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1. Introduction 

a - Physical Rationale 

Protons have different dosimetric characteristics than photons used in conventional 

radiation therapy. After a short build-up region, conventional radiation shows an 

exponentially decreasing energy deposition with increasing depth in tissue. In 

contrast, protons show an increasing energy deposition with penetration distance 

leading to a maximum (the “Bragg peak”) near the end of range of the proton beam 

(figure 1). 
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Figure 1: Typical dose deposition as a function of depth for a proton beam. 

 

Protons moving through tissue slow down loosing energy in atomic or nuclear 

interaction events. This reduces the energy of the protons, which in turn causes 

increased interaction with orbiting electrons. Maximum interaction with electrons 

occurs at the end of range causing maximum energy release within the targeted area. 

This physical characteristic of protons causes an advantage of proton treatment over 

conventional radiation because the region of maximum energy deposition can be 
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positioned within the target for each beam direction. This creates a highly conformal 

high dose region, e.g., created by a spread-out Bragg peak (SOBP) (see section 3a), 

with the possibility of covering the tumor volume with high accuracy. At the same 

time this technique delivers lower doses to healthy tissue than conventional photon 

or electron techniques. However, in addition to the difference in the depth-dose 

distribution there is a slight difference when considering the lateral penumbra (lateral 

distance from the 80% dose to the 20% dose level). For large depths the penumbra 

for proton beams is slightly wider than the one for photon beams by typically a few 

mm. 

 

b - Clinical Rationale 

The rationale for the clinical use of proton beams is the feasibility of delivering 

higher doses to the tumor, leading to an increased tumor control probability (TCP) 

(Niemierko et al., 1992). This is possible due to the irradiation of a smaller volume 

of normal tissues compared to other modalities. Due to the reduced treatment volume 

and a lower integral dose, patient tolerance is increased. Like other highly conformal 

therapy techniques, proton therapy is of particular interest for those tumors located 

close to serially organized tissues where a small local overdose can cause fatal 

complication such as most tumors close to the spinal cord. Irregular shaped lesions 

near critical structures are well suited for protons. 

Proton therapy has been applied for the treatment of various disease sites (Delaney et 

al., 2003) including paranasal sinus tumors (Thornton et al., 1998), chordoma (Benk 

et al., 1995; Terahara et al., 1999), chondrosarcoma (Rosenberg et al., 1999), 

meningioma (Hug et al., 2000; Wenkel et al., 2000), prostate (Hara et al., 2004; 

Slater et al., 2004), and lung tumors (Shioyama et al., 2003). Clinical gains with 

protons have long been realized in the treatment of uveal melanomas, sarcomas of 

the base of skull (Weber et al., 2004), and sarcomas of the paravertebral region. 

Proton radiosurgery has been used to treat large arterial venous malformations as 

well as other intracranial lesions (Harsh et al., 1999). 

Treatment plan comparisons show that protons offer potential gains for many sites. 

Comparisons of treatment modalities (protons vs. photons) have been made on the 

basis of TCP and NCTP (Normal Tissue Complication Probability) calculations for 
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cranial irradiation of childhood optic nerve gliomas by Fuss et al. (Fuss et al., 2000). 

Also, advantages of proton plans compared to photon plans have been shown for 

pediatric optic pathway gliomas (Fuss et al., 1999) and for pediatric meduloblastoma 

/ primitive neuro-ectodermal tumors (Miralbell et al., 1997). Here, proton therapy 

offered a high degree of conformity to the target volumes and steep dose gradients, 

thus leading to substantial normal tissue sparing in high- and low-dose areas. Studies 

on various CNS tumors and pediatric patients with low-grade astrocytoma revealed 

that acute or early late side effects were low (McAllister et al., 1997; Hug and Slater, 

1999). Another target used for comparative treatment planning is glioblastoma 

multiforme (Tatsuzaki et al., 1992) where, due to a highly radioresistant tumor mass 

and due to extensive microscopic invasion, high doses to critical structures are 

difficult to avoid. A comparison of proton and X-ray treatment planning for prostate 

cancer has been published by Lee et al. (Lee et al., 1994). Others studied X-ray and 

proton irradiation of esophageal cancer (Isacsson et al., 1998), locally advanced 

rectal cancer (Isacsson et al., 1996), and paraspinal tumors (Isacsson et al., 1997) 

showing that protons have therapeutic advantages over conventional therapy based 

on TCP and NTCP calculations. Osteo- and chondrogenic tumors of the axial 

skeleton, rare tumors at high risk for local failure, were studied for combined proton 

and photon radiation therapy (Hug et al., 1995). The potential advahintages of 

protons has also been discussed for various other types of tumors (Archambeau et al., 

1992; Levin, 1992; Miralbell et al., 1992; Nowakowski et al., 1992; Slater et al., 

1992; Slater et al., 1992; Smit, 1992; Tatsuzaki et al., 1992; Tatsuzaki et al., 1992; 

Wambersie et al., 1992; Lee et al., 1994; Lin et al., 2000). 

