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The role of protons in modern and biologically-guided radiotherapy

HAKAN NYSTROM

The Skandion Clinic, Uppsala, Sweden and Niels Bohr Institute, Copenhagen University, Copenhagen, Denmark

Abstract

With the introduction of new biologically based imaging possibilities, a higher degree of individualisation and adaptation
of radiotherapy will be possible. Better knowledge of the biology of the target and its sub-volumes will enable dose pre-
scriptions tailored to the individual patients, tissues and sub-volumes. Repeated imaging during the course of treatment
will in addition enable adaptation of the treatment to cope with anatomical, as well as biological changes of the patient
and of the target tissues. To translate these bright future perspectives into significant improvements in clinical outcome,
advanced tools to tailor the physical dose distributions are needed. The most conformal radiotherapy technique known
to mankind and clinically available today is proton therapy; in particular Intensity Modulated Proton Therapy (IMPT)
with active spot scanning can not only tailor the dose to the desired target, but also effectively avoid sensitive structures
in the proximity of the target to a degree far better than other conformal techniques such as Intensity Modulated Radio-
therapy with photons (IMRT). The development of IMPT is now mature enough for clinical introduction on a broad
scale. Proton therapy is still more expensive than conventional radiotherapy, but with the present rapid increase in the
number of proton facilities worldwide and new initiatives to improve efficiency, the difference in affordability will continue
to decrease and in comparison with the benefits, soon diminish even further. Contrary to what is sometimes claimed, the
demands for better physical dose distributions and better avoidance of non-target tissue, has never been higher. Prolonged
expected survival in many groups of patients emphasises the need to reduce late toxicities. The success of concomitant
systemic therapies, with their tendency to cause higher morbidity stresses even further the increased need for subtle dose-
sculpting methodologies and tools. There is no contradiction between striving for better physical dose distributions and
a more biologically based approach. On the contrary, physical dose distributions are the tools to which achieve a treatment
that can meet the biological demands.

Optimisation in the context of radiotherapy is usually
understood as the means to find a treatment that
gives the highest probability for cure, or at least local
tumour control, while still maintaining the probabil-
ity of severe acute and late toxicities at an acceptable,
i.e. low, level.

The clinical outcome is related to many param-
eters connecting the biological response of tissue to
ionising radiation, some of the most important being
dose level, fractionation pattern, dose distribution
and type of radiation. In addition should be added
individual differences in radiation sensitivity and a
variety of medical and genetic factors. Better knowl-
edge of these latter factors will open the way to a
higher degree of individualisation of treatments [1].

However, in the typical optimisation process of
today’s radiotherapy, few of the above factors are
taken into account in the optimisation process.

Prescribed dose. Although it is often postu-
lated that the goal of radiotherapy is to obtain
as high a dose as possible to the target vol-
ume, while keeping the dose to healthy tissue
at a minimum, the prescribed dose to an indi-
vidual patient is, with few exceptions, based
on the maximum tolerable dose to the par-
ticular population of patients to which this
individual belongs, rather than to the level of
risk for the individual patient herself.

Fractionation pattern. The effect of different
fractionation patterns is a complex matter
which would require detailed knowledge
of the biology of the target and non-target
tissues involved in the treatment. Even in
cases where these biological parameters,
such as the alpha/beta ratio, are claimed to
be well understood, fractionation is seldom
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a parameter that is considered in the optimi-
sation process for individual patients.

3. Type of radiation. Linear Energy Transfer
(LET) and hence Relative Biological Effect
(RBE) and maybe even Oxygen Enhance-
ment Ratio (OER), differ significantly
between, e.g. carbon ions and x-rays. Since
the possible clinical advantages of high-LET
radiation are yet not well explored and, even
more importantly, since high-LET beams
are not widely available, the type (or modal-
ity) of the radiation is not a parameter used
in the optimisation for the treatment of indi-
vidual patients. Choice between different
photon energies, or even between electrons
and photons, is part of the dose distribution
optimisation process and not directly related
to biology.

4. Dose distribution. This is the single param-
eter that today is widely used in the efforts
to achieve an optimal radiation treatment for
individual patients. In traditional treatment
planning, experienced planners try to find
the most advantageous combination of
gantry angles, collimator setting, wedges,
number of portals and more. With the intro-
duction of IMRT, computer aided tools
became available and have increased the pos-
sibilities and much more conformal dose
distributions can be achieved.

