

!!!!         𝑘 = 1,… ,𝑛 − 1

!
!!

!!!!                                                           𝑘 = 𝑛.

            (1) 
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 140 
where p is a parameter related to the lateral charged-particle equilibrium, which has to be 

determined for each beam size. We determined the weights wk, by increasing the p value in 
steps of 0.001 until the dose within the SOBP varied with less than 3%. The kinetic energy 
of the carbon-ions varied from 225.4 MeV/u - 250.0 MeV/u, corresponding to a range in 
water of 10.5 – 12.5 cm. A total of 21 different beam-energy components (n = 20) were 145 
used to produce the SOBP. 
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2.3 The carbon-ion beam-grid irradiation setup 150 
 

Carbon-ion beam grids, wide enough to cover the target in the transversal direction were 
constructed by adding simulated dose profiles obtained for a single carbon-ion beam. An 
addition/superposition method described by Siegbahn et al (2006) was used.25 Figure 2 
shows the different irradiation setups studied in this work. In addition to the single grid 155 
setup (Fig. 2(a)), three different ways of crossfiring the grids were evaluated, the interlaced 
setup (Fig. 2(b)), the orthogonal setup (Fig. 2(c)) and a combination of the interlaced and 
the orthogonal setup (Fig. 2(d)). The orthogonal setup, shown in Fig. 2 (c), was proposed 
as a robust setup, with which some of the uncertainties in the delivered dose distribution, 
related to setup errors, could be eliminated. 160 
      

 
 

Figure 2. Illustration of the different irradiation setups that were considered in this work. Grids of carbon-ion 

beams irradiated a cubic target volume located inside a water phantom. a) single-grid setup, b) 

interlaced-crossfiring setup, c) orthogonal setup and d) a combination of the interlaced and orthogonal setups. 
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2.4 Selection of the beam-element c-t-c distance 165 
 
The c-t-c distances considered optimal in this work, were those which provided the 
maximum PVDRs in the normal-tissues (PVDRNT) at a distance of 0.5 cm from the target 
(this distance can be arbitrarily selected) with constraints set for the target dose uniformity 
and the target- to entrance-dose ratio. The following criterion was formulated: 170 
 
Objective:        Maximize PVDRNT 
Subject to: 

 𝑀𝑎𝑥𝐷! ≤ 1.07𝑚𝑒𝑎𝑛𝐷!      𝑀𝑖𝑛𝐷! ≥ 0.95𝑚𝑒𝑎𝑛𝐷!            (2) 
𝑚𝑒𝑎𝑛𝐷!
𝐷!

≥ 1.0                                                                           (3) 

 
In this study, the PVDRNT was evaluated for the centermost peak- and valley-doses in the 175 
grid. DT is a variable which specifies the dose at an arbitrary point in the target volume. 
MaxDT, MinDT and meanDT are the maximum, minimum and average (prescribed) doses 
inside the target volume, respectively. DE is the maximum dose at the entrance surface. 
Constraint (2) was set in order to produce a uniform target dose. The uniformity limits was 
decided based on the recommendations issued in ICRU report 83.26 Constraint (3) was 180 
defined to avoid a setup in which the beam-elements are separated with a large distance (a 
high PVDRNT would then be produced) and a uniform target dose is delivered, but in 
which the entrance dose is considerably larger than the target dose. 
 
 185 
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3. Results 
 
3.1 Characterization of the dose distribution produced by a single carbon-ion 
beam 190 
3.1.1 Depth-dose distributions 
 
Dose distributions produced by single beam elements of different widths were simulated 
with the PHITS code. Figure 3 shows the depth-dose curves in water for 225.4 
MeV/nucleon carbon-ion beams of different beam widths. The depth-dose curves were 195 
normalized to the entrance dose. For beam widths smaller than 1 mm, the Bragg-peak dose 
decreases rapidly due to the lack of lateral charged-particle equilibrium. From the physical 
point of view, a large beam width could be regarded as advantageous because of the 
increased dose produced at the depth of the Bragg-peak. The depth-dose curves for 
carbon-ion beams also contain a fragmentation tail beyond the depth of the Bragg-peak. 200 
These fragments consist of low- and intermediate-energy hydrogen-, helium-, lithium-, 
beryllium- and boron-ions.18 This dose tail is of reduced height for the narrowest beams 
simulated, compared to what is observed for broader carbon-ion beams. This finding is 
also related to the absence of lateral charged-particle equilibrium for narrow beams.  