For advanced head and neck tumors a treatment plan comparison was done by Cozzi 

et al. (Cozzi et al., 2001) for five patients using 3D conformal and intensity 

modulated photon therapy and proton therapy. They distinguished between passive 

and active modulated proton beams (see section on Proton Beam Delivery). They 

concluded that looking at target coverage and tumor control probability there are 

only small differences between highly sophisticated techniques like protons or 

intensity modulated photons if the comparison is made against good conformal 

treatment modalities with conventional photon beams. The situation was judged to 

be quite different if organs at risk were considered. 
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Figure 2: Proton dose distributions with dose displays in Cobalt Gray Equivalent 

(CGE): Upper row (left to right): Adenocyctic carcinoma of the lacrimal gland 

prescribed to a CTV and GTV dose of 56 and 72 CGE respectively, minimizing the 

irradiation of the nearby temporal lobes; Paranasal sinus tumor prescribed to a CTV 

and GTV dose of 54 and 76 CGE respectively, minimizing the dose to the temporal 

lobes, brainstem, orbits, optic nerves and chiasm; Skull base chordoma prescribed to 

a CTV and GTV dose of 50 and 80 CGE respectively, avoiding the brainstem. Lower 

row: Lumbar spine chordoma prescribed to 60 CGE avoiding the kidneys and small 

bowel; Hepatoma prescribed to 42 CGE minimizing the dose to the normal portion 

of the liver. (Bussiere and Adams, 2003) 

 

A treatment plan comparison for conventional proton, scanned proton, and intensity 

modulated photon radiotherapy, was performed by Lomax et al. (Lomax et al., 1999) 

using CT scans and planning information for nine patients with varying indications 

and lesion sites. The results were analyzed using a variety of dose and volume based 

parameters. They found that the use of protons could lead to a reduction of the 

integral dose by a factor of three compared to standard photon techniques and a 

factor of two compared to intensity modulated photon plans. Further, optimized 
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treatment plans for intensity modulated X-ray therapy (IMXT), VEEHT (very high 

energy electron therapy), and intensity modulated proton therapy (IMPT) were 

compared for prostate cancer (Yeboah and Sandison, 2002). It was concluded that 

IMPT delivered a mean rectal dose and a bladder dose that was much lower than 

achievable with the other two modalities. IMPT was also superior in target coverage. 

Figure 2 demonstrates the conformality achievable with conventional proton therapy 

for various body sites. 

Due to the reduction in integral dose with protons, the most important benefits can be 

expected for pediatric patients. In this group of patients there is much to be gained in 

sparing normal tissue that is still in the development stages. Examples are treatments 

of retinoblastoma, meduloblastoma, rhabdomyosarcoma and Ewing’s sarcoma. In the 

treatment of retinoblastoma one attempts to limit the dose to the bone, adjacent brain, 

contra-lateral eye and the affected eye’s anterior chamber. In the treatment of 

meduloblastoma the central nervous system including the whole brain and spinal 

canal are irradiated while sparing the cochlea, pituitary gland and hypothalamus. The 

benefits of protons are obvious when considering the reduced heart, lung and 

abdominal doses compared with X-rays. A typical meduloblastoma dose distribution 

is shown in figure 3 (Bussiere and Adams, 2003). 

 

 

 

 

 

 

 

Figure 3: Sagital color-wash dose display for the treatment of meduloblastoma 

including the CSI to 23.4 CGE as well as the posterior fossa boost to 54 CGE. 

(Bussiere and Adams, 2003) 

 

It is evident from photon/proton comparisons that even with the rapid development 

of intensity-modulated dose delivery with electrons and photons, protons are capable 

of much higher dose conformity, in particular for intensity modulated proton 
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techniques (Lomax et al., 1999; Lomax et al., 2003; Lomax et al., 2003; Weber et al., 

2004). The reduction of integral dose with protons is also significant. Although it is 

true that the clinical relevance of low doses to large volumes is not well known 

(except perhaps in organs with a parallel or near parallel architecture), there are cases 

where a reduction in overall normal tissue dose is proven to be relevant, e.g., for 

pediatric patients (Lin et al., 2000). 

 

c – Worldwide proton therapy experience 

Institution Where First 
Treatm. 

Last 
Treatm.

Number 
of 
Patients 

Date 
of 
total     

Berkeley 184 CA, USA 1954 1957 30          
Uppsala Sweden 1957 1976 73  
Harvard MA, USA 1961 2002 9116  
Dubna Russia 1967 1996 124  
ITEP, Moscow Russia 1969  3748 June-04 
St. Petersburg Russia 1975  1145 April-04  
Chiba Japan 1979  145 Apr-02 
PMRC1, Tsukuba Japan 1983 2000 700  
PSI (72 MeV) Switzerland 1984  4066 June-04 
Dubna Russia 1999  191 Nov-03 
Uppsala Sweden 1989  418 Jan-04 
Clatterbridge England 1989  1287 Dec-03 
Loma Linda CA, USA 1990  9282 July-04 
Louvain-la-Neuve Belgium 1991 1993 21  
Nice France 1991  2555 April-04 
Orsay France 1991  2805 Dec-03 
iThemba LABS South Africa 1993  446 Dec-03 
MPRI1 IN, USA 1993 1999 34  
UCSF - CNL CA, USA 1994  632 June-04 
TRIUMF Canada 1995  89 Dec-03 
PSI (200 MeV) Switzerland 1996  166 Dec-03 
H. M. I, Berlin Germany 1998  437 Dec-03 
NCC, Kashiwa Japan 1998  270 June-04 
HIBMC, Hyogo Japan 2001  359 June-04 
PMRC2, Tsukuba Japan 2001  492 July 04 
NPTC, MGH MA, USA 2001  800 July-04 
INFN-LNS,Catania Italy 2002  77 June-04 
WERC Japan 2002  14 Dec-03 
Shizuoka Japan 2003  69 July-04 
MPRI2 IN, USA 2004  21 July -04 
   Total 39612  
Table 1: World wide proton therapy experience as of July 2004. (Sisterson, 2004) 
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Robert Wilson first proposed the use of protons for radiation therapy at Harvard in 

1946 (Wilson, 1946). The first patient was treated in 1954 at Lawrence Berkeley 

Laboratory (Tobias et al., 1958). About 40,000 patients have received proton therapy 

to date worldwide (see Table 1) (Sisterson, 2004). 

