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1 |  INTRODUCTION

The effect of high dose rates in mammalian cells has 
been investigated for many years.1,2 However, the idea 
to apply ultra- high dose rates (UHDR) to radiotherapy 
has been triggered by recent pre- clinical experiments 
using electrons in animal models.3,4 A Franco- Swiss 
team convincingly showed that at dose rates exceeding 
at least 40 Gy/s the tumor control was similar to con-
ventional intensities, but had much lower normal tissue 
toxicity, thus widening the therapeutic window. The re-
sults have been subsequently confirmed by other inves-
tigators5– 7 and clinical trials are starting using electrons 
or protons. In fact, it is hard to reach the UHDR neces-
sary for triggering FLASH effects using conventional 
X- rays from LINACS. The pre- clinical studies focused 
on electrons from LINACS, protons from cyclotrons, 

and X- rays produced by synchrotron radiation sources. 
But now, the interest of research is shifting increasingly 
toward the clinical transfer of FLASH.

Carbon ion- beam treatment, moreover, is a less fre-
quently applied (compared to the previously mentioned 
therapy forms) but continuously growing modality for 
particle therapy, exploiting physical8,9 and biological10 
properties of densely ionizing (high- LET) radiation. 
Presently there are a dozen C- ion therapy centers 
worldwide and many phase II/III comparative clinical 
trials ongoing.11 Use of ions heavier than carbon (up 
to neon) was attempted in the Lawrence Berkeley 
Laboratory clinical trial,12 but produced high toxicities. 
If a FLASH effect could also be observed for carbon 
ions, it would provide a large benefit for this modality 
and could pave the way to the use of ions beam with 
Z > 6 against radioresistant, hypoxic tumors.
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Abstract
FLASH radiotherapy is considered a new potential breakthrough in cancer treat-
ment. Ultra- high dose rates (>40 Gy/s) have been shown to reduce toxicity in 
the normal tissue without compromising tumor control, resulting in a widened 
therapeutic window. These high dose rates are more easily achievable in the 
clinic with charged particles, and clinical trials are, indeed, ongoing using elec-
trons or protons. FLASH could be an attractive solution also for heavier ions 
such as carbon and could even enhance the therapeutic window. However, it is 
not yet known whether the FLASH effect will be the same as for sparsely ion-
izing radiation when densely ionizing carbons ions are used. Here we discuss 
the technical challenges in beam delivery and present a promising solution using 
3D range- modulators in order to apply ultra- high dose rates (UHDR) compatible 
with FLASH with carbon ions. Furthermore, we will discuss the possible outcome 
of C- ion therapy at UHDR on the level of the radiobiological and radiation chemi-
cal effects.
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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However, FLASH effect investigations with C- ions 
presents technological and scientific questions. From 
the technological point of view, C- ion therapy is based 
on synchrotrons, where UHDR are more difficult to 
achieve than with cyclotrons used in proton therapy. 
Moreover, dosimetry must be accurate and avoid sat-
uration at dose rates much higher than in conventional 
therapy. A further issue is the beam application, which 
must be performed within a few hundred milliseconds 
in order to reach FLASH conditions with UHDR. The 
standard multi- energy scanning technique and the cor-
responding energy switching times are clearly too slow 
for FLASH.13

As the FLASH effect is likely to depend strongly not 
only on dose rate but also on the beam characteris-
tics,14,15 these aspects will have an impact on scien-
tific results, too. From a scientific aspect, the question 
is whether the FLASH effect will be visible also with 
densely ionizing heavy ions. First experiments showing 
the FLASH effect were interpreted using the oxygen 
depletion hypothesis,16– 19 a hypothesis that was re-
cently challenged (see Section 2), and it is well- known 
that densely ionizing radiation- induced effects are less 
dependent on oxygen concentration than X- rays.20 
Simulations of oxygen generations in tracks suggest 
that C- ions may elicit a FLASH effect,21,22 yet differ-
ently as compared to conventional radiation. The ver-
ification of the FLASH effect with C- ions will also help 
clarify the mechanism itself.

Thus, while radiobiological experiments with C- ions 
are highly anticipated, in order to prepare the ground for 
such investigations, in this paper we will first review pos-
sible FLASH effects connected to the specific radiation 
quality of carbon ion beams (Section 2), and then we will 
discuss the technical challenges in realizing a UHDR 
irradiation with carbon beams (Section 3). A concept 

for applying UHDR irradiations with 3D range modula-
tors23 will be presented; furthermore, the feasibility for 
FLASH application dependence on the tumor size and 
the available beam intensity of the accelerator will be 
assessed with some example treatment planning stud-
ies. In this context, the increased local dose rate due to 
beam scanning is also evaluated. Finally, we will discuss 
the future directions in high- LET FLASH research.

2 |  EXPECTED FLASH EFFECT AT 
HIGH-  LET

Predicting a FLASH effect following exposure to high 
dose rate carbon ions, as well as its variability across 
an irradiated field or dependence upon scanning and 
dosimetric parameters, is contingent on the normal tis-
sue protective mechanism dependence on radiation 
LET. While the highest LET values will be mostly con-
centrated in the tumor regions, still, for carbon ions, the 
LET distribution in the normal tissue ranges between 
10 and 50 keV/µm, values very far from that of low-  or 
high- energy electrons as well as proton beams. This 
is without considering the distal fall- off regions, where 
eventually an organ at risk may lay, and where LET can 
be as high as 200 keV/µm. This is briefly illustrated in 
Figure 1, where a dose averaged LET profile (LETd) 
of a modulated carbon field (spread- out Bragg peak, 
optimized on RBE- weighted dose24) impinging on a 
box target centered at 80 mm depth (computed for a 
water phantom with the research treatment planning 
TRiP9825,26 and LEM- IV27 RBE tables for exemplary 
tumor and normal tissues both with α/β = 2 Gy, as in 
Ref. [28]) is compared to the corresponding, isorange, 
proton field. The different densities of the tracks on 
the nanoscale (20 nm box) are also shown for a depth 

F I G U R E  1  Typical dose averaged 
LET (LETd) profiles in water for a carbon 
ion field, as compared to a proton one, 
for a target at isodepth (computed with 
TRiP98). The horizontal lines at 40 and 
100 keV/μm represent, respectively, the 
maximum LETd in the normal tissue 
entrance channel excluding the distal 
fall- off and a level where oxygenation 
effects are expected to saturate to 
negligible values. In the insets, ionization 
densities snapshot, in cubes of 20 nm for, 
respectively, 10 and 1 MeV/u carbon ions 
(computed with TRAX)
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position right before the target and at the distal position 
(computed with TRAX29).

