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Introduction
Simply put, protons stop. On penetrating through matter, 
they gradually interact with orbiting electrons, losing a tiny 
amount of energy in each collision, eventually resulting 
in the well-known Bragg peak (Figure 1). It is due to this 
simple effect that proton therapy can, by using modern 
delivery technologies such as pencil beam scanning (PBS)1 
and intensity modulated proton therapy (IMPT),2 lead to 
such dramatic and impressive dose distributions (Figure 2). 
At least on the computer screen.

What possibly could go wrong with this? Well, many things 
according to many authors (including the author of this 
paper). The problem is, the sharper the gradient, such as 
on the distal side of the proton Bragg peak (Figure 1), the 
more dependent we are on it being positioned in exactly 
the position we want it to be to achieve the planned dose 
distribution. By the very nature of sharp gradients however, 
any small shifts in their position cause drastic, if localized, 
changes in dose. Indeed, this is the paradox of conformal 
radiotherapy of any form. Being conformal means 
constructing sharp gradients around the target volume, and 
sharp gradients are fundamentally unrobust. For proton 
therapy, this simple truism leads naturally to the concept of 
"range uncertainty"—i.e uncertainty in the exact position of 
Bragg peaks in the patient, translating directly into concerns 
of the "robustness" of the planned dose distribution.

It is this concept of range uncertainty, and its consequences 
on plan robustness, that is discussed in this paper. As such, 
an unconventional format has been adopted. In the first 
section, the sources and potential consequences of range 
uncertainty will be discussed (The reality), whilst in the 

second section, we will move on to discuss, and hopefully 
"debunk," some of the more exaggerated claims made on 
the consequences of such uncertainties (The myths). In the 
final section (Clinical possibilities and outcomes), the clin-
ical benefits of proton therapy, despite the reality of range 
uncertainty, will be outlined. The aim is to revisit the issues 
of range uncertainty from a critical, but also balanced and 
pragmatic viewpoint, attempting to put range uncertainty 
into clinical context.

The reality
Sources of range uncertainty
Let’s be clear—range uncertainty is a reality. Even in the 
simplest geometries and media like water, proton range 
is inevitably uncertain. For instance, there will always be 
measurement limitations involved in measuring the Bragg 
peak (because of the sharp gradient), as well as possible 
fluctuations in the energy of the beam. However, both are 
small and lead to submillimeter uncertainties only. Clini-
cally, these are irrelevant.

Range uncertainty, however, certainly increases when it 
comes to predicting range in the patient. Patients are not 
water, and accurate range prediction needs an accurate 
model of the patient, or more precisely, an accurate model 
of the relative stopping power of different tissues in the 
patient. The current state-of-the-art to determine these 
is by X-ray tomography (CT) imaging. Given that this 
provides information on attenuation of the tissues to X-rays 
however, proton stopping power must then be deduced 
using a calibration procedure.3 Current estimates on the 
range uncertainty from this procedure, including inherent 
limitations of the modality including, e.g. beam hardening, 
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Abstract

Range uncertainty is a much discussed topic in proton therapy. Although a very real aspect of proton therapy, its 
magnitude and consequences are sometimes misunderstood or overestimated. In this article, the sources and conse-
quences of range uncertainty are reviewed, a number of myths associated with the effect discussed with the aim of 
putting range uncertainty into clinical context and attempting to de-bunk some of the more exaggerated claims made 
as to its consequences.
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is of the order of 3-%, although this can be reduced with the use 
of dual-energy CT.4,5 Thus, the best-case range uncertainty for a 
Bragg peak at 10 cm water equivalent range in the patient is of the 
order of 1.5–3.5 mm.

This is what would be expected for a good quality CT and 
unchanging patient. By good quality, we mean a CT with high 
spatial resolution, low noise and minimal reconstruction arte-
facts due to high-density materials. This is not always the case, 
and for CT data sets with diminished quality (e.g. due to metal 
implants), range errors, at least locally, can be up to the centi-
meter range when irradiating through major reconstruction 
artefacts created by dense (e.g. metal) implants. Although new 
CT acquisitions and reconstruction techniques (e.g. dual-energy 
and iterative reconstruction techniques) can help, this remains a 
major source of range uncertainty for some patients. In addition, 
even with a perfect CT, additional, but small range uncertain-
ties may remain due to limitations in the accuracy of the dose 
calculation.6

However, many patients also change during the course of frac-
tionated therapy, leading to additional changes in in-vivo range. 
As a result of daily misalignments of the patient, range will 
change due to changes in the relative position of density hetero-
geneities, and the patient surface, in relation to the treatment 

beam. Indeed, both rigid translations and rotations of the patient 
will affect range, even though current approaches to evaluate the 
effect of such uncertainties, and attempts to mitigate them during 
the optimization process, typically only consider translations.7–9 
On the other hand, as daily positional misalignments can be 
considered to be random in nature (at least if daily imaging and 
correction protocols are adopted to reduce systematic errors), 
the dosimetric effects of these will be significantly reduced over 
the course of the treatment.

More worrying problems are deformable (e.g. non-rigid 
changes such as shoulder movements10) and/or anatomical 
changes to the patient. The former are problematic for all treat-
ment sites outside of the upper cranium, whilst the latter are, to 
a greater or lesser extent, present in all treatment sites. Range 
uncertainties due to deformable changes are extremely diffi-
cult to predict or correct, and for this reason, are also typically 
ignored in robustness evaluation or optimization. However, the 
magnitude of changes due to these effects, at least locally, can 
be large. Even worse are changes in the anatomy of the patient, 
such as weight changes or varying filling of internal cavities. 
For instance, in a study performed at our institute,11 local range 
changes of over a centimeter were found simply due to an addi-
tional layer of fat resulting from a weight gain of only 1.5 kg in 
a pediatric patient. Indeed, anatomical changes of the patient 

Figure 1. A comparison of distal and lateral fall-offs for PBS proton therapy in water. Both are for a Bragg peak depth of 15 cm in 
water. PBS,pencil beam scanning.