Although the number of patients being treated with protons is steadily increasing, as 

are the number of facilities operating worldwide, it is still only a small fraction of 

radiotherapy patients overall that are treated with protons. One reason for this is the 

cost of a proton facility. Sophisticated proton therapy is now, and is likely to 

continue to be, more expensive than sophisticated (i.e., intensity-modulated) X-ray 

therapy. The construction cost of a current two-gantry proton facility, complete with 

the equipment, was estimated to be about 4 times the cost of a two-linac X-ray 

facility (Goitein and Jermann, 2003). According to Goitein and Jermann (Goitein and 

Jermann, 2003) the cost of operation of a proton therapy facility is dominated by the 

business cost (42%, primarily the cost of repaying the presumed loan for facility 

construction), personnel costs (28%) and the cost of servicing the equipment (21%). 

For X-ray therapy, the cost of operation was estimated to be dominated by the 

personnel cost (51%) and the business costs (28%). The ratio of costs of proton vs. 

X-ray therapy per treatment fraction is about 2.4 at present. 

 

2. Proton Accelerators 

 

a - Cyclotron 

A cyclotron consists of dipole magnets designed to produce a region of uniform 

magnetic field. These dipoles are placed with their straight sides parallel but slightly 

separated. An electric field is produced across the gap by an oscillating voltage. 

Particles injected into the magnetic field region move on a semicircular path until 

they reach the gap where they are accelerated. Since the particles gain energy they 

will follow a semi-circular path with larger radius before they reach the gap again. In 

the meantime the direction of the field has reversed and so the particles are 

accelerated again. As they spiral around particles gain energy. Thus, they trace a 

larger arc with the consequence that it always takes the same time to reach the gap. 
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The size of the magnets and the strength of the magnetic fields limits the particle 

energy that can be reached by a cyclotron. 

The first cyclotrons being used for proton therapy were initially designed for physics 

research and were later turned into treatment facilities. Currently more and more 

cyclotrons are specifically built and dedicated for use in radiation therapy. The 

envisaged targets in the human body define the specifications for such a cyclotron. 

The maximum proton beam energy is directly related to the maximum depth in 

tissue. Low-energy proton beams can only be used for superficial tumors. For 

example, many cyclotrons currently being used in proton therapy have an energy 

limit around 70 MeV, which suits them only for treating ocular tumors. In order to be 

able to treat all common tumors in the human body, the cyclotron has to be able to 

deliver a beam with energy of up to about 230 MeV, which corresponds to a range in 

tissue of about 32 cm. However, one has to consider that the maximum penetration 

of the proton beam in the patient is reduced if the beam has to be widened by 

absorbers to reach large field sizes. Field sizes of up to 30 x 30 cm2 may be required. 

While being able to deliver energies that can be used to cover common tumor sizes 

and locations the cyclotron has to deliver a dose rate acceptable for treatment, i.e. at 

least around 2 Gy/min. With respect to the dose rate one has to keep in mind that the 

efficiency of a beam delivery system is never 100%. In particular for double-

scattering systems (see section 3a) it can be as low as 20%. Cyclotron intensities can 

exceed hundred mA but they can be hardware limited at the ion source to several 

hundreds of nA, which corresponds to clinically meaningful dose rates. Higher 

currents are not safe for treatment because of the small feedback time for machine 

control. Cyclotrons that are used in a purely clinical environment require a high 

grade of reliability, low maintenance and should be easy to operate. In fractionated 

radiation therapy, machine downtimes should be minimized because this may result 

in the necessity to re-calculate daily doses because of tissue repair effects. 

Cyclotrons can be either isochronous or synchrocyclotrons. In addition, they can be 

superconducting. In an isochronous cyclotron the orbital period is the same for all 

particles regardless of their energy or radius. Thus, the RF power can operate at a 

single frequency. Isochronous cyclotrons provide a continuous beam. Since the 

acceleration of particles in a cyclotron takes usually only tenths of a ms, the beam 
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(i.e. via an external injection system) can be turned on and off very quickly. This is 

an important safety feature. It also allows the beam current to be modified during 

delivery with very short response times. Both these features are very important when 

it come to proton beam scanning techniques for patient treatment (see section 3b). 

Superconducting cyclotrons have advantages compared to non-superconducting ones 

in that they are smaller and not as heavy (Blosser et al., 1989). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Isochronous cyclotron by Ion beam Applications, S.A. It extracts protons 

with an energy of 230 MeV, which corresponds to a range of a ~33.0 cm in Water. 

Picture provided by Ion Beam Applications, S.A. 

 

Figure 4 shows a typical example of a cyclotron dedicated for use in radiation 

therapy. The magnetic field is generated by 4 sectors with an external yoke diameter 

of 4.3 m. The system weighs about 200 tons. 

Since the cyclotron is extracting particles with a fixed energy, an energy selection 

system is needed in the beamline (figure 5). The energy selection system consists of 

a degrader of variable thickness to intercept the proton beam, i.e. a carbon wedge 

that can be moved in and out of the beam quickly. As a result of the energy 

degradation, there is an increase in emittance and energy spread, which can be 

controlled by slits and magnets. The emittance can be defined as the sum of the 
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phase space areas (or by the area, which encloses the phase space). The phase space 

of a beam is the distribution of particle position versus momentum direction.  

 

 

 

 

 

 

 

 

 

Figure 5: Part of the beamlin

energy selection system to m

Picture provided by Ion Beam
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delivers the beam after a single turn. This avoids complicated feedback systems. 

However, for therapeutic applications, slow extraction is needed for machine control 

reasons. Here the typical extraction pulse is a few seconds. Table 2 compares 

different proton therapy accelerator technologies (Coutrakon et al., 1999). 

 

Type Synchrotron 

(rapid cyle) 

Synchrotron 

(slow cyle) 

Cyclotron 

Energy level selection Continuous Continuous Fixed 

Size (diameter) [m] 10 6 4 

Average power (beam on)[kW] 200 370 300 

Emittance (RMS unnorm.) [µm] 0.2 1-3 10 

Repetition rate [Hz] 60 0.5 Continuous 

Duty factor (beam-on time) Pulses 20% Continuous 

 

Table 2: Accelerator technology comparisons for some parameters (Coutrakon et al., 

1999).  

