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The birth of proton beam therapy 
could be designated as the pub-
lication, by Robert R. Wilson 

in his 1946 manuscript, of the concept 
of using the unique advantages relative 
to photons.1 Twelve years later, a team 
from the Lawrence Berkeley National 
Laboratory in California published 
the first series of human treatments in 
1958.2 Many other forms of particle 
therapy, such as anti-proton, neon, car-
bon, oxygen, and neutron, have also 
been studied.3-7 The most common 
type of particle therapy in use is elec-
tron therapy. It has far less mass than 
other particles and is not the subject 
of this essay because its lack of mass 
makes it unable to share in the dra-
matic physical advantage that heavier 

charged particles can demonstrate  
in the clinic; ie, very rapid stopping of 
the beam. 

Rather, this review article fo-
cuses on proton therapy, currently the 
most common, clinically used heavy 
charged particle therapy worldwide. 
Indeed, it is now available to a large 
portion of patients being considered 
for advanced radiation treatment  
techniques.

The critical aspect of proton beam 
therapy—all heavy charged particles, 
really—that interests clinicians so 
greatly is its pronounced physical 
property known as the Bragg peak 
(Figure 1). The use of proton beams in 
the clinic is typically made up of a sum 
of multiple, single 2-mm- to 3-mm-
thick pristine beams, or Bragg peaks. 
In Figure 1, 12 such peaks are shown 
to make one broader peak called 
a spread-out Bragg peak (SOBP). 
The shape of the SOBP is tailored 
to mimic the shape and location of a 
tumor as outlined by the treating phy-
sician. No clinician today would use 

a single x-ray beam to treat a tumor, 
so the demonstrated beam compari-
son in Figure 1 is an oversimplifica-
tion of how things are actually done 
in the clinic for photons (conventional 
x-rays). Proton beam therapy is used 
because abruptly stopping the beam 
in a controllable fashion allows sig-
nificant avoidance of normal structures 
while delivering high doses of therapy 
to tumors. Proton therapy is also used 
because its biology is similar, in do-
simetric terms, to photons, with the 
relative biologic effect (RBE) felt to 
be about 1.1 relative to cobalt dose, 
making dosimetry use simpler than the 
higher RBE neutron, which lacks the 
Bragg peak.8

The simplest type of common tumor 
treated by both protons and photons 
is prostate cancer. In current prostate 
cancer therapy, lateral proton beams 
are typically used and multiple (usu-
ally 5 to 9) photon beams are used 
with intensity-modulated radiation 
therapy (IMRT) via a multi-leaf col-
limator (MLC). Thus, one typically 
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delivers half the dose via one beam in 
protons and 20% or less dose in pho-
tons. Because of this, the relatively 
high entry doses with photons, such as 
those shown in Figure 1, are mitigated 
because only 20% of a given dose is 
required at the depth of the tumor. 
However, the exit dose issue for pho-
tons remains; and integral dose, as a 
result of this necessary method to opti-
mize photons, is almost always higher 
for photons than for protons. Multiple  

examples can be found in the literature 
comparing the dosimetry of protons and 
photons for multiple types of tumors 
in all age ranges of patients.9-17 Proton 
beam therapy’s ability to spare normal 
tissue is for the most part superior to 
IMRT, but it is not that simple because 
we are still learning when and how 
much normal tissue needs to be spared.

The use of proton beam therapy in 
the clinic is still relatively new; cur-
rently, it is being used primarily as a 

substitute for photon therapy at the 
same doses and fractionation sched-
ules that photons would be used, but 
with improved normal tissue sparing. 
This is because we lack data suggest-
ing that doing otherwise is superior.

Rationale for proton therapy in adults
In adults, proton beam therapy is 

governed by clinical situations where 
a tumor requiring a high dose lies ad-
jacent to a normal structure that can-
not tolerate the resultant dose from 
the best dose gradient IMRT without 
a very high risk for damage. Proton 
beam therapy is commonly used for tu-
mors of the base of the skull,18 spine,19 

pelvis, brain, and for recurrent disease 
in which all nearby tissue has already 
received maximal dose but more radia-
tion must be delivered to the same tis-
sues at a significant dose.

The classic example is clival chor-
doma (Figure 2). In these cases, the 
dose gradient has to fall from 78 Gy to 
63 Gy or lower in several millimeters 
to protect the brainstem and the optic 
apparatus simultaneously. Nothing ex-
cept charged-particle therapy allows 
this to happen in this specific anatomic 
and clinical context while also keep-
ing safe the many cranial nerves in the 
region.  The ability to keep the dose 
to the brainstem and optic nerves to a 
reasonable level is shown as well. This 
could not be achieved with photons. 