Figure 2. Example clinical dose distributions delivered at our institute using PBS proton therapy, showing the large volumes of 
normal tissue spared by the stopping characteristcis of protons. (a) A large meningioma treated using 3-fields. (b) A sacral chor-
doma treated with two posterior-oblique fields. PBS, pencil beam scanning.
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are, by magnitude, likely the largest source of range uncertainty, 
and procedures for mitigating their effect need to be adopted 
wherever possible.12–14

Consequences of range uncertainty
Uncertain range, resulting from any of the sources discussed 
above, can have consequences on a number of aspects of a treat-
ment, including target coverage, dose conformation, dose homo-
geneity and critical organ doses, each of which will be briefly 
discussed in the following.

As the primary aim of proton therapy is tumour control, a 
major clinical consequence of range uncertainty is potential 
under dosage of regions of the tumour due to under shoot (i.e. 
the delivered range in the patient is less than planned). In prin-
ciple, due to the sharp distal fall-off of the Bragg peak, even 
relatively small under shoots can lead to extreme under dosage 
of the tumour. For instance, in water, the distal 80–20% fall-off 
for a Bragg peak with a range of 15 cm is of the order of 4 mm. 
Consequently, a 4 mm range could change the dose at the distal 
end of the distribution by up to 60%! Scary indeed. To mitigate 
this in practice, either the target volume needs to be extended at 
the distal, and (to a lesser extent) proximal, border [the so-called 
range adapted planning target volume (PTV) approach], or the 
effects of range uncertainty incorporated into the optimization 
process (robust optimization), both of which lead to deliberate 
over shoot of the target in the nominal plan. Inevitably, this leads 
to a loss of dose conformation at the distal end, thus mitigating, at 
least to a certain extent, the primary advantage of proton therapy 
(see above). More subtly, and particularly for IMPT plans, range 
uncertainty can also affect dose homogeneity within the tumour 
volume. As a highly modulated IMPT plan may patch many 
field-internal dose gradients, both orthogonal to and along the 
beam direction, the relative positions of these gradients may 
change due to range changes, leading to unplanned hot and cold 
regions of dose.15 Note, that these dose changes occur within the 
gross tumour volume/clinical target volume (GTV/CTV) area, 
and cannot therefore be corrected by simply extending the PTV 
margin.

Finally, the consequences of range uncertainties are not restricted 
to tumour dose. If under shoot equates to potential under dosage 
of the tumour, then over shoot can just as importantly result in 
over doseage of critical structures that lie at, or beyond, the distal 
edge of the volume. Thus, range uncertainty (together with the 
fear of potentially enhanced biological effects in the Bragg peak) 
is typically considered the main obstacle to the use of the distal 
fall-off for organ sparing.

The myths
So much for the very real realities of range uncertainty. In this 
section, we will now turn our attention instead to some of the 
"myths" often associated to range and its uncertainty, four of 
which will be considered.

Myth 1: range uncertainty substantially mitigates 
the advantage of protons
This is a common myth, often raised to question the effectiveness 
of protons. And to a certain extent it is correct, at least for the 
"water" Bragg peak. Uncertainties in range will lead to uncertain-
ties in dose, and additional measures may need to be taken to 
account for them, for instance "deliberate overshoot" (see above). 
Inevitably therefore, their advantage will be mitigated somewhat 
when range uncertainty is present or considered. The question, 
however, is not whether the advantage is mitigated, but by how 
much. To put this in context, consider Figure 3.

Figure  3a shows a comparison of depth–dose curves for 
photons and a proton Spread-Out-Bragg-Peak (SOBP) in water. 
The green shaded areas indicate, in the ideal case, the regions 
where protons have an advantage, and red where photons have 
an advantage. For protons, there are advantages at all depths, 
with the largest beyond the distal fall-off, whereas for photons, 
there is an advantage only in the first few millimeters, due to 
the skin sparing effect. Figure  3b shows a similar comparison, 
now including an unplanned over shoot. This leads to an addi-
tional region where photons have an advantage (at and around 
the distal edge of the SOBP) which is however small. At the vast 
majority of depths, the advantage of protons remains. Thus, 

Figure 3. A schematic comparison of the dosimetric advantage of protons versus photons. (a) The nominal case (i.e. with per-
fectly accurate range), with the regions of dosimetric advantage of protons indicated in green. (b) The same comparison with an 
un-planned overshoot of the field.
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even with range uncertainty, protons bring many advantages in 
reducing dose to normal tissue. This is not to say that the addi-
tional red region is not important—it could be, if that is where a 
small critical structure is—just that the effect should be kept in 
context of the clinical big picture.

A clinical demonstration of this is shown in Figure 4. Figure 4a 
shows a three-field IMPT plan to a large, skull-base chordoma, 
planned on the CT in Figure 4b, for which the CTV/PTV totally 
encompasses both nasal cavities. Despite the large target volume, 
protons allow for excellent high dose conformation, reduced 
dose to the brain stem and almost complete sparing of the poste-
rior portion of the brain. On starting treatment however, a new 
CT was acquired (Figure 4c) for which the changes in the nasal 
cavity could not be more dramatic. Indeed, this is one of the most 
extreme cases of anatomical changes we have observed, and one 
which will naturally lead to range changes in the centimeter 
range for all fields. The dose distribution recalculated on this new 
CT is shown in Figure 4d.