 

c - Beam Line 

Fixed 

GantryGantryCyclotr

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Floor plan of the Northeast Proton Therapy Center. Drawing provided by 

Ion Beam Applications, S.A. 
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The beam has to be transported from the cyclotron to the treatment room(s) using 

magnets for bending, steering and focusing. In addition, as a safety precaution, 

detectors monitoring the beam’s phase space are located in the beamline. These 

devices control certain tolerances for beam delivery. Figure 5 shows part of the 

beamline that transports the beam from the cyclotron to different treatment rooms at 

the Northeast Proton Therapy Center (NPTC). Figure 6 shows a typical floor plan of 

a treatment facility (Flanz et al., 1995). 

Table 3 lists the clinical performance specifications of the NPTC (Flanz et al., 1995), 

which is based on an isochronous cyclotron and two gantry treatment rooms with 

double scattering systems as well as one treatment room with horizontal beamlines. 

These parameters are defined to ensure safe dose delivery taking into account the 

precise dose deposition characteristics of protons. 

 

d - Gantry/Fixed Beams 

With a fixed horizontal beamline patients can usually be treated only in a seated or 

near-seated position. However, conformal radiation therapy usually requires multiple 

beams coming in from different directions. In order to irradiate a patient from any 

desired angle the treatment head has to be able to rotate. This makes it much easier to 

position the patient in a reproducible way and similar to the way the patient was 

positioned during imaging prior to planning and treatment. The ability to deliver 

beams from various directions is achieved by a gantry system (figure 7). The beam 

has to be deflected by magnetic fields in the gantry. Gantries are usually large 

structures because, firstly protons with therapeutic energies can only be bent with 

large radii, and secondly beam monitoring and beam shaping devices have to be 

positioned inside the treatment head affecting the size of the nozzle. The nozzle at 

the NPTC has a length of about 2.5 m, which results in a distance between isocenter 

and beam entering the gantry of about 3 m. Eccentric gantries are used to reduce the 

size (Pedroni et al., 1995). To ensure precise dose delivery the mechanics of the 

gantry has to be able to keep the isocenter of rotation always within 1 mm under all 

rotation angles. This requires careful design of the mechanical structure since the 

overall weight can be several tens of tons. 

 12



Paganetti & Bortfeld: Proton Beam Radiotherapy 
 

Range in patient 32 g/cm2 maximum;  3.5 g/cm2 minimum 

Range modulation Steps of < 0.5 g/cm2 

Range adjustment Steps of < 0.1 g/cm2 

Average dose rate 25×25 cm2 modulated to depth of 32 
g/cm2; dose of 2 Gy in < 1 min 

Field size Fixed > 40×40 cm2; gantry 40×30 cm2 

Dose uniformity 2.5 % 

Effective ‘Source-Axis-Distance’ > 3 m 

Distal dose fall-off < 0.1 g/cm2 

Lateral penumbra < 2 mm 

Time for startup from standby < 30 min 

Time for startup from cold system < 2 h 

Time for shutdown to standby < 10 min 

Time for manual setup in one room < 1 min 

Time for automatic setup in one room < 0.5 min 

Availability > 95% 

Dosimeter reproducibility 1.5% (day); 3% (week) 

Time to switch beam to rooms < 1 min 

Time to switch energy in one room < 2 s 

Radiation levels ALARA 

 

Table 3: Clinical specifications of the Northeast Proton Therapy Center (Flanz et al., 

1995). 

 

Treatment nozzles consist of various components for beam shaping and beam 

monitoring (figure 8). Beam monitoring ionization chambers detect deviations in 

beam position, measure the total beam current and check the beam size and 

uniformity. Ionization chambers may consist of parallel electrode planes divided in 

horizontal and vertical strips that allow the quantification of the lateral uniformity of 

the radiation field. These strips are integrated separately to collect the current in each 

strip. Such ionization chamber can be used at nozzle entrance, i.e. where the proton 

beam exits the beam-line, to monitors the size of the initial beam spot and the 
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angular distribution of the beam. Beam shaping devices in the nozzle are scatterers, 

absorbers, and other patient specific hardware. The nozzle also have a snout that 

permits mounting and positioning of the field-specific aperture and compensator 

along the beam axis. The snout of the nozzle is telescopic to adjust the air gap 

between the final collimator or compensator and the patient. 

 

 

 

 

 

 

 

 

 

Figure 7: One of the gantries at the Northeast Proton Therapy Center. The left picture 

shows the gantry structure during construction with the steel assembly being visible. 

The right picture shows the gantry treatment room during treatment. The beam 

delivery nozzle is able to rotate 360 degrees around the movable patient couch. 

Picture provided by Ion Beam Applications, S.A. 

 

3. Delivery Systems  

 

a - Broad Beam (Passive Scattering) 

a.1. - Scattering System 

Field sizes required for tumor treatment range from as small as 1 cm up to 25 cm 

diameter. The field aperture has to be covered with a homogeneous particle flux. The 

narrow beam, with a FWHM of only about 1 cm, incident on the treatment nozzle 

must thus be broadened. For small fields a single scattering foil (made out of Lead) 

can be used to broaden the beam. For larger field sizes the reduction in proton 

fluence and the scattering is too big and one turns to a double-scattering system to 

ensure a uniform, flat lateral dose profile. The double scattering system may contain 

a first scatterer (set of foils), placed upstream near the nozzle entrance, and a second 
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gaussian-shaped scatterer placed further downstream (see figure 8). Double 

scattering systems have been described elsewhere (Koehler et al., 1977; Grusell et 

al., 1994; Paganetti et al., 2004). The second scatterer may consist of contoured bi-

material scatterers. The rationale for a contoured bi-material device is that a high-Z 

material scatters more with little range loss whereas a low-Z material scatters less 

with more loss in range. In order to flatten the field the protons near the field center 

must be scattered more than the protons further outside the field center. This has to 

be achieved by maintaining the range modulation (see section 3.a.2) across the field. 