The LET dependence of the FLASH effect22,30 hangs 
on the basic mechanism of FLASH, which is presently 
still far from being fully understood.

2.1 | Main mechanistic hypotheses 
on the FLASH effect

The biophysical modeling research has explored differ-
ent pathways15– 18,31– 39 for justifying the observations 
arising from the in vivo FLASH experiments.3,4,6,40 
Since pulse radiolysis experiments,41 (from the nano-  
until the latest femto-  and atto- chemistry studies42), 
the radiation chemistry community has been prompted 
to find an “ab initio” description of the spatio- temporal 
evolution of the UHDR physico- chemical processes. 
These investigations are feasible with the current ex-
perimental and theoretical tools.43

While the radiolytic oxygen depletion hypothe-
sis (ROD) was initially believed as the major driving 
force3,18,44 of the FLASH effect, possible alternative 
mechanisms31,32,34,35,37,38,45,46 have been recently pro-
posed, after several inconsistencies in the ROD hy-
pothesis were shown. ROD seemed to be supported 
by the observed reduction of the FLASH effect, both 
in vitro47– 49 and in vivo,6 when the oxygenation is in-
creased. This hypothesis, suggesting transient hypoxia 
generated by the fast consumption of oxygen and con-
sequently increased radioresistance, was initially pro-
posed by Hall and Brenner,44 and recently reformulated 
by Pratx,18 and reported by several other authors.15– 17,50 
However, recent reports challenged this simple expla-
nation, showing an insufficient depletion in the typical 
doses used in preclinical experiments where the effect 
was, indeed, observed. In particular, most recent ex-
perimental and theoretical studies convene in estimat-
ing a depletion of 2.1%– 2.5% pO2 in 100 Gy.32,37,45,46

Other approaches are presently under study includ-
ing differential redox response in tumor and normal 
cells in processing the radiation chemical damage,34 
recombination of radicals during the heterogeneous 
stage,45 sparing of hypoxic stem cells niches,51 DNA 
damage repair kinetics differences39 and even immune 
system38 driven pathways— recently challenged by the 
observation of FLASH effect also in nude mice.7 See 
Ref. [43] for a very clear and systematic analysis of the 
possible approaches from the chemical point of view.

LET parameter consideration is of course part of 
such studies. However, the only study dedicated to 
C- ions up to now,21 following an idea previously sug-
gested,22 points to an alternative FLASH effect, which 
instead of protecting the normal tissue (dose modify-
ing factor, DMF(NT) <1), would rather enhance tumor 
control (DMF(T) >1). The ground for this argument was 
the reconsideration of the channel of double ionization 

inducing the generation of oxygen for densely ioniz-
ing radiation, which was at the basis of the so- called 
“oxygen in the track” hypothesis52 that explains the re-
duction of OER at increasing LET. Thus, according to 
the authors, an additional generation of oxygen in the 
higher LET region (tumor) would increase and thus en-
large the therapeutic window in the absence of a pro-
tective effect in the normal tissue. As detailed there, 
clearly such an effect, being specific of highly dense 
tracks, loses its power at low LET, as in conventional 
proton irradiation.

The spatiotemporal scales of radiation damage com-
pared to the length of a typical FLASH (UHDR) pulse 
are shown in Figure 2. In particular, the sequence of 
the different physical, chemical, and biological steps is 
illustrated.

At high LET all the steps will be importantly modi-
fied, arguably including the last biological stage, which 
despite being a tissue response, and thus more a tar-
get property than a feature connected to the beam de-
livery, is ostensibly dependent on radiation quality.10 
Moreover, the biochemical stage is also dramatically 
affected by the radiation track structure. Thus, many 
of the above- mentioned hypothesized mechanisms will 
be impacted by the LET radiation features. As we par-
tially will show below, it is expected in any case that this 
impact of higher LET will be detrimental for realizing the 
UHDR conditions.

2.2 | Impact on oxygenation

It is well known that high LET reduces the impact of 
variable oxygenation on the sensitivity of an irradiated 
tissue. Such an effect has been extensively observed 
experimentally and investigated theoretically.54,55

Under the ROD hypothesis, it would be expected 
that increasing LET should suppress the FLASH ef-
fect, for at least two reasons. First, as mentioned above 
higher LET correlates with strongly reduced sensitivity 
to oxygen concentration, leveling out substantially the 
OER effect.54,55 For the same oxygenation level, thus 
an eventual oxygen depletion would have a sensibly 
lower impact on the OER.

Second, as shown in our previous work,37 using 
the Monte Carlo chemical track structure code TRAX- 
CHEM,56 the oxygen depletion at high- LET should 
require much larger doses, since denser ionization 
tracks lead to the intra- track recombination of radicals 
(see Section 2.3) suppressing the typical processes 
consuming oxygen, shown by the following chemical 
reactions:

e−
aq + O2 → O ∙ −

2
,

H ∙ + O2 → HO ∙
2
.
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In Figure 3, it is shown the tridimensional OER pro-
file as a function of pO2 and LET, and the connected 
quantity OER (see Appendix A1 for details) computed 
with the parametrization proposed by Scifoni et al.20 
From the cuts of the OER surface at increasing LET 
it is clearly visible that the slope of the sensitivity de-
crease becomes more shallow at high LET. From the 
plot of the dOER/dpO2, it is evident that, even at the 
LET values typically encountered in the normal tis-
sues, the same depletion of a given amount of oxygen, 
would have a sensibly smaller effect as compared 
to conventional— or asymptotically low LET -  radia-
tion. The OER profile across the full depth of a C- ion 
spread- out Bragg peak (SOBP) is shown in the same 
figure, for both Scifoni20 and Wenzl– Wilkens57 mod-
els, and compared to experimental in vitro data col-
lected in complete anoxia.20 While the first model20 
has been derived from in vitro data, the second one57 
was based on in vivo data. Finally, in the upper left 
panel, it is shown instead, the second issue men-
tioned above: the impact of a denser track in reducing 
the probability for the generated radicals to meet an 
oxygen molecule and react, before recombining be-
tween each other, and, as a consequence, their re-
duced probability to deplete oxygen.