A novel indication for proton therapy 
in adults perhaps may be breast cancer. 
When patients present with complex 
chest wall tumors with positive lymph 
node findings, photons often are un-
able to spare the heart and lungs. In a 
post-mastectomy case where the supra-
clavicular, axillary, internal mammary, 
and aortic window nodes were positive, 
a two-field proton chest wall plan was 
developed that spared the lung, heart, 
and esophagus (Figure 3). 

No photon plan could be achieved 
to do the same without significant lung 

FIGURE 1. The plot compares a single photon beam depth dose curve in matter to a single 
Bragg curve with its sharp peak and then to a sum of Bragg curves with different energies 
and proportions weighted to get the spread-out Bragg peak (SOBP) shown that covers a 
tumor’s depth.32  
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and cardiac doses. New data suggest 
cardiac radiation is associated with 
severe late toxicity in breast cancer 
patients, so the proton plan was far 
superior from this aspect. This kind of 
proton plan may allow the patient to 
receive higher doses of drugs toxic to 
the heart, to avoid otherwise unavoid-
able late effects of standard doses to 
the heart, or subsequently to receive 
more radiation near the heart without 
exceeding normal tissue tolerance. 

Many clinicians believe the anatomic 
issues of prostate cancer justify the use 
of advanced technology, and these same 
issues make proton therapy a logical 
choice. Figure 4 depicts a typical pros-
tate proton plan for reference. Most 
radiation oncologists will note that the 
posterior rectum and anterior bladder 
doses are very low as a result of the 
beams used (laterals). Some proton cen-
ters use one beam per day, alternating 
sides from day to day. Others deliver 

beam to both sides every day. Immobi-
lization for proton therapy is different 
than for photon therapy because pro-
tons are more sensitive to small distance 
variations. At the Indiana Univer-
sity Health Proton Therapy Center 
(IUHPTC), patient immobilization in-
cludes a daily rectal balloon placement 
and a customized body mold device 
(similar to what is used in spinal surgery 
patients) to keep the patient’s skin-to-
prostate distance stable day to day. 

FIGURE 2. A typical plan for a clival chordoma.33 The prescription for the case is 79.2 Gy at 1.8 Gy per fraction. The patient was treated in 
a supine fashion while awake. Specifics of the case and anatomic issues regarding postoperative “space” between tumor and normal struc-
tures play a critical role in the capacity to do these cases. In this case, no space could be created between the lesion and the brainstem. Note 
the use of the vertex beam and the ability to spare the auditory regions from high dose.
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Rationale for proton therapy  
in children

The same rationale used in adults 
holds for children, with the additional 
concern for total volume of dosimetric 
exposure and avoidance of secondary 
toxicities.20,21 Data show that growing 
tissues are more likely to experience 
damage from radiation. To reflect this, 
pediatric dose tolerance is lower than 
what is used in adults. In addition, the 
total number of years before a child 

is likely to experience side effects is 
greater than that of an adult simply be-
cause the child may very well live long 
enough to have a side effect, while an 
adult may not. As a result, the general 
consensus in the specialty is that chil-
dren are very well served by proton 
therapy; and that in general it is worth 
considering whether normal tissue 
can be spared to a significant degree. 
Early modeling and retrospective data 
reviews suggest decreased secondary 

malignancy rates and decreased toxic-
ity.22-26 Prospective studies are ongo-
ing and most trials in the Children’s 
Oncology Group (COG) currently 
allow proton therapy. Recently pub-
lished data suggest that protons may 
lower in-field second malignancy rates 
by a factor of 2 to 10.27 

The classic case that justifies proton 
therapy in a child is craniospinal irra-
diation (CSI)  for medulloblastoma. 
Data presented within the last year 

FIGURE 3. The case of a postmastectomy breast cancer patient with biopsy-proven and/or PET/CT-positive lymphadenopathy in the left 
axilla, internal mammary region, subaortic arch, and supraclavicular region. The plan was able to spare the left ventricle, esophagus, and 
brachial plexus, while delivering 50 Gy to all involved nodal regions and the entire chest wall. Two 30-cm fields were employed.33
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suggest that the risk of secondary can-
cer is about 20% or lower with protons 
relative to photons. These data also 
suggest that protons have a lifetime 
secondary cancer risk of 7.7% in pas-
sive scattered form, while photons had 
a 93% lifetime risk for a young child 
with standard-risk medulloblastoma.28 

Supine proton CSI with dose stop-
ping before the thyroid, breast, lungs, 
esophagus, heart, gut, and bladder is 
shown in Figure 5.29

Brain tumors in children also benefit 
from proton therapy. Figure 6 shows 

a typical fourth ventricular ependy-
moma case highlighting protons’ abil-
ity to spare the cochleae, hippocampi, 
optic apparatus, and hypothalamus. 
Avoiding even low to moderate doses 
to these critical organs is impossible 
with IMRT or conventional radiation 
therapy. 