The contoured scatterer is approximately Gaussian shaped. The system creates a 

broad uniform beam at the final aperture. Key to the optimal solution for beam 

flattening is not only the achievable beam profile flatness but to achieve low energy 

loss in the absorber, thus minimizing the production of secondary radiation. 

 
Range Modulator 

Wheels 
 

 
Magnet 2

 IC1 Jaws (X and Y) 
(& Range Verifier) 

 
Snout retraction area 

 

 

 
First 

Scatterers  

 
Magnet 1 

 
Second Scatterers

 Snout IC2/IC3
 

Figure 8: Schematic drawing of the nozzle at the NPTC (Paganetti et al., 2004). 

Beam monitoring devices are ionization chambers (IC) and a range verifier (multi-

layer Faraday cup). Beam shaping devices are scattering systems, range modulators, 

and wobbling magnets. Variable collimators (‘jaws’) and the snout determine the 

field size. 
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a.2. - Range Modulator / Ridge Filter 

Pristine Bragg peaks are not wide enough to cover most treatment volumes. The 

incident proton beam forms an SOBP by sequentially penetrating absorbers of 

variable thickness, e.g. via a range modulator. Each absorber contributes an 

individual pristine Bragg peak curve to the composite SOBP. A set of pristine peaks 

is delivered with decreasing depth and with reduced dose until the desired 

modulation is achieved. Figure 9 shows a series of weighted pristine peaks as well as 

the resulting SOBP when these are superimposed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 SOBP as composed out of a number of pristine Bragg curves modulated in 

depth by a set of absorbers of different thickness. The lower right picture shows a 

wheel with 3 different tracks used for different modulation widths. 

 

There are different methods to modulate a field with pristine Bragg curves, e.g. 

modulation wheels and ridge filters (Chu et al., 1993). A modulator wheel (figure 9) 

combines variable thickness absorbers in circular rotating tracks that result in a 

temporal variation of the beam energy (Koehler et al., 1975). Such a wheel typically 

rotates with about 10 Hz. Modulator wheels are made of a low-Z material (Lexan or 

Carbon depending on the designed range interval of a wheel) and a high-Z material 
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(Lead). The low-Z material causes slowing down of the beam with little multiple 

scattering involved and high-Z material is used to adjust the amount of scattering at 

each depth. Each step segment of the wheel has a specific thickness and covers an 

angle that represents the weighting of the individual pristine Bragg curves in a 

SOBP. Thus, the angle covered by each step decreases with increasing absorbing 

power and corresponding decreased range. For small field sizes (i.e. treatment of 

ocular melanoma) it is sufficient to have modulator wheels made out of plastic 

material only. 

 

a.3. – Aperture and Compensator 

  

 

 

 

 

 

 

Figure 10: View of a typical brass aperture used to collimate a proton beam. 

(Bussiere and Adams, 2003) 

 

Treatment fields are shaped to a desired target profile using custom milled apertures 

(figure 10). Apertures are often made out of Brass. It offers the best choice in terms 

of cost, weight and production of secondary radiation. The aperture edge, which 

corresponds to the 50% isodose within a port, is usually defined as the target 

projection to isocenter plus the 90-50% penumbra plus any set-up uncertainties. 

The distal part of the dose distribution is shaped according to the desired treatment 

field using patient specific milled compensators (figure 11). Patient specific 

compensators are made out of plastic material and reduce the range of the protons. 

The maximum required range within a portal, usually defined as the distal 90 % of 

the protons, defines the thinnest point on the compensator. Each part of the 

compensator controls the range of the protons in its vicinity. The width of the steps 

can be adjusted to account for uncertainties that may affect the range at various 
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points along the target’s cross-sectional profile. Smearing may be included to 

address patient setup and organ motion uncertainties. 

 

 

 

 

 

 

 

 

Figure 11: Top view of a range compensator made out of plastic. It is used to 

conform the proton dose distribution to the distal shape of a target. The various 

depths of the device can be seen through the transparent material. 

 

Both aperture and compensator are mounted on a retractable snout on the treatment 

head. The retractable snout ensures that the air gap between the beam shaping 

devices and the patient can always be minimized to reduce effects of scattering in air, 

which causes softening of the beam penumbra (Sisterson et al., 1989). 

The penumbra varies with treatment depth and beamline specific hardware settings 

but a typical value for 16 cm water equivalent range would be approximately 4.5 

mm. 

 

b - Scanning 

Because protons can be deflected magnetically, an alternative to the use of a broad 

beam is to generate a narrow mono-energetic "pencil" beam and to scan it 

magnetically across the target volume. Typically the beam is scanned in a zigzag 

pattern in the x-y plane perpendicular to the beam direction. This is in close analogy 

to how a conventional TV set works (in which, of course, an electron beam is 

scanned). The depth scan (z) is done by means of energy variation. The method 

requires neither a collimator nor a compensator.  
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direction is changed through a change of the table position. Because the table 

motion is the slowest motion, it is the last and least often used: first the 

magnetic scan is performed to create one line of dose (along discrete steps), 

then the depth is varied by changing the energy, and another line of dose is 

"drawn" at a more shallow depth. This is repeated until dose is delivered at 

all relevant depths. Finally the table is moved to the next position, and the 

process is repeated. 