2.3 | Impact on radical production/
recombination

According to the work of Labarbe,45 the peroxide/hy-
droperoxide radical recombination could have an im-
portant role in the radioprotective effective FLASH 
irradiation.

As we have previously demonstrated,37 increasing 
LET correlates with smaller production rate of per-
oxide radicals because of the enhanced intratrack 
recombination. A similar argument was proposed by 
Wilson et al.30 This is visible in the snapshots of the 
evolution of the chemical track for a carbon ion of 
10 MeV/u, from the start to the end of the chemi-
cal stage, showing reactants and product from the 
initial radical conversion (Figure 4). The latter is a 
simplified picture, since it should be considered that 
in a real biological environment, different from pure 
water, the recombination of e−

aq and H• will occur 
more rapidly with organic radicals dispersed in the 
medium. In Figure 4, we also show the overall G- 
value of the peroxide radicals,37 where O ∙ −

2
 and 

HO ∙
2
 values have been summed in order not to be 

affected by pH and redox balances. Remarkably, 
it is visible that the LET effect in the radical yields 

F I G U R E  2  Temporal and spatial scales involved in a typical ion beam radiation damage process as compared to the length of a FLASH 
pulse and the T10, the time needed to deliver 10 Gy in both irradiation modalities. The spatial scale, orientative for biological processes, 
is intended as a distance from the primary event of energy deposition, as also considered in similar schemes.88 The shaded area of the 
FLASH arrow represents the range where the effect was observed preclinically (according to Ref. [7]) and the particle symbols correspond 
to the limit value for positive result found for each modality (x, p, e). The tentative line on the C represents the range of T10 values 
achievable, depending on the irradiated volume, according to the technique described in the next Section 3
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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(lower left panel) is much larger as compared to 
the pure radiosensitivity (OER) based one, shown 
above (Figure 3), since the surface starts to bend to 
lower values at much lower LET values, has a much 
less steep gradient of change, and thus the impact 
of LET increase starts at much lower values, having 
a dramatic impact in suppressing the radical yield 
already at 52 keV/µm.

2.4 | Intertrack effects

The intertrack recombination for positively charged 
particle beams is largely considered insignificant in 
determining, radiation chemical driven biological con-
sequences of radiation exposure. For instance, the 
simulations of Kreipl et al.58,59 with the PARTRAC 
code demonstrated that even at extremely high dose 
rates that may be reached by laser- driven accelerated 
beams, intertrack effects would be negligible at rea-
sonable dose values. A recent work by Ramos et al.60 
based on TOPAS- nBio suggests that the intertrack 
for proton beams in the FLASH regime becomes rel-
evant at low LET (<2 keV/µm) only. For this reason, it 

is expected that high- LET ion intertrack recombination 
will be detrimental for recombination and the potential 
effectiveness of a FLASH effect would anti- correlate 
with the LET increase.

A simple estimation in the typical LET values of car-
bon beams where track superimposition could play any 
role, can be done by computing the track profiles with an 
amorphous track model (the LEM III basic adopted for-
malism as detailed in Ref. [61]), and comparing different 
portions of that profiles, with the corresponding average 
distance of tracks delivered within the time needed for 
completing a chemical stage (τchem = 1 µs, Figure 2), that 
is, the relevant time where interaction could occur in the 
heterogeneous stage. The latter average distance d is 
easily obtainable from the corresponding fluence F, de-
pending on the specific dose rate Ḋ scaled for the latter 
timeframe 

(

d = 1∕

√
F
(
Ḋ�chem

)
)

.

In Figure 5, it is shown how, at different dose rates 
typically adopted in FLASH experiments, the corre-
sponding intertrack distance between the particles de-
livered within a chemical stage, compares to the track 
size, in particular with its maximum extension, rmax, 
calculated using the Kiefer parametrization,62 or with 

F I G U R E  3  LET and oxygenation interplay: In the central panels, OER and OER profiles as a function of LET and pO2 (modified and 
extended from Ref. [53]), on the right panels, focus on several OER surface cuts at fixed LET and corresponding derivative, as compared 
to typical regions of physioxia and tumor hypoxia. Upper left panel, calculation of O2 consumption for different particles and LET (from 
Ref. [37]). Lower left panel, depth dose profile of OER, across a Carbon SOBP, computed with TRiP- OER and two different OER models 
(blue, optimized for in vivo, black for in vitro, and compared to in vitro measurements— from Ref. [20])
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AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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F I G U R E  4  Three snapshots (panels in clockwise order) of temporal evolution within the chemical stage of a 10 MeV 12C ion induced 
reactions from solvated electrons and H radicals toward products peroxide radicals (O ∙ −

2
 and HO ∙

2
). The lower left panel show of overall yield 

of peroxide products as a function of LET and pO2 (adapted from Ref. [37])

F I G U R E  5  Average distance 
between tracks of 12C ions impinging on 
a target within a timestep equivalent to 
a full chemical stage (1 µs), for different 
LET and intra- pulse dose rates, typically 
used in FLASH experiments with UHDR, 
as compared to the maximum extension 
(rmax) of the carbon track at the same LET, 
as well as to radii enclosing, respectively, 
90% and 80% of the dose delivered by 
that track, according to an amorphous 
track model description
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An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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distances corresponding to 80% and 90% of the total 
dose delivered by that particle (see Appendix A2 for de-
tails). Considering the dose rates presently achievable 
with carbon (~102 Gy/s,) and the LET dependence, a 
significant effect of track overlapping can be excluded, 
and considering the tracks as independent entities re-
turns a good approximation.