Proton therapy also enables clini-
cians to treat tissues in the torso and 
yet spare patients from second malig-
nancies not currently thought to be tra-
ditional proton cases. Figure 7 shows a 
case of Hodgkin’s disease where breast 

tissue was spared on a local protocol. 
The next Children’s Oncology Group 
(COG) study for Hodgkin’s disease 
may allow proton therapy.

New technologies that are coming 
into focus

Proton beam therapy is expensive 
and cumbersome. The development of 
newer centers comes with evolution-
ary improvement and simplification 
of beam production and shaping. Cy-
clotrons requiring large staff in older 
centers are being replaced by simpli-

FIGURE 4. A typical prostate treatment plan with lateral proton beams. Left and right laterals are employed every day at the IUHPTC. Larger 
field encompassing the prostate and seminal vesicles (PTV1) are treated to 50.4 Gy, and then the prostate with a margin is treated in a cone-
down to 79.2 Gy (PTV2). Some centers only treat one side per day. Body molds, gold-seed fiducials, rectal balloons, and bladder filling pro-
tocols are employed to optimize treatment. The effect of the balloon in moving the posterior rectum away from dose is shown clearly.33
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fied devices that demand fewer staff. 
Beam stability and energy are being 
improved so that deeper tumor targets 
can be treated. Purchase price is fall-
ing via newer, simpler designs. Fi-
nally, patient-specific devices (PSDs) 
analogous to conventional edge and 
transmission blocks may be eliminated  
by so-called “pencil-beam” scanning 
systems.

This last item is perhaps the most 
clinically interesting and important 

development in proton therapy. While 
the physics and engineering of these 
devices is beyond the scope of this 
article, pencil beam proton therapy 
renders obsolete the use of metal aper-
tures to shape the beam edge and Lu-
cite compensators to shape the beam’s 
distal range. The closest analogy in 
photon therapy is using the blocks in 
3-dimensional (3D) conformal therapy 
with dynamic MLC-driven therapy. 
Pencil-beam proton therapy is truly a 

3-dimensional dynamic form of inten-
sity modulation.  In addition, the proxi-
mal beam edge can be modulated to 
make proximal dose avoidance a real-
ity. In theory, this technology requires 
fewer beams and far less hardware to 
deliver proton therapy than at present. 
These two features suggest that a cost 
savings, on top of superior clinical do-
simetry, is achievable. 

Pencil beam proton nozzle technol-
ogy is in its infancy and the penumbra 

FIGURE 5. A craniospinal case being treated for standard-risk medulloblastoma. The patient is being treated in a supine fashion using gen-
eral anesthesia on a specific carbon fiber device designed to make supine craniospinal therapy with protons simple and effective.29 Fields 
are abutted with hot matches and film dosimetry is employed for verification of all field junctions.34 Patient set-up days take about 1 hour with 
4 field patients (lateral posterior oblique brain fields and posterior spine fields) while delivery typically takes 30 minutes to 50 minutes each 
day.35 Specifics based on age and tumor type drive specifics of each case. In this case, the patient’s young age required full vertebral body 
dose coveragecoverage, and a laryngeal mask airway (LMA) is shown in place per our routine for general anesthesia.33,34
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achievable with the best devices is not 
yet as good as that achieved with aper-
tures and compensators, but the lack of 
metal and material interaction, in the-
ory, lowers the generation of neutrons, 
which is associated with the smaller 
but real risk of secondary cancers re-
sulting from proton therapy. The next 
generation of these devices will likely 
radically improve proton therapy. It  
is an active area of research around  
the world. 

Controversies
The primary controversies in proton 

beam therapy are financially related: 

Who gets therapy and how to pay for ex-
pensive new centers. The cost of proton 
therapy limits patient access to proton 
therapy centers. The higher financial cost 
makes treatment for diseases treated well 
with conventional therapy controversial 
if treated with proton therapy, even with 
an established but small incremental 
clinical benefit. By far, the most contro-
versy to date for proton therapy has re-
sulted from a recent review of prostate 
cancer therapy. This has taken place in 
the context of a paradigm shift for pros-
tate cancer as a whole, and with prostate 
cancer treatment comprising one of the 
largest sources of revenue for any radia-

tion center, proton- or photon-based. The 
most recent and most robust research, 
published by a group at Yale, suggests 
that IMRT for prostate cancer may be 
nearly equally effective clinically as the 
more expensive proton therapy in men 
aged 66 and over. 30 If the two therapies 
cost exactly the same, the issue would be 
far less controversial. The study has not 
followed patients long enough to make 
any long-term conclusions as of yet with 
12-months follow-up being reported, 
so it is unclear if this is a true statement 
long term. As costs come down, the use 
of proton and other particle therapies will 
become less controversial.