• Raster scanning: This method, which is practically realized for heavy ions at 

the GSI in Darmstadt, Germany (Kraft, 2000), is very similar to discrete spot 

scanning, but the beam is not switched off while it moves to the next 

position. Practically the dose distributions are equivalent for the two methods 

as long as the scan time from spot to spot is small compared to the treatment 

time per spot. In general this is not fulfilled if the scan is done with the 

treatment table.   

• Dynamic spot scanning: Here the beam is scanned fully continuously across 

the target volume. This method will be used at the NPTC. Intensity (or rather, 

fluence) modulation can be achieved through a modulation of the output of 

the source, or the speed of the scan, or both. The combination of the two 

reduces the required dynamic range of the source output, but puts higher 

demands on the control system.  

One advantage of scanning is that arbitrary shapes of uniform high dose regions can 

be achieved with a single beam. With the broad beam technique, on the other hand, 

the SOBP is constant across the treatment field and typically delivers some 

unnecessary amount of dose proximal to the target volume. Another advantage of the 

scanning approach is that, due to the avoidance of first and second scatterers, the 

beam has less nuclear interactions outside the patient, and therefore the neutron 

contamination is smaller (see section 5b). The biggest advantage might be the great 

flexibility, which can be fully utilized in intensity-modulated proton therapy (IMPT), 

as we will explain below. However, a disadvantage is the technical difficulty to 

generate very narrow pencil beams that result in an optimal lateral dose fall-off. The 

scanning approach can also be more sensitive to organ motion than passive scattering 

(Phillips et al., 1992; Bortfeld et al., 2002).  
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Another variant of scanning is called "wobbling". Here a relatively broad beam 

(diameter in the order 5 cm) is magnetically scanned across the target volume. 

Because this would result in a broad penumbra, collimators are still required. The 

main advantage is that larger field sizes than with passive scattering are easily 

achievable. 

 

4. Proton-Specific Treatment Planning 

 

a - Broad Beam 

a.1. - Standard Techniques 

There are different vendors that offer treatment planning systems for proton beam 

therapy. The software packages are either designed for proton therapy planning only 

or are able to generate plans for conventional photon therapy as well as proton 

therapy. Different algorithms can be used to calculate dose in the patient. In a broad 

beam ray-tracing model the SOBP portion of a depth dose is set to 100% and generic 

functions are used to describe the proximal build-up as well as the distal fall-off. 

Lateral penumbra functions are used to form the lateral profiles of beams. With the 

advent of faster computers more complex and much more accurate pencil beam 

models have become the norm replacing the broad beam model. Pencil beam 

algorithms rely on pencil kernels, derived from physical treatment machine data, to 

model proton range mixing from scatter in the range compensator and patient 

(Goitein and Miller, 1983). The calculated proximal build-up, distal fall-off and 

lateral penumbra are usually in good agreement with measurements (Hong et al., 

1996). In addition to ray-tracing or pencil-beam algorithms there are Monte Carlo 

dose calculation procedures used mainly in research. They are believed to be more 

accurate (Pawlicki and Ma, 2001) but usually take too much computing time to be 

used in routine treatment planning. Monte Carlo dose calculation for proton therapy 

treatment planning is currently under development (Jiang and Paganetti, 2004; 

Paganetti et al., 2004). 

As with photons and electrons proton treatments use multiple portals to reduce the 

overall skin dose to patients. Because proton beams have a sharp distal fall-off it is 

possible to aim beams towards critical structures in treatment planning. Thus, 
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treatment strategies and treatment options can be different from conventional 

therapy. The sharp distal dose fall-off of protons (distance from the 90% to the 10% 

dose level is only a few mm) makes it more critical than with photons to understand 

and limit the uncertainties used in determining the penetration depth required to 

cover a target. The uncertainties must be incorporated in the treatment planning 

margins around the target volume. The accuracy of proton beam delivery may in 

general allow tighter margins than used conventionally. However, one has to keep in 

mind that higher accuracy also means that dose delivery is more affected by 

uncertainties caused by beam delivery, patient setup and immobilization, tissue 

heterogeneities, and organ motion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Axial CT image with color-wash dose display resulting from thru-field 

which irradiates the anterior portion of the target while avoiding the brainstem and 

patch-field which treats the remaining portion of the target while avoiding the 

brainstem. The lower figure shows the combined thru/patch field combination. All 

doses are given in percent. (Bussiere and Adams, 2003) 
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Imaging studies prior to treatment-planning and the process of delineating target 

volumes and structures of interest are identical in proton therapy and in conventional 

therapy. However, planning and delivery strategies may be different. Typical head 

and neck cases include four to six non-coplanar fields. During a treatment session 

between one and three fields are treated. The fields are alternated for subsequent 

treatment sessions to distribute the daily non-target dose (Bussiere and Adams, 

2003). 

A dose delivery strategy unique to particle therapy is called “patching”. Two fields 

are combined such that the first field treats a segment of the target avoiding a nearby 

critical organ with the lateral penumbra. The second field treats the remaining 

segment, also avoiding the critical organ with the lateral penumbra and matching it’s 

distal fall-off 50% dose with the other field’s lateral penumbra’s 50% dose value. 

Because of tissue heterogeneity it can be difficult to obtain a uniform dose along the 

patch junction. Therefore, patch junctions are always selected to be within the target 

volume. One allows overshoot of the patch field to minimize the low dose region. 

Using a combination of patch fields with different junctions ensures that the 

magnitude of the low and high dose regions is acceptable. Figure 13 shows a typical 

patch field combination for a skull base tumor (Bussiere and Adams, 2003). 

 

b - Scanning and IMPT 

The recent advances in IMRT have challenged proton therapy. Treatment planning 

comparison studies have shown that IMRT can produce dose distributions that are 

comparable with proton distributions in terms of target conformality and dose 

gradients in the high-dose region (Lomax et al., 1999). In some cases, IMRT 

produces even more target-conformal dose distributions in the high-dose region than 

protons.  In the low to medium dose region and in terms of integral dose, protons are, 

however, always better. Nevertheless, it is somewhat questionable if the higher cost 

of proton therapy is justifiable if integral dose was the only advantage of protons.  