A better knowledge of the individual biological
characteristics of each patient, each type of tissue and
even sub-volumes of tumours and surrounding tissues,
will open the way to an increased individualisation
of the treatment [2], but is strictly speaking not a
part of the optimisation process in the above sense,
just as little as type of disease is.

So, at the end of the day, optimisation of radio-
therapy at present all boils down to an optimisation
of the dose distribution.

Biological optimisation

One could argue that since killing cells with radiation
is an entirely biological process, the optimisation
should be based on biological parameters, rather
than a physical dose distribution. This is, of course,
a misconception, since the dose distribution is the
tool with which we can achieve the best clinical out-
come. The aim is, and has always been, to obtain a
dose distribution that, based on the clinical experi-
ence and biological knowledge available, will result
in the best clinical outcome for the patient. The fact
that accurate biological knowledge on an individual
patient level is rarely known does not change the

fundamental fact that prescription doses as well as
acceptable doses to healthy tissues, are based on the
clinical and biological knowledge at hand.

With the introduction of IMRT and computer
aided optimisation, the need to translate the bio-
logical knowledge into a few numerical indices
increased. Typically the biological knowledge and
clinical experience is transferred to the computer as
points in dose-volume histograms for certain defined
volumes and structures. A widely used source for
such numbers is the paper from Emami et al. [3]
and probably the QUANTEC data will play an
important role in the near future [4].

A further step towards a more biology based
nomenclature is the introduction of concepts like
Normal Tissue Complication Probability (NTCP)
and Tumour Control Probability (TCP) [5,6]. By
stating what an acceptable probability of a particular
type of complication would be, this risk can be bal-
anced against the probability to eradicate the tumour
or even cure the patient and the link from dose dis-
tribution and clinical reality can be visualised in a
way that may encourage a discussion on how to bal-
ance risk vs. cure on a patient-specific level. Equiva-
lent Uniform Dose (EUD) and Generalised EUD
(gEUD) are other concepts for biological optimisa-
tion with special application where the doses are
heterogeneous [7,8].

Conventional wisdom tells us, and current
paradigm within radiotherapy is, to prescribe and
deliver a uniform dose to the target tissue. This is,
however, optimal only when the tumour radiosen-
sitivity is uniform and is hence applied when the
radiosensitivity is assumed to be uniform. On the
contrary, a non-uniform radiosensitivity would
demand a non-uniform prescription and delivery of
the dose [9-11].

Increased knowledge of the biology of the target,
e.g. by means of functional MR and PET, paves
the way towards non-homogenous prescription and
delivery of the dose to the target volume, sometimes
referred to as dose-painting-by-numbers [12,13].
Once the biological information is there, the demands
for tools to deliver the correct dose levels to the
correct locations will increase.

So, biological optimisation of radiotherapy
requires accurate, individual and detailed knowledge
of the biology of the target and non-target tissues.
But, at the end of the day, once this information
is available, the optimisation all boils down to an
optimisation of the dose distribution.

Individualisation

It would be tempting to state that all the new bio-
logical information we hope to obtain at an individual
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patient level in the future will enable individualised
dose prescription and dose delivery. Although not
incorrect, we must not forget that a lot can be done
already with the knowledge at hand today. Most of the
parameters described above, which can be modulated
and optimised, are typically chosen to fit a certain
population of patients. Anatomical 3D imaging reveals
huge differences in the location of target tissues, as
well as critical structures and their interrelation,
between different individuals of the same patient
group. By exploring the best dose distributions
achievable in each patient, it will become evident
that different individuals may have very different
tolerance prescription doses. These differences may
become even more evident once detailed biological
information is available, but already from geometrical/
anatomical information generally available today,
different individuals are indeed different, even if
tolerance doses are extracted from population based
information. Attempts have been made to prescribe
doses to an interval, rather than to a fixed level, to
enable dose escalation in patients who are identified
as being at low risk for severe side effects, and to lower
the dose to patients where, e.g. the location of risk
organs makes a higher prescription dose hazardous,
e.g. in the proposed IDEAL and ISTART trials
[14,15]. However, this quite obvious approach to
improve and individualise radiotherapy has not found
its way to clinical application on a broader scale.