 205 

 
Figure 3. Depth-dose curves in water obtained for single 225.4 MeV/nucleon carbon-ion beams of different 

widths. 
 

Two different beam-element widths, 0.5 and 3.0 mm, were selected for the grid irradiation 
studies. A beam-element width of 0.5 mm was considered to be of interest because of the 
high normal-tissue tolerance expected for narrow beams. The 3.0 mm beam-element width 
was selected as a representative case for grids containing larger beam elements which 210 
(most importantly) will be technically easier to produce and with which the treatments will 
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be less sensitive to setup errors. A rather large dose-volume effect can still be expected for 
3.0 mm wide beams.5 
 
 215 
3.1.2 The creation of the SOBPs  
 
Figure 4 shows the calculated SOBP curves for the two carbon-ion beam-element widths 
selected for the grid-irradiation studies. The parameter p in equation (1) was set to 1.455 
and 1.517, for the 0.5- and 3.0-mm-wide beam elements, respectively. For the 0.5- and 220 
3.0-mm-wide beams, the dose within the created SOBPs varied with less than 3 %. For the 
smaller beam element, a higher entrance- than peak-dose can be observed (1.7 times 
larger), but the situation is nearly reversed for the larger beam-element size. 
 

 
Figure 4. SOBP curves in water for 0.5- and 3.0-mm-wide beam elements. Each beam is consisting of 21 

beam-energy components. The energy-interval covered by each beam-energy component was 1.23 MeV. 
 225 
 

3.1.3 The variation of the beam width with depth 
 
 The increase of the beam full-width at half maximum (FWHM) of the individual beam 
elements with depth was studied in detail due to the strong dependence of the biological 230 
effect of the irradiation on this variable. Figure 5 shows the variation of the beam width 
(FWHM) with depth for the 0.5-mm- and 3.0-mm-wide carbon-ion beams, used to create 
the SOBPs shown in Fig. 4. 
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Figure 5. The variation of the beam width (FWHM) with depth in water for 0.5- and 3.0-mm-wide 

carbon-ion beams, each consisting of 21 beam energy components at the phantom surface. 
 235 
For the 3.0-mm-wide beam, with energies varying from 225.4 MeV/u - 250.0 MeV/u, the 

FWHM is almost unchanged from the phantom surface down to the SOBP (at 10.5 cm) 
with a relative increase of only 10%. In contrast, the FWHM for the 0.5-mm-wide beam 
element increased with 300 % from the surface down to the depth of the SOBP. The lateral 
widening of the beam element with depth also influences the valley dose in the grid 240 
patterns. The relative increase of the beam FWHM is smaller for carbon-ion beams 
compared to for example proton beams.18 The FWHMs increase rapidly beyond the depth 
of the Bragg-peak, in the fragmentation tale, where secondary particles produced in nuclear 
interactions are transported.27,28 In the fragmentation tail, the physical dose is low but a 
relatively high RBE has been observed.29 The fragmentation tail is of importance for the 245 
tissue located in the vicinity of the target volume and it may affect the valley dose in the 
opposing grid, if crossfiring is used.  
 

 

  250 
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3.2 Dose distributions produced by carbon-ion beam grid irradiations  
 

3.2.1 Determination of the optimal beam-element c-t-c distance  
 
 The dose distributions produced by carbon-ion beam grids with different beam element 255 
center-to-center distances were calculated by superposition of dose distributions simulated 
for single beam elements. The PVDRNT values obtained for the different c-t-c distances are 
shown in Table 2. The best c-t-c distances were decided according to the selection criterion 
described in section 2.4.   
   As shown in Table 2, larger ratios of the beam-element c-t-c distance to the 260 
primary-beam width were found to be optimal for the narrow beam-element width (0.5 
mm). This finding is related to the larger relative increase of the FWHM for the narrow 
beams. The dose distributions produced with the different irradiation setups, with the 
optimal c-t-c distances selected, are presented in the next section. 