The differences are surprisingly small. Although there is some 
inevitable dose "leakage" into the normal tissues anterior to the 
target volume (as indicated in the figure), all the most important 
organs at risk are spared as well as in the original plan. In addi-
tion, the target volume remains well covered. As such, due to the 
incident beam angles used for this plan, the clinical effects of even 
the huge range changes in this case were surprisingly minimal. 
This is not to say that this situation is acceptable for the whole 
treatment (indeed, complete replanning was performed imme-
diately after this was observed), or the effects would necessarily 
be minimal for other cases or field arrangements. It just shows 

that even dramatic anatomical changes do not need to substan-
tially reduce the advantage of protons. Indeed, similar robustness 
to anatomical changes have been found by a number of authors 
through a similarly careful selection of beam angles,16,17 the use 
of robust optimizaton18 or through reduced in-field modulation 
of plans.19

Myth 2: the Bragg peak is the sharpest gradient
The distal fall-off of a Bragg peak in water is indeed sharp, as seen 
in Figures 1 and 3. Indeed, for a SOBP with a range of 15 cm in 
water, corresponding to a maximum energy of about 150 MeV, 
the distal 80–20% fall-off is 4.5 mm (Figure 1). For comparison, 
the best-case lateral fall-off (at the Bragg peak) of a single proton 
pencil beam at the same depth is about 7.5 mm.20,21 The distal 
fall-off therefore is the sharpest peak, at least in water. The reality 
in the patient can be quite different however.

Figure  5a shows a single PBS field to a skull base chordoma, 
planned using a single field coming from the right. This has been 
optimized in order to maximize homogeneity and conformality 
of dose across, and to the tumour. Although the maximum dose 
is quite high (114% in this case), there is nevertheless an impres-
sive conformation to the target at the 95% dose level (the blue 
colour-wash region).

However, where is the sharp distal fall-off in this field? The answer 
is, there isn’t one. Although the dose drops beyond the distal end 
of the target, this fall-off is in no way sharp. The problem is that, 
particularly in this part of the human anatomy, the patient is 
anything but a homogenous water phantom, and the typical pris-
tine Bragg peak of Figure 1 is literally torn apart by the density 

Figure 4. The dosimetric consequences of major changes in the filling of nasal cavities for a large chordoma in the paranasal 
region. (a) The nominal plan planned on the CT shown in (b). (c) New CT acquired on the first treatment day and the correspond-
ing recalculated dose (d).
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heterogeneities through which it must pass, drastically blurring 
the distal end. Indeed, for this field, the lateral fall-off is visibly 
sharper than the distal.

Although the example of Figure 5 may be considered an extreme 
example (but nevertheless a field which would be perfectly 
acceptable as part of a multifield PBS plan), then also consider 
the dose distributions shown in Figure 5b–d. These show distri-
butions through different levels of a 2-field IMPT treatment to 
a sacral chordoma, together with the calculated 80–20% distal 
fall-offs of the dose distribution along the lines indicated. These 
vary from 9 to 17 mm, at least twice the fall-off of the Bragg peak 
shown in Figure 1 and are once again not appreciably sharper 

than the lateral fall-offs of the same plan. Indeed, these distal 
fall-offs are for fields with relatively shallow maximum depths 
(just a few centimeters). The distal fall-off will be even less sharp 
for deeper fields as may be used for the treatment of prostate 
cancer, where distal fall-off will be further degraded due to range 
straggling.

In summary, the "sharpest gradient" of proton therapy is often not 
as sharp in the patient as we may believe when looking at Bragg 
peaks in water, which will inevitably reduce sensitivity of treat-
ments to range uncertainty. This should not come as a surprise if 
the reader is familiar with the excellent (and largely under read) 
paper by Urie et al22 on the degradation of distal fall-offs due 
to density heterogeneities. Despite this, myth two persists in 
much of the proton community, maybe because little has been 
published on this important topic in the literature, particularly 
in respect of comparing distal to lateral fall-offs in clinical condi-
tions. Additional studies therefore would be welcome to refute 
(or confirm) this myth.

Myth 3: photon therapy robust, proton therapy 
unrobust
The concept of plan robustness is something that the proton 
community can be proud of. In contrast, rarely is the robust-
ness of a photon plan ever questioned. Does this mean that 
proton therapy is inherently less robust than photons? Well, only 
partially. Certainly, due to their finite range, protons are funda-
mentally less robust than photons at the distal end of the field, 
but only because there is no distal end of a photon field! However, 
as discussed above, robustness is strongly correlated (inversely) 
to dose gradients, with any radiotherapy technique with high 
dose gradients therefore being less robust than a technique with 
shallow gradients (see, e.g. the classic paper on margin calcula-
tions by van Herk23 where sharper dose penumbras lead to larger 
margins!). Interestingly, as the lateral penumbra for protons is 
typically shallower than that for photons,20 protons will therefore 
often be more robust to positional misalignments orthogonal to 
the beam direction than photons.

To demonstrate this, Figure 6 shows an experimental compar-
ison of the robustness of IMPT and volumetric-modulated arc 
therapy (VMAT) plans to the same target volume applied to the 
same anthropomorphic phantom. It is important to note that 
neither plan was robustly optimised. Both plans were deliv-
ered multiple times to the phantom, each time with a delib-
erate misalignment of the phantom along one of its cardinal 
axes (L-R, A-P, S-I). For each, film dosimetry was performed, 
and point-to-point differences between the maximum and 
minimum doses over all films calculated, effectively providing 
the dose uncertainty at any point. Although the spatial distribu-
tions of dose uncertainty are quite different between the plans 
(partially due to the different field arrangements used), there 
are clear regions of uncertainty for the VMAT plan where the 
magnitude is substantially higher than any of the measured 
proton uncertainties. It is also interesting to note that, for the 
proton deliveries, these results inherently include all additional 
range uncertainties induced, e.g. by CT calibration and phantom 
misalignments etc.

