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Introduction

Exrernal beam radiation and proton beam radiacion have been
used since the Jate 19605 to treat prostace cancer.' Because of
improvements in both echnologies they arc now considered
acceprable oprions for patients who are looking for an almost
entircly non-invasive approach o their cancer. For reasons
rclated ro medical cconomics, excernal beam radiacion facili-
tics arc far more commeon than proton therapy centers, of the
order of 1000 to one, Technology related w improvements
in external beam delivery has progressed fascer in the realm of
adaprive image guided trearment, computer medulation and
optimization of the radiation beam.

History

Soon after the discovery ol radivactive substances in the late
18005 physicians in the US and Europe worked o apply the new
radioactive technology to cancers that were near the patient’s
surface such as skin cancers and breast cancer. In a linle known
case from the US, Hugh Hampron Young, the former chairman
of the Johns Hopkins Medical School and the urslogist who
is most credited with being the father of the prostatectomy,
used a red of highly refined radium applied transreceally to
the posterior prostate to make large, symptomartic and incur-
able prostate tumors shrink during several applications. (See
Figure 1) Well before the modern understanding of DNA and
cellular bielogy, D, Young in 1916 learned through experience
an many patients that he needed 1o give his wtal radiadon
dose of many applications or fractions. in order to lower the
incidence of side effects,”’
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Figure 1.
A diagram of a transrectal treatment using
refined radium to treat the prostate by Hugh
Hampton Young in JAMA 1916.
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Evolutions of Technology

The advance in radiation oncology that has propelled the feld
to the forefront of prostare oncology came in the 1950s when
thoughthul clinicians ar the Stanford Medical School and London’s
Hammersmith Hospiral turned their interese to nuclear physics
and their research acceleraror facilities, By close collaborarion, these
research accelerators were turned roward human tumars and the
ability to cure deep seared cancerswas discovered. (Figure 2) During
the 19605 Varian Associares, now Varian Medical Systems (Palo
Mlro, CA), developed and successfully commercialized the medical
linear accelerator which has become an essential tool in the care
of most cancer patients. The modern lincar accelerator now has
thie ability to trear in several different energies of both photon and
clectron partiches. The treatments are now delivered using dynamic
radiation beams that can modulate the energylpenerrance of the
beam from muliiple angles or even through a dynamic moving
arc of radiation. Addirionally, the modern lincar accelerator now
fully integrates advanced CT imaging technology in real fime o
verily that the prostate is being precisely locared before and during
rhe rrearment. In rerms of numbers, there are several thousand
lincar acceleracors in use throughour the world and a muldpliciny
of venders, Amongst all cancer patients, approximately 60 percent
will require radiarion therapy as a component of their care; among
prostate tymor, t_‘,ipt‘l:iﬂl[}" rhe lif= :hrmr{:ning high risk cancers,
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Figure 2.
Henry Kaplan at Stanford University standing
next to an early model linear accelerator in

1950. Attribution to the NCI image library

(www.cancer.gov) 2014.
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radiation therapy has become the standard modality of treatment
cither after an attempted total resection of the prostate gland or
as a standalone definitive trearment. (Figure 3)

Radiobiology and its

Clinical Implications:

Radiation therapy produced by a beam has o well-known
mechanism ol action, Whether it is a photon, dectron, protwon or
neutron the accelerated particle produces numerous DINA injurics
when it interacts with DNA. Because of the ubiquity of photon
radiation, its biophysical chemisery is well-described. A typical
NCCN recommended course ol radiaion for prostace cancer
advises thar the gland receive a radiation dose in excess of 80 Gray
(Gy). Historically that dose has been very well tolerated dose rate
of between 1.8 Gy and 2.0 Gy a day. We have understood

Figure 3.
Adapted from the treatment algorithm
for High and Very High Risk Prostate
Cancer from NCCN Version 2.2014.