2.5 | LET- dependent dose modifying 
factors?

The high flexibility of particle beam scanning has 
been demonstrated for biologically driven planning 
with multiple fields (bio- IMPT).63 The main challenge 
is the explicit consideration of different types of beam 
contributions, mainly described by the particle- energy 
spectra, and their combination. Beyond the RBE- based 
optimization, other types of dose modifying factors have 
been included in the optimization. This is for example 
the case of the OER in the kill painting approach,54 or 
in the similar LET painting approach.64 Biologically op-
timized treatment planning for UHDR will require the 
inclusion of a dose- modifying factor (DMF) dependent 
on many variables:

where the Ḋp and 
⟨

Ḋ
⟩
 are the intrapulse and overall aver-

age dose rates, respectively. These quantities play a role 
in the biological occurrence of the FLASH effect.7 Should 
the tumor tissue also elicit a specific FLASH effect,21 a 
similar tumor factor DMFT should be considered as well. 
Moreover, particles of different characteristics (velocity, 
charge) in the therapeutic beam have different effects. 
Hence, as for other modifiers, a dose- averaged LET de-
pendence may not be sufficient, but rather a true mixed 
field averaging, a kind of “mixed FLASH field,” should 
be necessarily computed, in order to take into account 
correctly the different contributions to the observed ef-
fect. This will represent an extension of the beam mix-
ing method developed for RBE65 and already applied to 
OER66 calculation. Clearly, the definition of the dose rate 
is critical, and a specific definition on a voxel- by- voxel 
basis (e.g., the enhanced local dose rate for pencil beam 
scanning or the “dose- averaged dose rate” [DADR], see 
Section 3) should capture the biological effect depen-
dence more directly, or possibly in combination with an-
other microscopic parameter.

Overall, the FLASH treatment planning likely will be 
described by a DMF- weighted dose on a voxel- by- voxel 
base, and a fully biologically optimized approach.

3 |  IMPLEMENTATION OF  
FLASH DOSE RATES AT  
C-  ION SYNCHROTRONS

At the present time, ion- beams for carbon therapy can 
only be provided by synchrotron accelerators, because 
an energy maximum of 420 MeV/u is required to cover 
all relevant tumor entities with a water equivalent depth 
of up to 30 cm. The advantage of a synchrotron com-
pared to the cyclotron is that the synchrotron can ex-
tract variable energies and does not require a passive 
degrader section, which results in high beam losses 
of 80%– 99%. However, in contrast to the cyclotron, 
a synchrotron cannot continuously provide the beam. 
The beam is accelerated in cycles. Each cycle con-
sists of a phase for loading the synchrotron, a phase 
for ramping- up the magnets and accelerating the beam 
and finally the extraction phase (spill). All synchrotrons 
used in carbon beam therapy have a cycle length of at 
least 1– 2 s and use a “slow” beam extraction method67 
that typically lasts in the order of 0.1– 10 s. As a conse-
quence of these boundary conditions, for FLASH, the 
complete irradiation has to take place within a single 
synchrotron cycle. Otherwise, the required UHDR for 
FLASH of at least 40 Gy/s cannot be realized. If the ir-
radiation extends over several synchrotron cycles and 
thus lasts longer than one second, FLASH conditions 
(UHDR) would be clearly not fulfilled.

Most of the synchrotrons for carbon- ion therapy can 
extract the full synchrotron filling in a short time of 100– 
200 ms using the slow extraction mode. Figure 6 shows 
a short spill (for FLASH tests) from the clinical synchro-
tron of the Heidelberg ion- beam therapy center (HIT).68 
The strong fluctuation (ripple) of the beam current, 
which is typical for all clinical synchrotron accelerators 
at slow extraction, can clearly be seen.

It should be noted that the fast extraction method by 
a kicker system with an extraction time of a few µs is not 
suitable for ion- beam therapy, because in that case a 
scanning process would not be possible and dosimetry 
would be too inaccurate. It is also worth noting that dif-
ferent “slow” extraction methods exist, like quadruple- 
resonance extraction,67 the betatron core extraction,69 
and the RF- KO extraction.68,70 In recent years a con-
sensus has emerged that the RF- KO method is optimal 
for radiotherapy because the extraction intensity (parti-
cle rate) can be optimally modulated and controlled and 
hence allows an optimum scanning speed67 and would, 
therefore, be the best option for FLASH irradiation with 
synchrotrons.

3.1 | Beam intensity of synchrotrons for 
carbon beams

As mentioned above, the main challenge for clinical 
FLASH irradiation with synchrotrons is the application 

DMFNT =
DCONV

DFLASH

||||same effect in NT

= DMF
(
D, Ḋp,
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in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
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tion programs and recommendations on test tolerance.
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(b) the most safe and effective result and/or main-
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favors the indicated procedure but understands that 
there are other procedures which can accomplish 
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procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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of the complete treatment plan (for one treatment 
field) within one spill. In a recent work,13 different 
accelerator types were assessed for proton FLASH 
irradiation. Similar as discussed by Jolly et al.13 for 
proton synchrotrons, synchrotrons providing carbon 
beams face the same challenges: the amount of ions 
to be extracted in one synchrotron cycle (spill) is lim-
ited through space- charge effects in the ring and the 
injector system. This is, in particular, relevant for the 
compact clinical synchrotrons. The ion beam therapy 
facilities of Heidelberg and Marburg (HIT and MIT) are 
limited to <1 × 109 carbon ions per spill.70,71 Recent 
tests for FLASH irradiations at HIT proved that spills 
of 5 × 108 carbon ions can be reliably extracted. The 
CNAO ion beam synchrotron in Italy— having a com-
parable ring diameter— can provide similar particle 
numbers per spill.72 Clinical synchrotrons with a larger 
ring diameter like the MedAustron facility in Austria 
or the even bigger HIMAC73 (NIRS) synchrotron can 
deliver up to 1.5 × 109 and 6 × 109 carbon ions per 
spill,74,75 respectively. A large- scale research syn-
chrotron like the one at the GSI Helmholtzzentrum 
can currently extract about 1 × 1010 carbon ions per 
spill. The configuration with the MUCIS source (oper-
ated with CH4 gas)76 and the UNILAC as an injector 
for the GSI SIS- 18 synchrotron can presumably de-
liver even higher intensities for carbon ions (and pro-
tons). However, the GSI synchrotron can no longer be 
used for patient irradiation because the therapy pilot 
project8,77 was discontinued 12 years ago. But the 
treatment rooms Cave- M and Cave- A of GSI are still 
operational. They are continuously used for research 
in ion- beam therapy and space- radiation research 

and would be ideal experimental places for basic re-
search with FLASH irradiations in physics and radio- 
biology. This is in particular interesting because very 
high spill intensities (typ. 1010 carbon ions per spill) 
could be delivered there.