Adaptation

The general understanding of the concept of adapta-
tion in the context of radiotherapy is to adapt the
treatment plan, or treatment delivery, to more accu-
rately take temporal changes into account. These
changes may be tumour shrinkage during the course
of treatment, weight loss or different biological pat-
terns such as hypoxia and revascularisation. The main
reasons why an adaptive approach is still somewhat
unusual in practical radiotherapy, is partly due to lack
of correct and sufficiently frequent biological infor-
mation, but also due practical considerations such as
human resources for re-planning and quality control
(QQC) issues [16]. It is still a widespread opinion that
measurements in phantoms need to be done to verify
the planned dose delivery on an individual patient
level. However, to make real adaptation a clinical real-
ity, it is an absolute demand to find software-based
alternatives to the expensive, inefficient and tedious
idea of patient-specific QC measurements.

The role of protons

From what has been said above, the search for
an optimal dose distribution is still a key issue in

modern radiotherapy. These demands have not
lessened with the introduction of more conformal
treatment modalities, such as IMRT and Intensity
Modulated Arc Therapy (IMAT). On the contrary,
the more we get to know about what an ideal dose
distribution should (and could) look like, the more
obvious it is that our traditional tools do not present
the final answer.

The most conformal radiotherapy technique
known to mankind and clinically available today is
proton therapy, in particular Intensity Modulated
Proton Therapy (IMPT) with active spot scanning
[17], only challenged by brachytherapy under some
very special conditions. (Conformation should in this
context not only be understood as conformation of
the high dose volume to the clinical target volume,
but equally important avoidance of the healthy struc-
tures outside the target volume.)

Protons exhibit a higher LET than MV-photons,
resulting in a slight increase of the RBE. The LET is
increasing when the protons are slowing down with
the result that the LET and hence, RBE, is at its
highest level just before the protons come to rest.
Although well known and possible to take into
account [18], protons are in general assumed to have
a constant RBE of 1.1, and the important difference
of protons relative to conventional radiation qualities
is the relative dose distribution, rather than biological
differences.

With IMPT, the dose distribution can be nicely
tailored around the target volume, almost irrespec-
tively of its shape. However, there are other much
more affordable treatment modalities, doing equally
well, as long as dose conformation to the target is
the issue. Numerous treatment planning studies
have compared IMPT, IMRT and IMAT confirm-
ing the fact that the substantial difference lies in
volumes outside the target volume [19-24]. While
IMRT and other conformal photon-based tech-
niques redistribute the dose within the patient, IMPT
is actually able to decrease the imparted energy to
the patient and in some situations even elzminate the
dose to certain tissues, without compromising the
target coverage.

As a consequence of the substantial and rapid
technological development and general improvement
of radiotherapy, patient survival has increased sig-
nificantly, and for some groups life expectancy after
treatment has improved dramatically. Combined
with longer follow-up, improved cancer registries
and end-result programs, long-term morbidity, in
particular secondary radiation-induced cancers, has
become increasingly obvious and important [25].

In particular this is true for pediatric cases and
in the treatment of young patients, e.g. for Hodgkin’s
lymphoma, where in some cases radiation-induced
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malignancies cause more deaths than the primary
cancers [26].

It has been shown that the cumulative incidence
of secondary cancer induction can be as high
as 20% of young patients treated with radiation
[26]. In a comparative treatment planning study of
childhood medulloblastoma, an estimated life time
risk of secondary cancers of 30% for IMRT was
found [27].

Also for adults an increase of secondary malig-
nancies can be expected. In a study [28] 51 500 pat-
ents who hade undergone radiotherapy for prostate
cancer was compared to 70 500 similar patients who
had received surgery for the same diagnosis. Despite
the relatively high age of these patients (71 years) and
a low mean survival time (4.3 years), there was a 6%
increase in the incidence of solid tumours in the
radiotherapy group and the relative risk increase to
15% after five years and to 34% for patients surviv-
ing ten years or more.

In connection with the introduction of IMRT, the
consequences of the increased integral dose, com-
pared to conventional radiotherapy in the treatment
of head and neck patients was calculated [29]. An
eight-fold increase in the risk for secondary malig-
nancies due to an increased over all dose leakage in
the case of IMRT as compared to conventional
treatments was found. However, probably the most
important aspect lays in future perspectives on the
use of drugs in combination with radiotherapy. A
combination of chemotherapy and radiotherapy, in

particular in concurrent applications, has been shown
to be effective and has resulted in lower recurrence
rates as well as improved survival in several tumour
sites [30].