The study mentioned above compares IMRT photon therapy with conventional 

passive scattering proton techniques. The dose conforming potential of the latter is 

limited and this has mainly technical reasons; it has nothing to do with the physical 

dose conformation potential of protons. To fully exploit the physical potential of 
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proton therapy and to permit a fair comparison with IMRT, intensity modulation 

techniques have to be introduced into proton therapy as well. This is then called 

IMPT, intensity modulated proton therapy. The name is somewhat misleading 

because intensity modulation is always required in proton therapy, even for the 

generation of an SOBP. What we mean by IMPT is a treatment technique that, in 

analogy with IMRT, delivers intentionally non-uniform dose distributions from each 

treatment field at a given direction. The desired (generally uniform) dose in the 

target volume is obtained after superimposing the dose contributions from all fields. 

The additional degrees of freedom (by not having to produce uniform dose from each 

direction) can be used to optimize dose distributions in several ways, which we will 

now describe.  
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igure 14: The principle of intensity modulated proton therapy (IMPT). Non-uniform 

ose distributions from a number of fields (4 in this case) yield the desired (uniform) 

arget dose. Figure provided by Alex Trofimov (Massachusetts General Hospital). 

MPT treatment plans are optimized using an "inverse" treatment planning system, 

hich is similar to inverse planning for photon IMRT (Oelfke and Bortfeld, 2001). 

he main difference is that in IMPT the energy of each pencil beam can be varied in 

ddition to its intensity. This increases the number of degrees of freedom drastically, 
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which increases its dose shaping potential but also increases the computational and 

delivery complexity. The calculation can be simplified and the solution be steered in 

the desired direction if certain IMPT techniques are pre-selected. Lomax has 

summarized various IMPT techniques whose complexities are between the 

conventional passive scattering technique and the most general ("3D") technique. 

One of the simpler techniques is the 2.5D technique, which is actually quite similar 

to IMRT. It uses poly-energetic SOBP pencil beams, which are individually adapted 

to the proximal and distal edge of the target volume (figure 14), such that the dose is 

constant along the depth of the target volume. The weights (i.e., intensities) of the 

SOBP pencil beams are modulated across the target volume (symbolized by different 

colors in figure 15). 

  3D modulation

Field incidence

3D modulation

Field incidence
 
 
 
 
 
 
 
 
 
 
 

2.5D modulation

Field incidence

2.5D modulation

Field incidence

Figure 15: Comparison of the 2.5D IMPT modulation technique with the most 

general 3D approach. Different weights are symbolized by different colors. (Lomax, 

1999) 

 
Another technique was devised by Deasy et al. (Deasy et al., 1997) and is called 

distal edge tracking (DET). As indicated by its name, it puts Bragg peaks on the 

distal edge of the target volume only and thereby creates a highly non-uniform dose 

per treatment field. The desired uniform dose is obtained by superimposing multiple 

fields from different directions, in combinations with optimized intensity 

modulation. The DET technique produces the smallest possible integral dose because 

every constituent pencil beam delivers the best possible ratio between target dose 

and dose to the proximal normal structures. Moreover, the DET technique yields 

very sharp dose gradients because it shapes the dose distribution mainly with the 
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distal edge of the Bragg peak, which is sharper than the lateral fall-off (as long as the 

energy spectrum is not too wide). However, for obvious reasons DET has greater 

difficulties in generating a high uniformity of the target dose. Also, it is more 

sensitive to range uncertainties than, for example, the 2.5D technique (figure 15). 

Furthermore, shaping dose distributions with the distal edge of the Bragg peak with 

its high LET and RBE may raise some biological flags (Wilkens and Oelfke, 2004) 

(see section on RBE). 

In summary, IMPT treatments can be tailored to yield one of the following 

advantages: 

• improved dose conformality and steeper dose gradients, 

• further reduction of integral dose, 

• less sensitivity to range uncertainties and other sources of uncertainty 

(Lomax et al., 2001), 

or a combination thereof. However, not all of them may be achievable at the same 

time to the full extent.   

 

5. Biological effectiveness 

 

a - RBE 

Protons are slightly more biologically effective than photons. In other words, lower 

dose is required to cause the same biological effect. The relative biological 

effectiveness (RBE) of protons is defined as the dose of a reference radiation divided 

by the proton dose to achieve the same biological effect. The fundamental reason for 

applying a RBE value is to ensure that radiation oncologists can benefit from the 

large pool of clinical results obtained with photon beams. The RBE adjusted dose is 

defined as the product of the physical dose and the respective RBE describing the 

radiosensitivity of the tissue after ion irradiation compared to photon irradiation at a 

given level of effect. Proton therapy is based on the use of a single RBE value 

(equals 1.1 at almost all institutions), which is applied to all proton beam treatments 

independent of dose/fraction, position in the SOBP, initial beam energy or the 

particular tissue. A generic RBE is only a rough approximation considering 

experimentally determined RBE’s for both in vitro and in vivo systems (Paganetti et 
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al., 2002; Paganetti, 2003). Dependencies of the RBE on various physical and 

biological properties are disregarded. The RBE of principal concern is that of the 

critical normal tissue/organ(s) immediately adjacent to or within the treatment 

volume, i.e. the determinant(s) of NTCP. 

Although the fact that a generic RBE cannot be the true RBE for each tissue, 

dose/fraction etc. has long been recognized, it was concluded that the magnitude of 

RBE variation with treatment parameters is small relative to our abilities to 

determine RBE values (Paganetti and Goitein, 2001; Paganetti, 2003). The 

variability of RBE in clinical situations is believed to be within 10-20%. The values 

for cell survival in vitro indicate a substantial spread between the diverse cell lines. 