265 
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Table 2. The variation of the PVDRNT values with the beam-element c-t-c distances for the different 

irradiation setups and beam-element widths are shown. The values of the variables which are governed by 

constraints are also shown. The values shown in bold indicate the optimal c-t-c distance for each irradiation 

setup. 

Beam width Setup 
c-t-c distance 

(mm) 
PVDRNT 

Min. DT – Max. DT (%) 

normalized in average 

target dose 

Mean DT / DE 

0.5 mm a) single grid 0.8 1.00 97 105 1.43 
1.0 1.01 97 105 1.15 
1.2 1.05 96 105 0.96 
1.4 1.45 93 107 0.82 

b) Interlaced 

grids setup 

0.8 1.00 99 102 2.81 
1.2 1.05 99 102 1.91 
1.6 1.33 98 105 1.43 
2.0 1.98 96 107 1.15 
2.4 3.12 96 108 0.96 

c) Orthogonal 

grids setup 

0.8 1.00 97 102 2.84 
1.0 1.01 97 103 2.29 
1.2 1.05 96 103 1.92 
1.4 1.17 93 105 1.64 

d) Combination 

of Interlaced 

with Orthogonal 

setup 

1.6 1.32 97 102 3.59 
2.0 1.96 95 105 2.91 
2.4 3.06 96 105 2.44 
2.8 4.70 96 106 2.10 
3.2 6.57 91 112 1.85 

3.0 mm a) single grid 3.2 1.12 95 107 1.73 
3.4 1.17 93 108 1.67 
3.6 1.24 90 111 1.61 

b) Interlaced 

grids setup 

4.8 1.90 99 102 2.48 
5.2 2.29 99 102 2.29 
5.6 2.75 98 103 2.13 
6.0 3.31 97 104 1.99 
6.4 3.98 96 105 1.86 
6.8 4.75 94 108 1.77 

c) Orthogonal 

grids setup 

3.2 1.10 95 105 3.45 
3.4 1.15 93 107 3.34 
3.6 1.23 91 109 3.21 

d) Combination 

of Interlaced 

with Orthogonal 

setup 

5.2 2.26 96 101 4.45 
5.6 2.80 97 102 4.14 
6.0 3.34 96 103 3.88 
6.4 5.86 95 105 3.62 
6.8 6.81 93 106 3.43 

 270 
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3.2.2 Single-grid irradiations 
 
Dose distributions produced in a water phantom by a single carbon-ion beam grid with the 275 
optimal c-t-c distances (from Table 2) selected, i.e. 1.0 mm for grids containing 
0.5-mm-wide beam elements and 3.2 mm for grids containing 3.0-mm-wide beam 
elements, are shown in Fig. 6.  
 

 
Figure 6. Simulated 2D-dose distributions (normalized to the target mean dose) produced in the water 

phantom by carbon-ion beam grids containing (a) 0.5-mm-wide beam elements with a beam-element c-t-c 

distance of 1.0 mm and  (b) 3.0-mm-wide beam elements with a beam-element c-t-c distance of 3.2 mm.  