Under these preconditions, the following three im-
portant questions arise for the FLASH irradiation with 
carbon ions and will be discussed in the following 
paragraphs:

1. How can conformal irradiation of a tumor volume 
be achieved within a single spill of <200 ms?

2. Which amount of carbon ions must be extracted in 
one spill to irradiate realistic tumor sizes?

3. What role does raster scanning play for the (local) 
dose rate?

3.2 | Possible beam application 
techniques for carbon FLASH

This section discusses different techniques for tumor- 
conformal FLASH irradiation with carbon ions.

As shown above, the complete irradiation of the 
field must be carried out within one synchrotron cycle. 
Therefore, the standard multi- layer raster scanning 
method78 cannot be applied for FLASH. This is a strong 
restriction since this method is the most common 
beam application technique for conformal irradiation 
and is used at most facilities like the HIT, MIT, CNAO, 
MedAustron, and NIRS.

3.2.1 | Multiple energy- extraction within 
one synchrotron cycle

However, some years ago, a synchrotron operation 
method became available that allows the extraction 
of multiple energies within one synchrotron cycle.75 In 
combination with a fast raster scanning, as realized at 
the NIRS facility,79 the multiple energy extraction could 
be a solution for FLASH. Nevertheless, all energy lay-
ers have to be scanned in less than 200 ms for FLASH 
and the switching time between energy steps lasts 
typically 100 ms at HIMAC,75 which is currently the 
most advanced facility concerning scanning speed. 
Therefore, only extremely small tumors with maximum 
of 1– 3 layers could be treated by this method. Future 
improvements for scanning parameters and in par-
ticular for the energy switching time could turn multi- 
energy extraction in combination with fast scanning 
into an interesting option for FLASH. But, at present, 
due to the tumor size limitation, it seems not to be an 
applicable option. It should be noted in that context, 
that modern 3D- printed ripple filters80 allow depth 
steps up to 6 mm between the energy layers, which 
in turn could further enlarge the possible tumor size.

F I G U R E  6  Short synchrotron spill (in slow extraction mode 
using the RF- KO method) recorded at the synchrotron of the 
Heidelberg ion- beam therapy facility (HIT) for a 280 MeV/u 12C 
beam. The signal is recorded from the beam monitor of the scanner 
control system
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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3.2.2 | Passive beam application 
by scattering

Another option is the passive beam application tech-
nique, which was developed at the Lawrence Berkeley 
Laboratory the first time for carbon ion therapy and fur-
ther improved at the HIMAC facility.81 In principle, if the 
passive scattering system is used as a fully static device 
and layer stacking82 is not used (because the mechani-
cal movement of the range shifter would be too slow), 
passive FLASH irradiation is conceivable for small to 
medium- sized tumors, if the accelerator provides suf-
ficient intensity. Diffenderfer et al. recently presented a 
passive setup83 for a cyclotron proton beam that could 
provide FLASH conditions (typ. 80 Gy/s @ 15– 20 Gy) 
at target volumes of a few cm3 for murine studies.

Nevertheless, the static passive system would not 
achieve the same conformity as a raster scanning 
system. Additionally, a passive system requires a sig-
nificantly higher beam current than an active raster 
scanning system (for the same tumor volume), because 
the beam transmission losses in the scattering system 
and the collimator would be higher than 50%.13 This is 
in general critical, because the beam intensity is the 
major issue for FLASH beam application.

3.2.3 | Fast beam application with 3D 
range modulators

Finally, a relatively new beam application method is 
presented here, which has good potential to enable 
FLASH irradiations: The so- called patient- specific 3D 
range modulator (3DRM)23,84 is a passive device with 
many pyramid- shaped fine structures (pins), whose 
shape and height are optimized and adjusted to the 
form of an individual patient's tumor. By irradiating the 
3DRM with only one energy, homogeneous dose dis-
tributions can be achieved with a significant reduction 
in the treatment time. The delivered dose shows con-
formity that is comparable to the standard 3D raster 
scanning method with multiple layers. The 3DRMs are 
manufactured with high- quality 3D rapid prototyping 
techniques. Figure 7 (upper part) shows the principle 
for dose shaping with a 3DRM for the case of a spheri-
cal volume. It should be noted that raster scanning 
is mandatory for beam application with 3DRMs. The 
fluences used to irradiate the modulator are not homo-
geneous, as shown in Figure 7.

In principle, every treatment plan for standard raster 
scanning can be converted into a 3DRM scanning plan 
(one energy) and in a design for a 3DRM, respectively. 
However, the range in- depth (in beams- eye- view) at a cer-
tain tumor position must not be too large; otherwise, the 
filigree pin structures cannot be manufactured. Currently, 
pin sizes up to 60 mm (≈70 mm H2O) were tested, how-
ever, pin sizes up to 100 mm are technically conceivable.

Figure 7 (lower part, left) shows the design of a 
3DRM that was planned for non- small- cell lung cancer 
(NSCLC) with a size of about 25 cm3, the corresponding 
target volume, and dose distribution in a transversal CT 
plane is shown at the right side of Figure 7. The most 
relevant parameters of this plan are shown in Table 2 
in the next section together with some other plans, in 
order to assess the feasibility of 3DRMs for different 
tumors and sizes.