Figure 5. Realistic, in-vivo distal fall-offs for proton therapy. 
(a) For a single lateral field to a skull base chordoma. Note the 
extreme degradation of fall-off at the distal end due to den-
sity heterogeneities in the patient. (b–d). Example distal fall-
offs to through different slices of the same sacral chordoma 
case. Note, all fall-offs are considerably larger than the distal 
fall-off shown in Figure 1.

Figure 6. An experimental evaluation of plan robustness to 
set-up errors for VMAT and PBS proton therapy in an anthro-
pomorphic phantom. Interestingly, the largest dose uncertain-
ties are found at the lateral aspects of the VMAT plan even 
though this analysis inevitably includes the additional effects 
of set-up error induced range uncertainties for the proton 
plan. PBS,pencil beam scanning; VMAT, volumetric-modulated 
arc therapy.
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Myth 4: the Bragg peak is not used in proton 
therapy
This could not be further from the truth. Every proton therapy 
plan exploits the Bragg peak, even if it is badly degraded (see 
Myth 2), allowing proton therapy to deliver the types of treat-
ments shown in Figures 2, 4 and 5. That protons stop somewhere, 
even if not as sharply as in water and/or with some uncertainty, 
still allows for the sparing of large volumes of normal tissue (cf. 
Figure 3). Rather, what this myth really implies is that current 
proton therapy does not exploit the "sharp" distal fall-off of the 
Bragg peak. As such, it is strongly related to Myth 2, and whether 
a misnomer or a distinct myth, it clearly needs to be "debunked". 
The Bragg peak has been, and is, exploited in every proton 
therapy treatment, allowing to substantially reduce dose to large 
volumes of normal tissue, even when range is uncertain and the 
distal fall-off degraded.

Clinical possibilities and outcomes
In this final section, some of the possible and real clinical advan-
tages of the range-uncertain and degraded Bragg peak will be 
discussed and highlighted.

Theoretical advantages
Despite Bragg peak blurring and range uncertainty, the most 
striking advantage of proton therapy remains—its ability to 
substantially reduce the so-called dose bath outside of the target 
volume (the green regions in Figure 3). Clinically, this could have 
two main consequences—the reduction of radiation induced 
tumours, and side-effects in organs that have a strong volume 
effect. By this, we mean organs whose risk of complication is 
associated more with the mean dose they receive, as opposed to 
small volumes of high dose.

Perhaps, the most obvious of these is secondary tumour induc-
tion. Radiation is a well-documented carcinogenic agent, and 
any reduction of dose to uninvolved healthy tissues should, theo-
retically, reduce the risk of radiation induced second cancers. 

Quite sophisticated models have been developed to predict risk 
based on three-dimensional dose distributions,24–27 most of 
which consistently predict reductions in secondary cancer rates 
through the use of PBS proton therapy by about a factor of two, 
even when taking into account secondary neutron dose. Inter-
estingly, this figure is also roughly the average reduction in non-
target integral dose found when moving from highly conformal 
photon therapy (e.g. IMRT, VMAT) to PBS proton therapy.28

Let’s move now to the reduction of side-effects. The volume 
effect in many human organs is one of the great unknowns of 
radiotherapy. Although models and parameters for the predic-
tion of normal tissue complication probabilities (NTCP) have 
been around for 30 years or so,29 organ-specific parameters 
for these are still very uncertain. Nevertheless, organs such 
as the lung, liver and pancreas are considered to have strong 
volume effects, and thus a reduction of the dose-bath delivered 
to these organs could have a significant impact on treatment-
related toxicity. Indeed, given the typical volume of the liver and 
pancreas, degraded and uncertain Bragg peaks will have little 
impact on the amount of normal tissue spared, and thus advan-
tages from proton therapy would be expected in these anatom-
ical regions.30 That an advantage remains in the lung is perhaps 
not so obvious, given that with the low stopping power of lung 
tissue, even small uncertainties in range could have a large 
impact on the volume of irradiated lung. Nevertheless, potential 
advantages can remain.

Figure 7 compares VMAT and 2-field proton plans to a Grade 
1, non-small cell lung cancer. For VMAT, a typical internal 
target volume has been used, taking into account all positions 
of the tumour during the breathing cycle, as determined from 
four-dimensional CT. In contrast, range adapted internal target 
volume’s (one per field) have been used for the proton plan in 
order to compensate for the large potential motion induced 
range changes in the lung region. Despite this, there is never-
theless a clear reduction of the dose-wash in the involved lung 
compared to the VMAT plan, a reduction which translates into a 
reduction in NTCP from 3 to 1.5%.31

The lung is a classic case of an organ with a large volume effect, 
but are there others? Interestingly, some pre-clinical data in mice 
would suggest that the spinal cord is as well.32 If such results 
are also indicative of the response of these organs for humans, 
the reduction of the dose-bath by protons could have many 
more advantages than previously thought. This could also be 
compounded by observations that organs are not independent 
of each other in their response to dose. For example, modern 
NTCP models for dysphaygia in head and neck cancer patients 
are based on the mean dose to two, spatially separated structures 
[e.g. the pharyngeal constrictor muscles and Supraglottic larynx], 
whilst lung and heart toxicity may also be dependent on the dose 
to both organs, rather than the dose received individually.33,34

Clinical advantages
As shown by the studies discussed above, although there is a 
potential clinical advantage of reduced dose-bath to the human 
patient, it is as yet unclear whether these translate into real 

Figure 7. A comparison between VMAT and PBS proton ther-
apy to a Grade 1 NSCLC tumour. For the proton plan, field-
specific range adapted PTV’s have been used in order to take 
into account range induced range changes. Even though such 
an approach somewhat mitigates the advantage of proton 
therapy, there is still a clear reduction of integral dose to the 
ipsi-lateral lung using protons. NSCLC,non-small-cell lung car-
cinoma; PBS, pencil beam scanning; PTV, planning targetvol-
ume; VMAT, volumetric-modulated arc therapy.
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clinical advantages. Nevertheless, there are an increasing number 
of studies indicating that this may be the case.