The average value at mid SOBP over all dose levels was shown to be ≈1.2 in vitro 

and ≈1.1 in vivo (Paganetti et al., 2002). Both in vitro and in vivo data indicated a 

small but statistically significant increase in RBE for lower doses per fraction, which 

is much smaller for in vivo systems. Evaluation of the statistically significant 

difference in RBE between in vitro and in vivo systems should deal explicitly with 

the fact that the former uses as the end-point the killing of single cells of one cell 

population (colony formation). The in vivo response reflects the more complex 

expression of the integrated radiation damage to several tissue systems (cell 

populations). In addition, the in vivo data refer to various different biological 

processes (e.g., mutation). The dependency on dose, i.e. increasing RBE with 

decreasing dose, appears to be far less in vivo compared to the in vitro data. 

Unfortunately, RBE values from in vivo systems at doses of < 4Gy are quite limited. 

The effect of radiation on cells and tissues is a complex and not entirely understood 

function of the properties of the cell or tissue and the microdosimetric properties of 

the radiation field. The dependencies of RBE on biological endpoint and dose are 

difficult to explain microscopically. However, the LET dependency can be explained 

based on the concept that ionization density within the sensitive cellular structure 

(e.g. DNA) increases with LET and that production of non-reparable lesions 

increases with ionization density. For constant conditions at irradiation a change in 

response of a cell population to a defined physical dose by different radiation beams 

is generally accepted as due to differences in LET. Mean LET is only one parameter, 

which characterizes that microdosimetric structure, and it is only one of several 
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determinants of radiation response. In general as LET increases, the RBE increases, 

eventually reaching a maximum and then decreasing (Goodhead, 1990). Based on 

these considerations a small increase in the proton RBE across the SOBP and the 

extension of the penetration of the beam by a few mm is expected because of an 

increasing LET (Paganetti et al., 1997; Paganetti, 1998; Paganetti and Goitein, 2000; 

Wilkens and Oelfke, 2004). Calculations show that LET increases slightly 

throughout the SOBP and significantly at the terminal end of a SOBP. This 

measurable increase in RBE over the terminal few mm of the SOBP results in an 

extension of the bio-effective range of the beam of a few mm (Robertson et al., 1975; 

Wouters et al., 1996; Paganetti and Goitein, 2000). This needs to be considered in 

treatment planning, particularly for single field plans or for an end of range in or 

close to a critical structure. Clinicians and treatment planners are often reluctant to 

having the SOBP abutting a critical structure thus not utilizing one advantage of 

protons, namely the sharp distal fall-off. 

 

b - Secondary Radiation 

Protons slowing down in matter loose energy not only by coulomb interactions but 

also by nuclear interactions (Laitano et al., 1996; Medin and Andreo, 1997; 

Paganetti, 2002). Nuclear interactions cause secondary radiation. Protons and 

neutrons are the most important secondary particles from nuclear interactions 

because they can carry away energy far from the interaction point. Shielding against 

neutron radiation is therefore important for any proton therapy installation. For 

example, different combinations of apertures may be used in the treatment head.  

However, neutron production can not be avoided. Shielding may reduce the effect of 

neutrons generated in the scattering system, the aperture and the compensator but 

neutrons are also generated in the patient itself. Nothing can be done to avoid the 

latter. Since the total amount of neutrons produced depends on the amount of 

material the protons have to penetrate, neutron production can be reduced by 

extracting to the nozzle the minimum energy needed. 

 

6. Patient Positioning & Immobilization Issues, Motion 
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Figure 16: Proton therapy requires, like all highly conformal treatment modalities, a 

significant effort in patient setup and immobilization. This figure shows the setup at 

NPTC using orthogonal x-rays (one x-ray source is integrated into the nozzle) and 

flat panel detectors. Picture provided by Skip Rosenthal (Massachusetts General 

Hospital) 

 

Proton therapy is, like all highly target-conformal treatment modalities, susceptible 

to geographical misses. Considerable effort is therefore necessary to position and 

immobilize the patient. For example, at the NPTC orthogonal X-ray projections are 

used to detect both translational and rotational positioning errors and correct those 

errors using a 6 axes table within 1 mm or 0.5 degrees (figure 16).  For the most part, 

positioning and immobilization issues are identical for proton therapy and, for 

example, IMRT. However, there are a few issues that are specific to protons and 

other charged particles. They have to do with the simple fact that the range is 

affected by structures moving in and out of the beam. For example, in prostate 

treatments the position of the Bragg peak may be significantly altered if parts of the 

pelvic bone move into the beam, which can happen if on one treatment day the pelvis 

is rotated compared to the planned position (Phillips et al., 2002). Similar problems 

can affect treatments in the skull (figure 16). Therefore, in particle therapy it is not 

 29



Paganetti & Bortfeld: Proton Beam Radiotherapy 
 

only important to ensure that the target volume is always at the same position, but 

the surrounding structures and especially bony structures should also be at their 

planned position. The detrimental effect of misalignments can be mitigated to some 

degree in treatment planning. A common approach in passive scattering proton 

therapy is to "smear" (thin) the range compensator such that target coverage is 

ensured even if the position is slightly off. However, this will push the dose into the 

normal tissues distal to the target volume and the smearing radius is therefore limited 

to about 3 mm. Bigger errors cannot be compensated with this method. 

Besides alignment errors, proton (and charged particle) therapy is also uniquely 

affected by internal organ motion, especially in the case of lung tumors. The dose 

distribution is deformed by the motion of the tumor in the low density lung tissue . 

Unless methods such as gating (Minohara et al., 2000) are used to "freeze" the 

motion, this effect must be carefully considered at treatment planning stage. This is 

doable (Moyers et al., 2001) but it is fair to say the proton treatments of lung tumors 

have not fully come of age yet. 
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