It is obvious that 3DRMs have good prerequisites 
for conformal FLASH irradiations of small and small- to- 
medium- sized tumors due to the single- energy mode. It 
should be also noted that 3DRMs are being discussed 
intensively for proton FLASH. In the work of Jolly et al.13 
it was stated that 3D- printed patient- specific range 
modulators present the most likely route to clinical de-
livery for FLASH irradiation.

3.2.4 | Transmission fields

Finally, another option for a FLASH beam application 
should be mentioned, which is not discussed further 
here, namely simple irradiation with maximum ac-
celerator energy and raster scanning over the lateral 
extension of the tumor. This method called “transmis-
sion fields”85 however, cannot yield a 3D- conformal 
dose distribution with one beam direction (field), or re-
quires several fields, which in turn cannot be applied 
in a short time (of few hundreds of milliseconds) and 
is questionable whether FLASH conditions are fulfilled. 
Nevertheless, this method will be applied for the first 
clinical FLASH trial86 with protons for bone metastasis 
at the Cincinnati Children's Hospital.

3.3 | Particle numbers per spill needed 
for the irradiation of various treatment 
plans and other critical parameters 
for FLASH

A series of treatment plans for carbon ions were cre-
ated with the treatment planning program TRiP (Version 
TRiP98).25 All plans were optimized for a homogenous 
biologically equivalent dose in the target volume. The 
LEM126 model with an α/β ratio of 2 was applied, which 
is still a standard for the clinical treatment at HIT and 
MIT. The goal of this simple study is to assess the num-
ber of ions needed to irradiate the target volume and 
to estimate the dynamic requirements (e.g., scanning 
speed) for the scanning process.

The first series of plans (see Table 1) was cal-
culated for a spherical volume with a 25 mm radius 
(depth = 80– 130 mm) in a water phantom. Different 
RBE- weighted doses ranging from 1 to 14 Gy were 
applied in order to assess the variation of the RBE 
values, which has a direct impact on the required 
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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number of carbon ions. An RBE- weighted dose of 
14 Gy corresponds roughly to 10 Gy physical dose, 
which is a representative dose value for FLASH irra-
diation. Table 1 shows the biological and the physical 
dose in the center of the target volume and at the 
entrance channel at a depth of 1 cm H2O. It should 
be noted that the physical dose in the target volume 
is not homogenous.26 The RBE values (ratio between 
biol. and phys. dose) are given as well. It can be ob-
served, that for the assumed biological model (LEM- 
I, α/β = 2 Gy) the RBE value in the center of the target 
volume decreases from 5.4 to 1.4, when increasing 

the RBE- weighted dose 1– 14 Gy. Accordingly, an in-
crease of the RBE- weighted dose from 1 to 14 Gy 
requires about 50 times more carbon ions, which is 
an additional challenge in terms of providing enough 
beam intensity for FLASH. It should be also men-
tioned, that for this LEM- I model the ratio (see column 
7 of Table 1) of RBE in the target volume to the RBE 
in the entrance channel— which could be considered 
as the radiobiological benefit of carbon ion treatment 
compared to proton therapy— decreased from 1.25 
to a value of about 1 (no more benefit). However, this 
consideration is preliminary and could potentially be 

F I G U R E  7  Examples of 3D range modulators: Upper figure: principle of the dose application with a 3DRM for a spherical target volume 
(r = 25 mm) with a single- energy beam of 400 MeV/u 12C. The scatter plot in the mid shows the raster scanning pattern and the fluence map 
for the irradiation of the sphere. Lower left figure: Design of a 3DRM for the FLASH irradiation of small lung carcinoma (25 cm3, see Table 2) 
with a 240 MeV/u 12C beam. The zoom shows four of the inner pins of the modulator with a height of approx. 50 mm and a lateral size of 
2 × 2 mm2 per pin; note: the zoomed figure is not isometric, the lateral direction is enlarged for better visualization of the pin shape. Lower 
right figure: The corresponding dose field and the target volume in a transverse plane of the treatment plan
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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over- compensated by a FLASH effect, which can be 
proved only by pre- clinical experiments.

The second series of treatment plans (see Table 2) 
consists of plans for five different spherical volumes 
in water and six further treatment plans based on real 
patient CTs. The chordoma plans correspond to real 
carbon ion treatments in the GSI therapy pilot project. 
The lung carcinoma cases originate from contoured pa-
tient CTs (for photon IMRT). All the presented plans in 
Table 2 describe only one field (one beam direction) 
with our FLASH standard dose of 10 Gy physical dose 
in the center of the target. They are optimized for a ho-
mogenous biological effect (as the plans for Table 1), 
but are adapted for better technical comparison to a 
physical dose of exactly 10 Gy in the center.

The entries given in the first 6 columns of Table 2 
are valid for both, standard multi- layer raster scanning 
and irradiation with a 3D range modulator. The further 
columns (7– 16) are specific for the irradiation with the 
3DRM. As mentioned above, the scanning plans for the 
3DRMs are based on dose optimization with TRiP. In 
a first step, TRiP calculates the treatment plan for the 
standard raster scanning method, afterward the weights 
of all beam spots of the TRiP plan are converted for the 
application with a 3DRM into a single- energy scanning 
plan and into the shape (CAD file) of the 3DRM.

Most relevant for the feasibility of FLASH is the num-
ber of carbon ions needed for the different plans, which 
is shown in column 6 of Table 2. The number of ions 
increases almost linear with the target volume, a bit 
less for the larger volumes. In this table, some cells are 
highlighted in yellow or red. This means that the param-
eter in the table are critical or impossible, respectively, 
if the performance parameters for the accelerator and 
scanning system from GSI (Cave- M experimental room) 
are assumed. This means specifically a maximum of 
1 × 1010 carbons per spill (see above) and a scanning 
speed in the x- direction of 28.7 mm/ms for 400 MeV/u 
carbons (and correspondingly higher for smaller ener-
gies). Of the facilities discussed in Section 3.1, the GSI 

parameters are in the upper level (however, HIMAC 
yields three times higher scanning speed). But also for 
other facilities and/or target volumes, Table 2 gives a 
good impression, of a FLASH irradiation is feasible or 
not, when assuming the specific performance parame-
ters and scaling the values of the given table.