Take for instance the study by Chung et al.35 In this, a roughly 
two times reduction in secondary cancer induction was reported 
between matched populations of proton and photon pediatric 
patients, in close agreement to differences predicted by plan-
ning and modeling studies. In other studies comparing matched 
patient populations, improvements in quality of life after irradia-
tion36 and impressive reductions of 1.4–6.8 times in the incidence 
of side-effects such as hypothyroidism, sex hormone deficiency 
and the need for endocrine replacement therapy after paedi-
atric cranial–spinal irradiation have been reported for proton 
therapy.37 In addition, Schneider et al38 reported on outcomes 
of 31 patients treated with high dose (72 Gy) PBS proton therapy 
to large mesenchymal tumours, in which minimal bowel toxicity 
was reported, despite the fact patients were typically irradiated 
using predominantly posterior fields, which partially overlapped 
with, and ranged out in, the bowel. Note, all these clinical results 
have been achieved using the fundamentally range-uncertain 
and degraded Bragg peaks that are inevitable in clinical practice.

Next, is there any evidence that the fascinating preclinical results 
of a strong volume effect in the spinal cord translate to human 
patients? The answer is no. However, a publication from our own 
group, reporting on clinical results of 222 skull base chordoma/
chondrosarcoma patients, opens up a fascinating possibility. In 
this study, despite taking the brainstem surface to 64 Gy, not one 
patient presented with a brain stem toxicity,39 a remarkable result 
considering the maximum doses received by the brainstem (and 
the inevitable presence of range uncertainty!). Although the 
reasons for this low incidence is unclear, one possibility is that, for 
nearly all plans, dose gradients were applied across the brainstem, 
such that it’s posterior surface (the portion furthest from the target 
volume) received doses of 20 Gy or less (Figure 8). It is interesting to 
compare this with the results found in cross-sectional irradiations 
of rat spinal cords, where a reduction of the dose-bath across the 
cord allowed for substantially higher maximum doses to be applied 
before significant side-effects were observed.32

To finish, it is important to mention one of the most successful 
applications of proton therapy and the uncertain Bragg peak. 
This is the treatment of ocular tumours such as uveal mela-
nomas. This is one of the rare cases of proton therapy where 
treatments are always delivered using a single field, and is also 
one of the relatively rare indications where the Bragg peak 
maintains its sharpness. Despite the resulting very sharp distal 
gradient, and the inevitable presence of clinical range uncer-
tainties, outcomes for this treatment are amongst the best in 
radiotherapy, with tumour control rates at 5 years of well over 
90%40–43—a clear indication that the Bragg peak can be clini-
cally sharp even if somewhat uncertain.

Summary
The paradox of proton therapy is that its main advantage, a 
finite range, is more often than not represented as a disadvan-
tage. However, even though the Bragg peak may be blunted 
and blurred by uncertainty, the considerable clinical benefits of 
proton therapy can, and will, remain.

Figure 8. An example dose distribution to one of the 222 skull 
base chordomas reported by Weber et al.33 On the right is the 
dose profile along the white line from the anterior to posterior 
surface of the brainstem. Note the well-defined dose gradi-
ent across the organ, with the posterior surface receiving well 
under 20 Gy.

REFERENCES

	 1.	 Pedroni E, Bacher R, Blattmann H, 
Böhringer T, Coray A, Lomax A, et al. The 
200-MeV proton therapy project at the Paul 
Scherrer Institute: conceptual design and 
practical realization. Med Phys 1995; 22: 
37–53. doi: https://​doi.​org/​10.​1118/​1.​597522

	 2.	 Lomax A. Intensity modulation methods for 
proton radiotherapy. Phys Med Biol 1999; 44: 
185–205. doi: https://​doi.​org/​10.​1088/​0031-​
9155/​44/​1/​014

	 3.	 Schneider U, Pedroni E, Lomax A. The 
calibration of CT Hounsfield units for 
radiotherapy treatment planning. Phys Med 
Biol 1996; 41: 111–24. doi: https://​doi.​org/​10.​
1088/​0031-​9155/​41/​1/​009

	 4.	 Schaffner B, Pedroni E. The precision 
of proton range calculations in proton 
radiotherapy treatment planning: 
experimental verification of the relation 
between CT-HU and proton stopping power. 
Phys Med Biol 1998; 43: 1579–92. doi: https://​
doi.​org/​10.​1088/​0031-​9155/​43/​6/​016

	 5.	 Möhler C, Russ T, Wohlfahrt P, Elter A, Runz 
A, Richter C, et al. Experimental verification 
of stopping-power prediction from single- 
and dual-energy computed tomography in 
biological tissues. Phys Med Biol 2018; 63: 
025001. doi: https://​doi.​org/​10.​1088/​1361-​
6560/​aaa1c9

	 6.	 Paganetti H. Range uncertainties in 
proton therapy and the role of Monte 

Carlo simulations. Phys Med Biol 2012; 57: 
R99–117. doi: https://​doi.​org/​10.​1088/​0031-​
9155/​57/​11/​R99