High Risk — T3a or Gleason 8-10 or PSA =20
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since the mid-1980s that with every Gray of radiation, any
given cell in che path of the radiotherapy underzoes 40 double
strand DINA breaks, 500 to 1,000 single strand DMNA breaks
and 1,000 w 2,000 base damages. We also know thar most
of this damage is repaired by the cellular repair apparatus
within 30 minutes, bue it takes at least four to six hours for
greater than 99 percent of the damage to be repaired, hence
the rationale for the daily radiation fraction.® The acrual
therapeutic target for radiation therapy is the DNA double
srrand break of the cancer cell; the accumuladon of double
strand brealks within the cancer cell leads to its eventual
inability to successfully multiply and continue to grow, This
pathway to senescence has significant dinical consequences,
because most solid tumor cells don'tacrually die righrafrer che
application of radiation, but rather die when they attempte o
divide, therefore slow growing tumors can appear wo clinically
or radiologically linger for an inordinacely long time after the
completion of therapy. For prostate cancer this means that
it is not uncommon for the PSA, a dependable surrogare for
prostate cancer tumor burden, to remain relatively elevared
tor up to two years following therapy as the cancer cells slowly
move toward their division and evenmal demise.

Dose Fscalation and its limits:

Theoretically one should always be able w give enough
radiation in arder to achieve a cure every time. Priar to the

19905 it was very technically dithcult to !i.'l'Fi.!]].-' give the en-
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tire prostate gland a dose in excess of 70 Gy; once this was
achieved at several institutions the cure rate of radiation for
prostate cancers in general terms rose from approximarcely
30 e 40 percent in the long term to 70 to 80 percent.” It
is important to remember when viewing older radiation
therapy results that this was a time which predared che ex-
rensive risk stratification and the diagnostic work-up that is
applied roday to prostate cancers. The PSA was a relarively
new test and the Gleason scoring system was in its infancy.
‘The barrier of 70 Gy was broken for most institution by the
implementation of some form of three dimensional planning
based on images of the prostate obtained through a CT
scanner. Prior o this advancement, radiation oncologists
used bony anatomy on plain X-ray films to define boxes of
radiation which had a high probability of containing the
prostate gland (and recrum, bladder, pelvic bones and penile
tissues). (Figure 4) There were rechnical differences berween
the attention each pracricioner paid to parient care that were
meaningful for successful ourcomes such as the use of rectal
contrast and urethrograms, but for the most part ic was an
inexact science and radiation dose was freely deposited o
all of the associared structures of the prostate such as the
penile bulb, bladder, rectum and sigmoid; tissues which are
known to have significant long terms damage in the dose
range of 50 w 60 Gy.*

Ac forward looking institutions such as che Memorial
Sloan Kettering Cancer Center and Fox Chase Cancer
Center in the US, practitioners pushed the limits of the 70
(ry dose and found minimal gains in efhcacy relative to the
leap secn clinically from 63 Gy to 70 Gy. Doses as high as
86.4 Gy have been described, but the field as a whole has
settled on doses in the 75.6 to 81 Gy region for low risk
cancers and doses greater than 80 Gy for intermediace and
high risk cancers.™ Because these series are from expert high

Figure 4.
Historical Limitations of Radiation Oncology,
from the NCI image library (www.cancer.gov).

volume centers there are critiques of patient selection biases,
but there are so many reported dose escalation experiences
it is reasonable to sum up che efficacy of moving from 70
to 80 Gy as a five to 10 percent improvement in long term
efficacy. There is a comparable dosc escalation experience
amongst the proton centers experience with prostate cancer
which have reported similar results to the photon experience
with far fewer parienrs.'™"

Stereotactic Bud}' Radimht"mp}'

Stercotactic body radiosurgery is a phrase thar formerly
had a very specific meaning in the field of radiation oncol-
ogy because of the limitations of the older generations of