Column 3 shows the maximum depth range of all 
individual beam spot positions in the plan, which corre-
sponds to the maximum pin height of the 3DRM (which 
should not exceed 8 mm of plastic ≈ 10 mm H2O equiv-
alent). The lateral step size and the number of the beam 
spots for the single- energy 3DRM plans are given in 
columns 8 and 9. For the virtual processing of the plans 
an extraction time of ca. 200 ms (186 ms) is assumed in 
all cases. This short extraction time could be realized at 
HIT and at GSI in many experiments. The correspond-
ing (global) dose rate is given in column 10. This value 
is simply defined by the physical dose (center of the 
target) divided through the total irradiation time (start- 
stop of the beam extraction). Column 9 shows the total 
moving time tjump relative to the total irradiation time. 
This “jump time” is defined as the time that the scanner 
needs to move between the beam spots and depends 
on the length of the scanning path (number of beam 
spots), the scanning speed, and beam rigidity. A rela-
tive jump time higher than 15% can be considered as 
critical for an accurate (homogeneous) dose distribu-
tion, higher than 30% cannot be accepted (note: res-
canning cannot be applied for FLASH). An additional 
proton treatment plan is also given for the medium lung 
CA case. This serves in particular for the assessment 
of the local dose rate (see next section).

In summary, if we assume exemplarily GSI perfor-
mance parameters, it can be stated, that tumor volumes 
larger than 200 cm3 cannot be treated with FLASH and 
volumes between 150 and 200 cm3 are borderline. 
However, small to medium- sized tumors up to 150 cm3 
should be feasible for FLASH irradiation with a 3DRM, 
if the facility can provide performance parameters com-
parable to GSI. GSI is an ideal facility for pre- clinical 

TA B L E  1  Comparison of the physical and biologically equivalent dose values for carbon ion treatment plans of a spherical target 
volume (r = 25 mm) calculated by the LEM- I model (α/β = 2 Gy) for RBE- weighted doses from 1 to 14 Gy

Target dose
biol. equ.
(GyE)

Target dose
phys. (center)
(Gy) RBE

Entrance dose
biol. equ.
(GyE (RBE))

Entrance dose
phys.
(Gy) RBE

RBE- target/
RBE- entrance

Total number of 
particles for the 
field

1 0.19 5.39 0.55 0.13 4.31 1.25 1.04E + 08

2 0.49 4.10 1.19 0.34 3.52 1.17 2.75E + 08

4 1.41 2.84 2.52 0.98 2.58 1.10 7.99E + 08

6 2.70 2.22 3.91 1.86 2.11 1.05 1.53E + 09

8 4.29 1.87 5.32 2.93 1.82 1.03 2.43E + 09

10 6.03 1.66 6.76 4.14 1.63 1.02 3.45E + 09

12 8.04 1.49 8.20 5.46 1.50 0.99 4.57E + 09

14 10.08 1.39 9.65 6.83 1.41 0.98 5.76E + 09

Note: The physical dose is given at the center of the CTV. The dose at the entrance channel (normal tissue) is given in 1 cm depth.
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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FLASH studies with carbon ions for radio- biological 
samples and animal models.

3.4 | Which role plays raster scanning 
for the (local) FLASH dose rate?

In the previous sections, in particular, in Table 2, the 
“global” dose rate was conservatively calculated as the 
ratio of the physical dose (i.e., in the target center) di-
vided through the total irradiation time (start– stop of the 
beam extraction). However, due to the raster scanning 
procedure and the sharp pencil beam, the dose at a 
certain position in the field is applied in a much shorter 
time, than the total irradiation time. This is especially 
the case for irradiation with the 3DRM, where the whole 
target volume is covered by only one scan with a single 
energy. A representative example, Figure 8 shows the 
local dose rate as a function of time for two arbitrarily 
selected voxels in the entrance channel of the irradia-
tion field for the medium- sized lung CA from Table 2. 
It can be clearly seen that the major part of the local 
dose (here 90%) is applied in much less than the total 
treatment time.

Biological volume effects with signaling over sev-
eral mm in a few hundred microseconds are not 
conceivable. Any eventual biochemical or biological 
interaction (for instance by protein transport or by 
oxygen diffusion) would last much longer. Therefore, 
the partial volumes of the irradiated tissue can be 
considered decoupled for the short treatment time. 
We make the hypothesis that the tissue cannot dis-
tinguish whether a (higher) local dose rate is applied 
everywhere in the volume of interest at exactly the 
same time or at slightly different times, when the 
time differences are much smaller than possible 
biological signaling. Following this hypothesis, the 

above- mentioned higher local dose rate by scanning 
would be relevant for the FLASH effect. Possible 
tissue and volume effects are not affected by this 
hypothesis. It should be also noted that “local dose- 
rate” is here considered as the conservatively calcu-
lated quantity as described below.

Pursuing this argumentation further, a small system-
atic study for the assessment of the local dose rate for 
fast scanning was performed in this work. A MATLAB 
program was implemented, which uses as input a se-
lected 3DRM treatment plan and the time- dependent 
particle rate of a spill, as shown in Figure 6, but scaled 
by the number of particles needed for the whole plan. 
The algorithm calculates for every voxel in the treat-
ment field the time- dependent accumulated dose and 
dose rate Ḋ(�⃗r , t) for the given treatment plan. In the 
next step, it searches for each voxel in the treatment 
field and for a certain dose fraction (e.g., 90%, 95% or 
98% of the total dose in this voxel) the corresponding 
shortest time interval, which delivers the assumed dose 
fraction and thus the corresponding local dose rate 
Ḋlocal(�⃗r ) for this voxel. The dose rate values for every 
voxel and for all dose fraction values between 0% and 
100% are stored and analyzed for dose- rate– volume 
histograms (see below).