FIGURE 6. The plan employed to treat a very young child with an anaplastic ependymoma. The patient was treated under general anesthe-
sia each day in he supine position. The screen capture shows how dose stayed out of the cochlea via range-controlled or distal blocking. 
Very large tumors in the brain can be a challenge for any modality, but the ability to spare hearing, hormonal function, vision, and temporal 
lobe structures via proton beam therapy is a very powerful tool when treating brain tumors, especially in very young children.33
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Limitations of proton therapy
At present, protons have concrete 

limitations relative to photons  that 
clinicians must  understand to best 
take advantage of the treatment. First, 
proton therapy generally takes much 
longer than photon therapy to go from 
simulation to beam delivery. It is not 
currently best used for emergent radia-
tion therapy because of this decreased 
nimbleness. 

Second, proton therapy does not 
have widespread availability, so pa-
tients may not hear about it from re-
ferral physicians even when it would 
be superior to conventional therapy. 

Travel and housing costs can make  
the technology prohibitive even when 
patients and physicians want to employ 
protons. 

Third, protons are inherently more 
complex than photons, and problems 
can be more difficult to fix on a daily 
basis. This means that staffing is more 
crucial for these centers than for pho-
ton-based centers. Physics staffing is 
likely 2 or 3 times that of image-guided 
photon therapy centers. The learning 
curve for protons is also steeper and the 
chance to learn how to do proton ther-
apy is more limited, also making staff-
ing more difficult for proton therapy.

 Fourth, proton therapy requires the 
treatment team to have the appropri-
ate expertise to treat the mix of tumors 
for which it is best employed: complex 
tumors next to the brain and spine in 
adults, children, and heavily pretreated 
patients. As the number of proton cen-
ters increases, the best ways to exploit 
it will be more widely understood  
and taught. 

Fifth, the dosimetry of the proton 
beam, in terms of biology, is not lin-
ear, and methods exist for mitigation 
of the increased biologic dose at the 
end of the Bragg peak that are often not  
obvious to those who don’t routinely 

FIGURE 7. A young woman treated for very favorable Hodgkin’s disease. She was enrolled on an institutional protocol addressing the capac-
ity of proton therapy to deliver standard therapy to these patients while sparing breast tissue. These data were presented at an international 
meeting in Amsterdam in the July of 2011 by the author.36 The author is the principle investigator of the study.33
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practice proton therapy (Figure 8). 
Careful attention to beam selection, 
beam stopping location, and the num-
ber of beams is needed to prevent un-
expected adverse biologic outcomes.

Finally, because proton therapy is 
so sensitive to distance from patient 
surface to the stopping point, it is far 
easier to have a geographic miss while 
using protons than it is while using pho-
tons. To correct for this, patients need 
to be assessed frequently and perhaps 
imaged with on-treatment, high-quality 
CT or MRI scans to assess changes.  

Departments using protons must be able 
to respond to range changes quickly 
for patients at risk for this issue. The 
development of photon-adaptive radio-
therapy directly impacts this aspect of 
proton treatment because the identical 
issues must be addressed.31

Conclusions
Proton beam therapy is a clinically 

relevant, accepted form of radiation 
therapy that is likely to endure and is 
justified by current data. New technolo-
gies are emerging to improve treatment 

delivery. Proton beam therapy is ben-
efiting indirectly from the progress 
made on all fronts of medicine to de-
liver better therapy to patients using 
better technology in planning and imag-
ing. As cost decreases and availability 
increases, the technology will become 
more pervasive and data will be devel-
oped to further specify where and when 
it is best used. 

Time will tell if we are able to lower 
the costs enough to make the technol-
ogy more routine and less expensive 
for patients. Currently, protons are ap-
propriate for first-line consideration in 
many pediatric, spinal, base-of-skull, 
head and neck, pelvic, and retreatment 
tumors. They may also prove superior 
for some subgroups of lung, breast, 
and prostate patients. 

To be sure, proton therapy is  no 
more effective, in many cases, than 
conventional therapy; due to geo-
graphic and other issues, it may even 
pose a greater hardship for some pa-
tients. Discussing cases with proton 
therapy centers will allow referral phy-
sicians to better establish options for 
their patients.

 However, proton therapy is here to 
stay, and many clinical trials are under 
way to better understand how and when 
to use it. Keeping abreast of this tech-
nology will be exciting for all radiation 
oncologists, as the promise to treat can-
cer patients with fewer side effects is 
something for which we all strive. 
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