	 7.	 Fredriksson A, Forsgren A, Hårdemark B. 
Minimax optimization for handling range 
and setup uncertainties in proton therapy. 
Med Phys 2011; 38: 1672–84. doi: https://​doi.​
org/​10.​1118/​1.​3556559

	 8.	 Pflugfelder D, Wilkens JJ, Oelfke U. Worst 
case optimization: a method to account for 
uncertainties in the optimization of intensity 
modulated proton therapy. Phys Med Biol 
2008; 53: 1689–700. doi: https://​doi.​org/​10.​
1088/​0031-​9155/​53/​6/​013

	 9.	 Unkelbach J, Bortfeld T, Martin BC, Soukup 
M. Reducing the sensitivity of IMPT 

http://birpublications.org/bjr
https://doi.org/10.1118/1.597522
https://doi.org/10.1088/0031-9155/44/1/014
https://doi.org/10.1088/0031-9155/44/1/014
https://doi.org/10.1088/0031-9155/41/1/009
https://doi.org/10.1088/0031-9155/41/1/009
https://doi.org/10.1088/0031-9155/43/6/016
https://doi.org/10.1088/0031-9155/43/6/016
https://doi.org/10.1088/1361-6560/aaa1c9
https://doi.org/10.1088/1361-6560/aaa1c9
https://doi.org/10.1088/0031-9155/57/11/R99
https://doi.org/10.1088/0031-9155/57/11/R99
https://doi.org/10.1118/1.3556559
https://doi.org/10.1118/1.3556559
https://doi.org/10.1088/0031-9155/53/6/013
https://doi.org/10.1088/0031-9155/53/6/013


8 of 9 birpublications.org/bjr Br J Radiol;93:20190582

BJR  Lomax

treatment plans to setup errors and range 
uncertainties via probabilistic treatment 
planning. Med Phys 2009; 36: 149–63. doi: 
https://​doi.​org/​10.​1118/​1.​3021139

	10.	 Cubillos-Mesías M, Troost EGC, Lohaus F, 
Agolli L, Rehm M, Richter C, et al. Including 
anatomical variations in robust optimization 
for head and neck proton therapy can reduce 
the need of adaptation. Radiotherapy and 
Oncology 2019; 131: 127–34. doi: https://​doi.​
org/​10.​1016/​j.​radonc.​2018.​12.​008

	11.	 Albertini F, Bolsi A, Lomax AJ, Rutz HP, 
Timmerman B, Goitein G. Sensitivity of 
intensity modulated proton therapy plans to 
changes in patient weight. Radiother Oncol 
2008; 86: 187–94. doi: https://​doi.​org/​10.​
1016/​j.​radonc.​2007.​11.​032

	12.	 Albertini F, Matter M, Nenoff L, Zhang Y, 
Lomax AJ. Online daily adaptive proton 
therapy. Submitted to Br J Radiol 2019;.

	13.	 Hoffmann L, Alber M, Jensen MF, Holt 
MI, Møller DS. Adaptation is mandatory 
for intensity modulated proton therapy 
of advanced lung cancer to ensure target 
coverage. Radiother Oncol 2017; 122: 400–5. 
doi: https://​doi.​org/​10.​1016/​j.​radonc.​2016.​12.​
018

	14.	 Botas P, Kim J, Winey B, Paganetti H. Online 
adaption approaches for intensity modulated 
proton therapy for head and neck patients 
based on cone beam CTS and Monte Carlo 
simulations. Phys Med Biol 2018; 64: 015004. 
doi: https://​doi.​org/​10.​1088/​1361-​6560/​
aaf30b

	15.	 Lomax AJ. “Intensity Modulated Proton 
Therapy”. In: Delaney T, Kooy H, eds. “Proton 
and charged particle radiotherapy”. Boston: 
Lippincott, Williams and Wilkins; 2008.

	16.	 Gorgisyan J, Perrin R, Lomax AJ, Persson GF, 
Josipovic M, Engelholm SA, et al. Impact of 
beam angle choice on pencil beam scanning 
breath-hold proton therapy for lung lesions. 
Acta Oncol 2017; 56: 853–9. doi: https://​doi.​
org/​10.​1080/​0284186X.​2017.​1287950

	17.	 Guerreiro F, Zachiu C, Seravalli E, 
Ribeiro CO, Janssens GO, Ries M, et al. 
Evaluating the benefit of PBS vs. VMAT 
dose distributions in terms of dosimetric 
sparing and robustness against inter-fraction 
anatomical changes for pediatric abdominal 
tumors. Radiother Oncol 2019; 138: 158–65. 
doi: https://​doi.​org/​10.​1016/​j.​radonc.​2019.​06.​
025

	18.	 Cubillos-Mesías M, Baumann M, Troost 
EGC, Lohaus F, Löck S, Richter C, et al. 
Impact of robust treatment planning on 
single- and multi-field optimized plans for 
proton beam therapy of unilateral head and 
neck target volumes. Radiat Oncol 2017; 12: 
190. doi: https://​doi.​org/​10.​1186/​s13014-​017-​
0931-8

	19.	 Møller DS, Alber M, Nordsmark M, Nyeng 
TB, Lutz CM, Hoffmann L. Validation of 
a robust strategy for proton spot scanning 
for oesophageal cancer in the presence 
of anatomical changes. Radiotherapy and 
Oncology 2019; 131: 174–8. doi: https://​doi.​
org/​10.​1016/​j.​radonc.​2018.​09.​018

	20.	 Safai S, Bortfeld T, Engelsman M. 
Comparison between the lateral penumbra 
of a collimated double-scattering beam 
and uncollimated scanning beam in proton 
radiotherapy. Phys Med Biol 2008; 21: 
1729–50.