Figure 5.
A prostate patient optimized for image guided intensity modulated treatment with gold markers

placed, MRI guided penile bulb identification, a filled bladder as per protocol, and a rectal balloon.
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linear accelerators. For most radiation oncologises today, it
has come to mean giving a curative dose of radiation with
a modern linear accelerator with advanced image guidance
during a course of five fractions of radiarion or less. In the
pst, before the advances in integraced imaging, stereotaxis
was achieved by more elaborate means such as correlation
of image sets obrained chrough free standing MRI and CT
units with an cxcernal frame of reference which allowed for
registration of a coordinate system from the imaging set to
the linear accelerator room. In the late 1990s the meaning of
sterentactic body radiosurgery was equared to “cyberknifc”
technology. A cyberk nife was a small linear accelerator
which ook an x-ray prior to delivering its radiarion dose
and was moved around the patient and the radiation room
via a robotic arm. The cyberk mife was capable n’rﬁivingx-m}r
image guided treatments by delivering small beamlets during
the course of 40 to 60 minutes, When the beamlets were
summed up a very high toeal dose could be delivered. Today,
most linear accelerators are able wo give these rearments in
a mareer of minutcs.

In reems of cfficacy, there have been no head o head
comparisons of Stereotactic Body Radiadon Therapy (SBRT)
versus Intensity Modulated Radiadion Therapy (IMRT), bun
there have been numerous aggregated repores.'*'® Because
prostate cancer is slow growing and can recur several years
after treacment, the relatively shore duration of the reported
expericnees with SBRT has been its main impediment to
widespread adoption. The other issue thar has been a major
concern for radiation oncologists is char giving such large
fractions to what is often a benign disease may cause long-
[erm problcrns, like those when a similar wave of “short”
radiation treatments were given to patients in the 1980s.
The late effeces did not manifest in the first five years afeer
trearment and when they did manifest they continued o
worsen during the ensuing decades.” It is also imporant
to note that SBRT is not considered acceptable treatment
for intermediate and high risk partients our of concern that
the maost dangerous pars of the prostate tumor are the can-
cer cells that have extended to the periphery of the gland.
These cells thar are starring ro move beyond the gland int
the body might be missed by the radiosurgeon’s very close
margin approach to treatment. Even as recendy as July 2014,
the US based study group RTOG which is responsible for
dose escalation trials using cyberknile or linear accelerator
based radiosurgery advised considerable caution in its use for
prostate cancer.'® It had been found that among 91 paticnts
enrolled in dose escalation crials from 2006 t 2011 in phase
1 and 2 protocols that five of the six patients treared to the
highest dose level, 30 Gy, required a colostomy to manage
their high grade recral roxiciny.

Radiation in Addition to

Surgery or a Seed Implant

As above, radiation above 70 Gy is considered ethcacious
for prostate tumors as a single crearment modalicy. Before
radiation was considered both o safe and effective rech-
nique additional strategies thar employed radiation were
developed. External beam radiation above approximacely
40 and below 50 Gy can be given to relatively large parts
of the body, such as the entire pelvis, with the abilicy ro
Lill micro-cancer metastases from several cancer rypes
without damaging the treated area,'™* Based on trials,
adjuvant external beam radiarion following surgery has
become the standard of care when high risk features are
idenrificd after the surgery within the pathology specimen
or a rising PSA (Table 1).

Based on long-term follow-up of large numbers of
patients, the combination of prosrate seed implant and
maoderate excernal beam radiation has been shown to be a
very effective and well tolerated crearment for intermediate
and high risk cancers, Recently, Memaorial Sloan Kettering
published its experience with “sceds plus excernal beam ra-
diarion” versus theirinstitutions experience with giving 86.4
Gy of radiation to the prostace.™ The seven year actuarial
PSA relapse-free survival rates were 81.4 percent versus 92
percent (p<0,001}), and che distane metastases-free survival
rates were 93.0 percent versus 972 percent {p=0.04). Most
of these patients were treated without daily image guidance,
the use of a full bladder or a rectal balloon. See Figure 6
for a view at modern prostate positioning for IMRT and
IGRT o greacer than 80 Gy

Table 1.
Adapted from Indications for
Post-prostatectomy Radiation Therapy
from MCCN Version 2.2014

Indications for Adjuvant Radiation

* Adverse paﬂ't-uiugi.r_'a] fearures found at surgery
Derectable PSA

Mo evidence of disscmination

pT3 disease

Positive Surgical Marging
Gileasons 8-10

Seminal Vesicle Involvement

Indications for Salvage Radiation

Bising PSA alter surgery to begin prior to the

PSA becoming 1 ng/ml or greater,
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Proton Beam Radiation