 280 
   The centermost peak dose in the grid increased below the phantom surface with 
3.0-mm-wide beam elements, but decreased somewhat with 0.5-mm-wide beam elements, 
as shown in Fig. 7 (a). However, this decrease was much smaller compared to what it was 
for the single beam element, shown in Fig. 4, because the lateral scattering of neighboring 
beams with increasing depth produces a contribution to the peak dose in this case. A higher 285 
entrance dose will have to be delivered with the grid containing 0.5-mm-wide beam 
elements, compared to the grid containing 3.0-mm-wide beam elements, to produce the 
same target dose. The reason for this is that the total beam area irradiating the target is 
smaller. This has to be balanced against the increase in tissue tolerance obtained with 
narrower beams and higher PVDRs. A low valley dose (relative dose) in the normal tissue 290 
close to the target, combined with a uniform target-dose, cannot be produced by a single 
carbon-ion beam grid irradiation.  
   The variation of the PVDRs with depth is shown in Fig. 7 (b). Closer than 
approximately 2.0 cm distance from the target surface, the PVDRs were below 2.0 for both 
grid configurations. If the PVDRs are low, as in this case, it is difficult to irradiate the 295 
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target with a high therapeutic dose while irradiating the normal tissue with a valley dose 
which enables efficient repair.  
 

 
Figure 7. (a) The variation of the centermost peak-dose with depth, extracted along the dotted lines in Fig. 6, 

for grids containing either 0.5 or 3.0-mm-wide beam elements with optimal c-t-c distances of 1.0 or 3.2 mm, 

respectively (b) The PVDRs are shown as a function of depth in water for the single-grid irradiations. The 

inserted figure shows a magnification of the PVDRs in the target region. 
 
 300 
3.2.3 Crossfiring with interlaced grids 
 
Figure 8 shows the simulated dose distributions in the water phantom for the 
interlaced-crossfiring setup, shown in Fig. 2(b). The grids contained 0.5 or 3.0-mm-wide 
beam elements, separated with optimal c-t-c distances of 2.0 mm or 6.4 mm (Table 2), 305 
respectively. With this setup, the grid pattern could be better preserved in the non-targeted 
volume close to the target, compared to the single-grid setup, in particular for the grids 
containing 3.0-mm-wide beam elements, due to the large beam-element c-t-c separation 
used. In Fig. 9 a), the variation of the peak doses with depth, produced in the centermost 
beam element, is shown. The depth-dose curve changes with depth, after the target volume, 310 
from the peak-dose in one grid to the valley-dose in the opposing grid. In this case, the 
peak dose for the grid with 0.5-mm-wide beam elements is decreasing more with depth, 
compared to what was obtained for the single grid, because the contribution from 
neighboring beam elements is smaller. In Fig. 9 b), the PVDRs obtained with this setup are 
shown as a function of depth in water. The PVDRs decrease rapidly in the vicinity of the 315 
target, in particular for the grid containing 3-mm-wide beam elements.  
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Figure 8. Simulated 2D-dose distributions (normalized to the target mean dose) obtained when crossfiring 

interlaced grids of carbon-ion beams containing (a) 0.5-mm-wide beam elements with a c-t-c distance of 2.0 

mm and (b) 3.0-mm-wide beam elements with a c-t-c distance of 6.4 mm. 

 

 
Figure 9. (a) The variation of the centermost peak dose with depth in water (extracted along the dotted lines 

in Fig. 8) for a setup based on crossfiring of interlaced grids containing 0.5- and 3.0-mm-wide beam 

elements, with c-t-c distances of 2.0 and 6.4 mm, respectively. (b) PVDRs are shown as a function of depth 

in water. The inserted figure shows a magnification of results in the target region.  

 

 320 

3.2.4 Orthogonal crossfiring  
 
The dose distributions produced in water with the orthogonal irradiation setup, shown in 
Fig. 2 (c), for grids containing 0.5 and 3.0 mm-wide beam-elements, with optimal c-t-c 
distances of 1.2 and 3.2 mm (Table 2), respectively, are shown in Fig. 10. In Fig. 11 b), the 325 
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PVDRs obtained with this setup are shown as a function of depth in water. The optimal 
c-t-c distances and the PVDRs (shown in Fig. 11 (b)) obtained outside of the target volume 
with this setup, were similar to those obtained with the single-grid irradiations (See section 
3.2.1). However, the target dose was increased by a factor of 2, compared to the single-grid 
irradiations (shown in Fig. 11 (a)). The PVDR values obtained outside of the target volume 330 
are lower than for the interlaced setup due to the high valley doses produced by the 
proximity of the beam elements. 