	21.	 Winterhalter C, Lomax A, Oxley D, Weber 
DC, Safai S. A study of lateral fall-off 
(penumbra) optimisation for pencil beam 
scanning (PBS) proton therapy. Phys Med 
Biol 2018; 63: 025022. doi: https://​doi.​org/​10.​
1088/​1361-​6560/​aaa2ad

	22.	 Urie M, Goitein M, Holley WR, Chen GTY, 
et al. Degradation of the Bragg peak due to 
inhomogeneities. Phys Med Biol 1986; 31: 
1–15. doi: https://​doi.​org/​10.​1088/​0031-​
9155/​31/​1/​001

	23.	 van Herk M, Remeijer P, Rasch C, Lebesque 
JV. The probability of correct target dosage: 
dose-population histograms for deriving 
treatment margins in radiotherapy. Int J 
Radiat Oncol Biol Phys 2000; 47: 1121–35. 
doi: https://​doi.​org/​10.​1016/​S0360-​3016(​00)​
00518-6

	24.	 Schneider U, Lomax A, Pemler P, Besserer 
J, Ross D, Lombriser N, et al. The impact of 
IMRT and proton radiotherapy on secondary 
cancer incidence. Strahlenther Onkol 2006; 
182: 647–52. doi: https://​doi.​org/​10.​1007/​
s00066-​006-​1534-8

	25.	 Schneider U, Lomax A, Besserer J, Pemler 
P, Lombriser N, Kaser-Hotz B. The impact 
of dose escalation on secondary cancer risk 
after radiotherapy of prostate cancer. Int J 
Radiat Oncol Biol Phys 2007; 68: 892–7. doi: 
https://​doi.​org/​10.​1016/​j.​ijrobp.​2007.​02.​029

	26.	 Haelg RA, Besserer J, Boschung M, Mayer S, 
Lomax AJ. Schneider U measurements of the 
neutron dose equivalent for various radiation 
qualities. treatment machines and delivery 
techniques in radiation therapy Phys Med Biol 
2014; 59: 2457–68.

	27.	 Dasu A, Toma-Dasu I. Models for the risk of 
secondary cancers from radiation therapy. 
Phys Med 2017; 42: 232–8. doi: https://​doi.​
org/​10.​1016/​j.​ejmp.​2017.​02.​015

	28.	 Lomax AJ, Bortfeld T, Goitein G, Debus J, 
Dykstra C, Tercier PA, et al. A treatment 
planning inter-comparison of proton and 
intensity modulated photon radiotherapy. 
Radiother Oncol 1999; 51: 257–71. doi: 
https://​doi.​org/​10.​1016/​S0167-​8140(​99)​
00036-5

	29.	 Emami B, Lyman J, Brown A, Coia L, Goitein 
M, Munzenrider JE, et al. Tolerance of 
normal tissue to therapeutic irradiation. Int J 
Radiat Oncol Biol Phys 1991; 21: 109–22. doi: 
https://​doi.​org/​10.​1016/​0360-​3016(​91)​90171-
Y

	30.	 Zurlo A, Lomax A, Hoess A, Bortfeld T, 
Russo M, Goitein G, et al. The role of proton 
therapy in the treatment of large irradiation 
volumes: a comparative planning study of 
pancreatic and biliary tumors. Int J Radiat 
Oncol Biol Phys 2000; 48: 277–88. doi: 
https://​doi.​org/​10.​1016/​S0360-​3016(​00)​
00522-8

	31.	 Semenenko VA, Li XA. Lyman-Kutcher-
Burman Ntcp model parameters for 
radiation pneumonitis and xerostomia based 
on combined analysis of published clinical 
data. Phys Med Biol 2008; 53: 737–55. doi: 
https://​doi.​org/​10.​1088/​0031-​9155/​53/​3/​014

	32.	 Bijl HP, van Luijk P, Coppes RP, Schippers 
JM, Konings AWT, van Der Kogel AJ. 
Regional differences in radiosensitivity 
across the rat cervical spinal cord. Int J 
Radiat Oncol Biol Phys 2005; 61: 543–51. doi: 
https://​doi.​org/​10.​1016/​j.​ijrobp.​2004.​10.​018

	33.	 Christianen MEMC, Schilstra C, Beetz 
I, Muijs CT, Chouvalova O, Burlage FR, 
et al. Predictive modelling for swallowing 
dysfunction after primary (chemo)radiation: 
results of a prospective observational study. 
Radiother Oncol 2012; 105: 107–14. doi: 
https://​doi.​org/​10.​1016/​j.​radonc.​2011.​08.​009

	34.	 Cella L, Palma G, Deasy JO, Oh JH, 
Liuzzi R, D’Avino V, JH O, D'Avino V, 
et al. Complication probability models 
for radiation-induced heart valvular 
dysfunction: do heart-lung interactions 
play a role? PLoS One 2014; 9: e111753. 
doi: https://​doi.​org/​10.​1371/​journal.​pone.​
0111753

	35.	 Chung CS, Yock TI, Nelson K, Xu Y, 
Keating NL, Tarbell NJ. Incidence of second 
malignancies among patients treated with 
proton versus photon radiation. Int J Radiat 
Oncol Biol Phys 2013; 87: 46–52. doi: https://​
doi.​org/​10.​1016/​j.​ijrobp.​2013.​04.​030

	36.	 Yock TI, Bhat S, Szymonifka J, Yeap BY, 
Delahaye J, Donaldson SS, et al. Quality 
of life outcomes in proton and photon 
treated pediatric brain tumor survivors. 
Radiotherapy and Oncology 2014; 113: 89–94. 
doi: https://​doi.​org/​10.​1016/​j.​radonc.​2014.​08.​
017