Over the years the statement that radiotherapy
will soon become obsolete, has been disseminated.
Other modalities such as chemotherapy, monoclo-
nal antibodies, targeted drugs or gene therapy will
take over cancer therapy and make the perpetual
striving for radiotherapy with better conformation
redundant. In a letter to the editor, Schulz and
Kagan [31] states that even with the invention of an
imaginary super machine that could produce any
dose distribution, the impact on cancer mortality
would be minimal. What was not foreseen by these
authors was the success of combined therapy, and
the need for better dose conformation that this
technique demands.

Concurrentdrug administration not only increases
the radiosensitivity of the tumour clonogens, but also
increases the toxicity significantly. Several studies
have been forced to exclude a significant number of
patients, or even close prematurely due to excessive
toxicity [32—35]. Although not enough is known on
how the combined treatment affects the toxicity
patterns, and in particular not for newer targeted
biologic agents, it is widely recognised that the pat-
tern of morbidity changes and the amount of toxicity
increases, in some cases dramatically.

In the papers from Wang et al. [36,37] it has been
shown, for example, that doses as low as 5 Gy have

Figure 1. Treatment plans for a T2N2MO anal cancer. The prescribed dose was 60 CGy to the primary tumour and an inguinal lymph
node on the right side with verified involvement and 46 CGy to the rest of the elective volume. Figure la shows the dose distribution
obtained with IMPT and Figure 1b the dose distribution with Tomotherapy Hi Art.
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a significant impact on toxicity in the treatment of
NSCLC with concurrent chemotherapy. In fact V5
was the single most significant factor associated with
treatment-related pneumonitis.

With increased clinical experience with IMRT, it
is not unlikely that large volumes of low doses might
be shown to be more harmful than we have previ-
ously believed, in particular with combined chemo-
radiotherapy.

Consequently the future success of combined
treatments also boils down to a matter of better dose
distributions, at least to a large extent.

A couple of illustrative examples

To illustrate the overwhelming impact on the dose
reduction to non-involved tissue that can realistically
be achieved with proton therapy, two examples are
given.

The first case is a 59-year-old woman with a
T2N2MO anal cancer. The prescribed dose was 60
CGy (Cobalt Gy equivalent) to the primary tumour
and an inguinal lymph node on the right side with
verified involvement and 46 CGy to the rest of the
elective volume. In addition to the radiotherapy, the
patient received chemotherapy.

Two plans were created, i) a plan with IMPT
(Figure la) and as a comparison ii) a plan with
Tomotherapy Hi Art (Figure 1b). Tomotherapy was
used because it was believed that it represented the
state of the art in photon-based IMRT, but similar
results would have been expected also for other
IMRT modalities.

With both modalities a very good conformation
to the target volumes was obtained (Figure 2a), and
reasonable avoidance of the most critical organs was
achieved, e.g. the optimisation criteria set by the cli-
nicians were met. However, in the total amount of
energy delivered to the patient, a dramatic difference
can be seen (Figure 2b). Whereas the tomotherapy
plan delivered an integral dose of 404 Joule to the
patient for the whole course of treatment, the IMPT
could be delivered with only 228 Joule (integral dose
is here to be understood as the average dose to a
certain volume, e.g. the whole body, times the vol-
ume, assuming a water equivalent density of all tis-
sues). Reasonable in this comparison is of course to
exclude the integral dose to the PTV, which was
about 90 Joule in both cases (since the dose descrip-
tion and target definitions were exactly the same and
the dose conformality was similar). That leaves us
with 312 Joule to non-involved tissue in the case of
tomotherapy and only 138 Joule for the IMPT plan;
a reduction by 56% (Table I).

It might be expected that the difference will be at
its maximum for large, deeply situated tumours with
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Figure 2. Dose Volume Histogram for the IMPT proton plan and
the Tomotherapy plan for a) the union of the planning target
volumes and b) for the total volume, including the PTVs.

highly irregular shape, just as the in the case above.
To illustrate that the effect of dose reduction can be
at least as dramatic for other cases, a second example
is given.

The second case is a 45-year-old male with a
TIN2cMO floor-of-mouth tumour. The primary
PTV was prescribed to a dose of 68 CGy and the
nodes to 54 CGy (Figure 2). Two plans were done,
i) a plan with IMPT (Figure 3a) and as a comparison
ii) a plan with IMRT (Figure 3b).

Table I. Comparison between the doses (in Cobalt equivalent Gy)
and integral doses (I.D. in Joule) for the pelvis patient. The integral
dose to the non-involved tissues was reduced by 56% with the
IMPT plan compared to the Tomotherapy plan.