Proton beam radizrion has become more available as
academic institutions have become more comfortable
forming public private business partnerships in order
to overcome their considerable cost of construction and
maintenance.” A proton is a positively charged parricle
that is 1,800 times the size of an electron. Because of its
size it must be accelerated using a considerably larger en-
ergy investment than an electron or photon (a photon has
the physical behavior of both a very small parricle and a
wave).” Proton beams have a significant theoretical dosi-
metricadvantage over eraditional photon based treatments.
“The proton, because it is so relatively large, interaces much
more vigorously with the body’s tissues as it enters from
the aperture of the heam. When the proton particle has
reached its therapeutic depth it stops and deposies all of ies
residual energy ac that level thereby creating a large peak
of dose delivery at a very specific depth. For decades this
technology has been used by the two much older proton
therapy programs to trear rare pediacric and adult tcumors,
The Loma Linda facility published its long term resules
for prostate cancer in 2004." Berween Ocrober 1991 and
December 1997 1,235 patients were treated; at Ave and
eight years 73 percent and 73 percent were without disease
recurrence. The Proton Research Oncolopy Group found
ar the five year median follow-up that 61.4 percent and
804 percent of patients were treated ro either 70.2 Gy, and
79.2 Gy were without evidence of recurrence.™ The Proton
Research group investigators reported finding a serious
statistical error in their initial repore and later republished
thelr resules with the finding thar the five year FFBF had
actually been 78.8 percent versus 91.3 percent. ™ The
group at the University of Florida in Gainesville published
their experience with 211 patients treated with protons
berween doses of 78 Gy and 82 Gy using concomitant
doceraxel for high risk patients. At owo years of follow-up
they found chat 99 percent of their intermediate and high
risk patients were without biochemical failure. An updarte
of their series in March 2014 found that 99 percent (low
risk cancer), 99 percent (intermediace risk cancer) and 76
percent (high risk cancer) were free from biochemical or
clinical progression, "

Comparison of Proton Therapy

and Photon base IMRT and IGRT

Arecent JAMA article reported a meaningful population
based comparison berween patients treated with modern
IMRT and proton therapy, The researchers found no dil-
ference in the trearment groups berween the incidence of
erectile d}fsﬁ;nctinn, incontinence or hip fracrures. Tt was

found, however, that the group reated with protons in the
university seeting were found to have a statistically higher
incidence of gastrointestinal morbidicy and were subsc-
quently found to also undergo gastrointesrinal procedures
ara higher rate than patients treated in the communicy with
IMRT. In statistical terms, paticnts treated with protons
had an absolute risk of gastrointestinal morbidity of 17.8
per 100} person-years versus 12.2: RR, 0,665 95 percent CI,
0.55-0.79.% Researchers from Yale School of Medicine
reported in the Journal of che Narional Cancer Institute in
2013 an analysis of 27,647 Medicare benehciaries treated
for prostate cancer that the median Medicare reimburse-
ment for proton therapy was $32,428 versus $18,575 for
IMRT, but that there was no difference in gastrointestinal
orather toxicity, calling into question the medico-economic
justification [or the differential in cost to the healch care
system,” These findings reinforced a report from 2003
which had similar findings in comparing the quality of
life differences between IMRT and proton therapy™ OF
nore, a recent review article from rescarchers at the Mayo
Clinicin Scortsdale Arizona, reported that the older passive
scatter beam technology used by all operational US-based
proton facilitics may become obsolete when pencil beam
proton beam therapy becomes available. These Faciliries
should be able to deliver an IMET type dose distribucion
using protons buc at present no such data exists.™

Conclusion

The advances in radiarion rechnelogy for prostate cancer
treatment are impressive and have dramartically improved
treatment OuULCoImes E}r I_].ltil:rlt'j QvVer T.l:'ll: IJJ.'&'. 'vE"l'EfJ.l. dr.‘.'-
cades. The ficld conrinues o cvolve at an impressive rare
and the furure appears to offer continued innovation in this
important held. =
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