	37.	 Eaton BR, Esiashvili N, Kim S, Patterson 
B, Weyman EA, Thornton LT, et al. 
Endocrine outcomes with proton and 
photon radiotherapy for standard risk 
medulloblastoma. Neuro Oncol 2016; 18: 
881–7. doi: https://​doi.​org/​10.​1093/​neuonc/​
nov302

http://birpublications.org/bjr
https://doi.org/10.1118/1.3021139
https://doi.org/10.1016/j.radonc.2018.12.008
https://doi.org/10.1016/j.radonc.2018.12.008
https://doi.org/10.1016/j.radonc.2007.11.032
https://doi.org/10.1016/j.radonc.2007.11.032
https://doi.org/10.1016/j.radonc.2016.12.018
https://doi.org/10.1016/j.radonc.2016.12.018
https://doi.org/10.1088/1361-6560/aaf30b
https://doi.org/10.1088/1361-6560/aaf30b
https://doi.org/10.1080/0284186X.2017.1287950
https://doi.org/10.1080/0284186X.2017.1287950
https://doi.org/10.1016/j.radonc.2019.06.025
https://doi.org/10.1016/j.radonc.2019.06.025
https://doi.org/10.1186/s13014-017-0931-8
https://doi.org/10.1186/s13014-017-0931-8
https://doi.org/10.1016/j.radonc.2018.09.018
https://doi.org/10.1016/j.radonc.2018.09.018
https://doi.org/10.1088/1361-6560/aaa2ad
https://doi.org/10.1088/1361-6560/aaa2ad
https://doi.org/10.1088/0031-9155/31/1/001
https://doi.org/10.1088/0031-9155/31/1/001
https://doi.org/10.1016/S0360-3016(00)00518-6
https://doi.org/10.1016/S0360-3016(00)00518-6
https://doi.org/10.1007/s00066-006-1534-8
https://doi.org/10.1007/s00066-006-1534-8
https://doi.org/10.1016/j.ijrobp.2007.02.029
https://doi.org/10.1016/j.ejmp.2017.02.015
https://doi.org/10.1016/j.ejmp.2017.02.015
https://doi.org/10.1016/S0167-8140(99)00036-5
https://doi.org/10.1016/S0167-8140(99)00036-5
https://doi.org/10.1016/0360-3016(91)90171-Y
https://doi.org/10.1016/0360-3016(91)90171-Y
https://doi.org/10.1016/S0360-3016(00)00522-8
https://doi.org/10.1016/S0360-3016(00)00522-8
https://doi.org/10.1088/0031-9155/53/3/014
https://doi.org/10.1016/j.ijrobp.2004.10.018
https://doi.org/10.1016/j.radonc.2011.08.009
https://doi.org/10.1371/journal.pone.0111753
https://doi.org/10.1371/journal.pone.0111753
https://doi.org/10.1016/j.ijrobp.2013.04.030
https://doi.org/10.1016/j.ijrobp.2013.04.030
https://doi.org/10.1016/j.radonc.2014.08.017
https://doi.org/10.1016/j.radonc.2014.08.017
https://doi.org/10.1093/neuonc/nov302
https://doi.org/10.1093/neuonc/nov302


9 of 9 birpublications.org/bjr Br J Radiol;93:20190582

BJRMyths and realities of range uncertainty

	38.	 Schneider RA, Vitolo V, Albertini F, Koch T, 
Ares C, Lomax A, et al. Small bowel toxicity 
after high dose spot scanning-based proton 
beam therapy for paraspinal/retroperitoneal 
neoplasms. Strahlenther Onkol 2013; 189: 
1020–5. doi: https://​doi.​org/​10.​1007/​s00066-​
013-​0432-0

	39.	 Weber DC, Malyapa R, Albertini F, Bolsi A, 
Kliebsch U, Walser M, et al. Schneider R long 
term outcomes of patients with skull-base 
low-grade chondrosarcoma and chordoma 
patients treated with pencil beam scanning 

proton therapy. Radiother Oncol 2016; 
S0167-8140: 31114–8.

	40.	 Hrbacek J, Mishra KK, Kacperek A, Dendale 
R, Nauraye C, Auger M, et al. Practice 
patterns analysis of ocular proton therapy 
centers: the International optic survey. Int 
J Radiat Oncol Biol Phys 2016; 95: 336–43. 
doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​2016.​01.​
040

	41.	 Kacperek A. Ocular Proton Therapy Centers 
in Ion Beam Therapy. Berlin Heidelberg: 
Springer-Verlag; 2012. pp. 149–77.

	42.	 Marnitz S, Cordini D, Bendl R, Lemke A-J, 
Heufelder J, Simiantonakis I, et al. Proton 
therapy of uveal melanomas. Strahlenther 
Onkol 2006; 182: 395–9. doi: https://​doi.​org/​
10.​1007/​s00066-​006-​1512-1

	43.	 Egger E, Schalenbourg A, Zografos L, 
Bercher L, Boehringer T, Chamot L, et al. 
Maximizing local tumor control and survival 
after proton beam radiotherapy of uveal 
melanoma. Int J Radiat Oncol Biol Phys 2001; 
51: 138–47. doi: https://​doi.​org/​10.​1016/​
S0360-​3016(​01)​01560-7

http://birpublications.org/bjr
https://doi.org/10.1007/s00066-013-0432-0
https://doi.org/10.1007/s00066-013-0432-0
https://doi.org/10.1016/j.ijrobp.2016.01.040
https://doi.org/10.1016/j.ijrobp.2016.01.040
https://doi.org/10.1007/s00066-006-1512-1
https://doi.org/10.1007/s00066-006-1512-1
https://doi.org/10.1016/S0360-3016(01)01560-7
https://doi.org/10.1016/S0360-3016(01)01560-7