 

Figure 10. Simulated 2D-dose distributions (normalized to the target mean dose) obtained with orthogonal 

crossfiring of grids of carbon-ion beams containing (a) 0.5-mm-wide beam elements with a c-t-c distance of 

1.2 mm and (b) 3.0-mm-wide beam elements with a c-t-c distance of 3.2 mm. 

 

 

Figure 11. (a) The variation of the centermost peak-doses with depth in water for the orthogonal crossfiring 

setup, extracted along the dotted lines shown in Fig. 10, for grids containing 0.5- and 3.0-mm-wide beam 

elements. (b) The variation of the PVDRs with depth is shown. The inserted figure shows a magnification of 

the target region. 
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3.2.5 Combining the interlaced- and orthogonal-crossfiring setups 335 
 
Finally, the irradiation setup shown in Fig. 2 (d) was evaluated. In Fig. 12, the simulated 
dose distributions produced by crossfiring four grids containing 0.5- or 3.0-mm-wide beam 
elements with optimal c-t-c distances (Table 2) of 2.8 or 6.4 mm, respectively, are shown. 
For this setup, the optimal beam element c-t-c distance in the grids containing 340 
0.5-mm-wide beam elements (Table 2) was considerably larger than what was obtained for 
the other irradiation setups, but for the setup with grids containing 3.0-mm-wide beam 
elements, the optimal c-t-c distance was the same as for the interlaced irradiation setup. 
Figure 13 (a) shows the variation of centermost peak-doses with depth (the peak-doses are 
changed to valley-doses after the target). Orthogonal crossfiring of grids, combined with 345 
interlacing, makes the selection of larger c-t-c distances possible, while maintaining 
adequate target-dose coverage. The PVDR values obtained with this setup are shown in Fig. 
13 (b). 
  

 
Figure 12. Simulated 2D-dose distributions obtained with orthogonal crossfiring of interlaced carbon-ion 

beam grids containing (a) 0.5-mm-wide beam elements with a c-t-c distance of 2.8 mm and (b) 3.0-mm-wide 

beam elements with a c-t-c distance of 6.4 mm. 

 350 
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Figure 13. (a) The variation of the centermost peak-doses with depth in water, obtained with orthogonal 

crossfiring of four interlaced grids, is shown. The grids contained either 0.5 or 3.0-mm-wide beam elements 

with c-t-c distances of 2.8 or 6.4 mm, respectively. (b) PVDRs are shown as a function of depth in water. In 

the inserted Figure, a magnification of the PVDRs in the target region is shown. 

 
 
3.2.6 Summary of the dosimetric results obtained for the grid irradiations 
 
Table 3 summarizes the PVDRNT values and valley doses, determined at a distance of 0.5 355 
cm from the target volume (normalized to the target mean dose), for each irradiation setup. 
The crossfiring setup with four beam-grid directions resulted in the lowest valley doses 
(the decrease was 89% and 87% for grids containing 0.5-mm- and 3.0-mm-wide beam 
elements, respectively, compared to the single-grid setup). Furthermore, the PVDRNT 
values increased with an approximate factor of 5 with this setup, compared to the 360 
single-grid setup. 
 
Table 3. Summary of dosimetric values, considered to be of importance for the normal-tissue toxicity, 

obtained in the grid-irradiation simulations.  

  Grids of 

0.5-mm-wide beam elements 
Grids of 

3.0-mm-wide beam elements 

PVDRNT  Valley dose PVDRNT Valley dose 

a) single grid 1.05 0.79 1.12 0.77 
b) Interlaced setup 1.98 0.30 3.98 0.19 
c) Orthogonal setup 1.05 0.40 1.10 0.40 
d) Combination of Interlaced 