Dose (CGy)

Min Max Mean Median Volume I1.D.(J)

Tomo
Target 39.44 63.45 50.93 48.02 1.81 92
External 0.61 63.45 23.95 21.82 16.87 404
Ext - Target 20.72 15.06 312
Protons
Target 42.05 62.77 49.74  46.47 1.81 90
External 0.00 63.56 13.53 2.76 16.87 228
Ext - Target 9.16 15.06 138
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Figure 3. Treatment plans for a TIN2cMO floor of mouth tumour. The primary PTV was prescribed to a dose of 68 CGy and the nodes
to 54 CGy Figure 3a shows the dose distribution obtained with IMPT and Figure 3b the dose distribution with IMRT.

Just as in the above case, the dose conformation
to the target volumes was excellent with both tech-
niques, but a significant decrease, 65%, in the integral
dose to non-involved tissue was obtained with the
proton plan compared to the IMRT plan (Table II).

Discussion

The striving to achieve better dose distributions
has traditionally been focused on tailoring the high-
dose volumes to the target tissues and less attention
has been given to the reduction of doses outside
the target tissues, at least as long as the optimisation
criteria for organs at risk have been met. Today’s
tools for intensity modulated photon treatment
have been developed to a level few could have imag-
ined just a couple of decades ago and few would
believe that equally important and significant

improvements are still to come. That is, however,
only as long as the dose conformation to the target
tissues is the focus.

Table II. Comparison between the doses (in Cobalt equivalent Gy)
and integral doses (I.D. in Joule) for the Head & Neck patient.
The integral dose to the non-involved tissues was reduced by 65%
with the IMPT plan compared to the Tomotherapy plan.

Dose (CGy)

Min Max Mean Median Volume L.D.(J)

IMRT
Target 30.1 73.1 64.39 - 0.54 34.8
External 0.00 73.2 12.66 - 16.64 211
Ext - Target 10.92 - 16.10 176.2
Protons
Target 42.7 71.2 61.9 - 0.54 33.5
External 0.00 72.9 5.73 - 16.64 95.3
Ext - Target 3.84 16.10 61.8
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In the above examples it was shown that far less
than 25% of the energy imparted to the patient actually
reaches the intended target volumes. This unwanted
dose can be significantly reduced by opting for protons
instead of photons. In the examples shown, the reduc-
tion of the unwanted dose burden was 56% and 65%,
respectively. The figures may differ from case to case,
but the above examples are by no means extreme.

The clinical implication on integral dose and
the importance of reducing it is yet not a solved
issue. In a perspective of radiation protection it is
difficult, not to say unintelligible, that the ambitions
to chase every single mSv or even USv, for the gen-
eral public or patients undergoing x-ray examina-
tions, never reached the cancer patient populations.
In the context of reducing the (unwanted) popula-
tion dose, the introduction of proton therapy would
by far be the most cost effective measure calculated
per eliminated man Sv.

Looking into the risk of secondary cancer induc-
tion, a linear relation between integral dose and risk
has traditionally been applied in the low dose range.
At higher doses it has been assumed that the risk
per Gy drops at doses above some 5 Gy due to cell
killing and diminishes at even higher doses [38].
This assumption is contradicted by clinical findings
where secondary solid tumours predominantly
seems to appear in, or close to, the high dose vol-
umes and no significant fall off with energy is noted
[39-41]. In more recent works [42,43], new models
are applied that very convincing make a case for the
re-instatement of integral dose as the key parameter
for estimating second cancer induction.

In the above calculations only doses as calculated
by the treatment planning systems are taken into
account. This means for example that the neutron con-
tamination of the proton beam is not taken into
account, or the collimator leakage in the case of IMRT.
This is however believed to be a minor problem; in
particular in the case of neutron contamination since
this contribution is minimal with spot scanning tech-
nique, compared to traditional passive scattering tech-
nique, and in general, since the total integral dose from
these sources are small compared to the contribution
from the high dose volumes or in-field volumes.

Further, the assumption is made that the same
concept for margin design can be used irrespectively
of treatment modality. Since range uncertainties
play an important role in particle therapy, this
assumption of equal margins, e.g. IMPT and IMRT
can be questioned.

Conclusions

The importance of good dose distributions is a
key issue, not only as a way to conform the dose

distribution to the target volumes, but increasingly
also to reduce the doses to non-involved tissues.
The best dose distributions, in the target as well
as outside, are achieved by proton therapy delivered
by Intensity Modulated spot-scanned proton beams.
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