with Orthogonal setup 
4.70 0.08 5.86 0.10 

 365 
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4. Discussion 
 
The results of this worked showed that it is possible, at least in theory, to produce a 
uniform dose in the radiotherapeutic target volume, and to irradiate the normal tissue only 370 
with well-defined grids, by crossfiring carbon-ion beam grids. For many tissue types, this 
kind of treatment would also benefit from a higher RBE for the doses deposited in the 
target volume. In human grid therapy and in animal experiments related to this technique, 
the use of narrow beam elements combined with low valley doses have been found to be of 
crucial importance to keep the normal-tissue toxicity at low levels. For that reason, a 375 
detailed study of the beam-element widening with depth was performed in this work. The 
calculation results showed that the beam-element width increased slowly with depth and 
that the relative increase of the width was larger for the narrowest beam studied (the width 
increased approximately with a factor of 3 down to the SOBP, as shown in Fig. 5).  
   In this work we have evaluated different irradiation setups which can be used for 380 
carbon-ion grid therapy and determined the dose distributions which can be obtained with 
these setups. It is not possible to conclude from this work that one of the fixed 
beam-element widths always is preferable. The beam widths used in this study (0.5 and 3.0 
mm) were selected as representative cases for grids containing either small or large beam 
elements. When selecting between small and large beam elements, there are several 385 
technical, physical and biological aspects to consider.  
   We hypothesize that carbon-ion beam grid therapy could be useful for radiosurgery of 
both intra- and extra-cranial targets, 30,31 if these can be reasonably well immobilized, e.g. 
brain tumors. and that it could reduce the frequency of side effects sometimes observed 
after the treatment, e.g., damage of the CNS or the skin.32,33  390 
   The uni-directional irradiation could possibly be used to reduce the size of large tumors, 
a purpose for which grid therapy has been used in the past, but it cannot be used as a 
stand-alone treatment without exceeding the dose thresholds set for the normal tissue. It 
should also be borne in mind that temporal fractionation will be increasingly difficult to 
perform with decreasing beam-element size.  395 
   We showed in this work that crossfiring of the beam grids is necessary to maintain the 
valley dose in the normal tissue low, while creating a uniform and high dose inside the 
target volume. This setup could also be used for single-fraction stand-alone treatments. If 
for example a mean target dose of 20.0 Gy is ordinated for the treatments shown in Fig. 12, 
the maximum doses given to the normal tissue ( peak dose is 8.0 Gy) will be below the 400 
dose limits determined for larger cm-wide beams.  

However, the crossfiring techniques demand a very high accuracy in the irradiation 
setup. Most notably, there is a certain risk to underdose the target with grid therapy which 
must be handled. There are different strategies which can be used to reduce the risk of dose 
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cold spots in the target volume, e.g. the crossfiring of beam grids which are slightly 405 
overlapping inside the target volume, but not outside of it (which will cause no harm as 
long as there is nothing which should be spared within the target volume). A thorough 
robustness analysis to setup errors will be carried out in a future study.  
  We expect that the grids with the smallest beam elements could be useful for CNS 
treatments due to its high tolerance to irradiations with narrow mm-wide beams. If an 410 
invasive stereotactic frame is used, a positioning uncertainty of less than 1 mm can be 
obtained.34 The grids containing larger beam elements could potentially be used for 
treatments of extracranial targets. If the treatments are performed in apnea35 the motion 
amplitude for organs affected by breathing motion can be reduced to below 2 mm. There 
are also other technical issues which must be solved before the treatment can be realized, 415 
e.g., the collimation of high-energy ion beams with narrow metal slits.  
 
 
5. Conclusions 
 420 
In this study, a new carbon-ion beam therapy method, with which the dose is delivered in a 
grid pattern, has been proposed. A uniform dose can be delivered to the target volume with 
this method, sometimes with an increased RBE. The width of the carbon-ion beams 
increased slowly with depth and the valley dose produced in between the carbon-ion beam 
elements remained low down to large depths in the tissue. We found in this work that 425 
unidirectional irradiations cannot be used as stand-alone treatments because of the high 
minimum doses produced in the normal tissue. However, when crossfiring the target 
volume from several directions, the objectives set for the treatment, i.e., to produce a 
uniform dose in the target volume while only irradiating the normal tissue with 
well-defined grids, could be reached.  430 
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