Another independent and recent work from Folkerts85 
et al. follows a comparable concept for the analysis of 
proton FLASH irradiations in order to assess the local 
dose rates. The proposed algorithm is similar to our al-
gorithm, but uses simple thresholds (e.g., 5% and 95% 
for the 90% dose fraction) to identify the time intervals 
for dose rate calculation. This delivers slightly under-
estimated dose rates, in particular for smaller dose 
fractions (<80%); however, for the high dose fraction 
(95% or 98%) both algorithms deliver almost the same 
values (compare Figure 9, right). It should be noted 
that they assumed a one- energy “transmission field” 

F I G U R E  8  Time course of the local dose rate Ḋ(�⃗r , t) in two different randomly selected voxels (A and B) in the entrance channel of the 
treatment fields (“Lung CA medium,” see Table 2). The dose rate oscillation results from the beam wobbling. The blue and red bars indicate 
the smallest time interval where 90% of the total dose in the voxel (A respectively B) is applied. The broad red bar shows the total irradiation 
time of the field
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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as mentioned in Section 3.2.4. Zou et al.87 have also 
recently studied the limitations in volume that can be 
scanned under FLASH conditions.

Figure 9 shows two different dose- rate histograms 
for the irradiation with the 3DRM of the medium- sized 
lung CA of Table 2. The so- called “dose- rate boost” is 
defined as the ratio between the local dose rate and 
the total rate Ḋlocal(�⃗r )∕Ḋtotal(�⃗r ) of a certain voxel, where 
Ḋtotal(�⃗r ) is simply defined as the total dose of the voxel 
divided by the total irradiation time for the complete 
field. The left diagram displays the fraction of the dose 
which is applied at a certain dose rate value, where the 
dose fraction values are averaged over all voxels in the 
entrance channel. The dashed lines show the standard 
deviation (dosemean ± σ) of the averaging. It should be 
noted, that the dose fraction for the individual voxels 
(before averaging for the y- value of the diagram) is cal-
culated relative to the total dose of the voxel itself (not 
to the global dose rate, see above). The red circle in 
the left diagram indicates (exemplarily) that 90% of the 
dose (averaged over all individual voxels) is deposited 
at a dose rate that is five times higher than the total 
dose rate of the voxels.

The right diagram of Figure 9 shows for the same 
data the dose- rate– volume histogram, once for the 
interval- search algorithm of this work (solid line) and 
once for the Folkerts threshold algorithm (dashed 
lines). The exact meaning of these histograms can be 
best explained exemplarily by the red circle: it indicates 
that 90% of the voxels in the entrance channel (treated 
normal tissue) are irradiated in a way that a dose frac-
tion of 95% is irradiated by a dose rate, that is at least 
four times higher than the total dose rate (or in other 
words: at least four times shorter than the total irradi-
ation time). It should be mentioned that the dose- rate 
boost factors for the entrance channel are similar to 
those of the target volume. Nevertheless, we only pres-
ent data for the entrance channel, because this is the 
region where a FLASH effect is expected.

The last columns of Table 2 show the corresponding 
scanning boost factors Ḋlocal(�⃗r )∕Ḋtotal(�⃗r ) for different 
dose fractions (80%, 90%, 95%, and 98%) averaged 
over all voxels in the entrance channel. It can be clearly 
seen, that the boost for large target volumes is much 
stronger than for small volumes. This can be simply ex-
plained by the fact that, that the ratio of the time for the 

F I G U R E  9  Histograms showing the enhancement of the local dose rate (boost) by the raster scanning process for a 225 MeV/u carbon 
FLASH irradiation plan with a 3D range modulator of medium- sized lung carcinoma (see Table 2). The dose- rate boost (x- axis of both 
graphs) indicates the local dose rate relative to the total dose rate. Left: Histogram for the fraction of the dose of a voxel (relative to the full 
dose in the voxel) which is applied at a certain Ḋlocal(�⃗r )∕Ḋtotal(�⃗r ) value. The y- values are averaged over all voxels in the entrance channel; 
the dashed lines indicate the standard deviation of the dose averaging. Right: Histograms of the fraction of the volume in the entrance 
channel which is irradiated by a certain Ḋlocal(�⃗r )∕Ḋtotal(�⃗r ) value. The different lines indicate the relative dose fractions (99%, 98%, 95%, 
90%, and 80%) of the individual voxels for which the corresponding local data rate is applied. The dashed lines show the corresponding 
histogram curves for the Folkerts84 threshold algorithm. The red circles serve for a detailed explanation of the histograms in the text
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developed ranging from confirmation of dose at a sin-
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of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
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tion programs and recommendations on test tolerance.
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there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.
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COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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scanning of the total volume to the scanning time for a 
local voxel (compare Figure 8) increases with the size 
of the target volume (roughly ∼ 3

√
V ).

Table 2 shows also a case for a proton plan, which 
has the same target geometry as the carbon ion plan 
for “Lung CA medium.” This case is in particular in-
teresting, because it shows that for the three times 
broader pencil beam— that was assumed for protons— 
the boost for the local dose rate is much lower. The 
explanation is, that more scanning lines are needed for 
protons to reach a certain dose fraction (e.g., 95%) than 
with carbon ion, because the beam is broader. This 
leads correspondingly to a longer local irradiation time 
and lower local dose rate.

Additionally, in our study, we calculated the so- called 
“dose- averaged dose rate” values (DADR) correspond-
ing to the formula given by the work of Van de Water 
et al.88 These values— averaged over the volume of the 
entrance channel— are shown in column 10 of Table 2 
(relative to the global dose rate). However, these values 
overestimate the local rate, because the DADR con-
cept does not reflect the time- course of the local dose 
rate. For example, the formula does not consider the 
length of the pauses between peaks of Ḋ(�⃗r , t). This is in 
particular important for the irradiation by scanning, as 
can be seen in Figure 8. This effect also explains the 
strong deviations between the dose- rate boost factors 
for the DADR concept and the values from this work as 
shown in Table 2.

Finally, it raises the question: what is the benefit 
of the dose rate boost by scanning? In any case, the 
FLASH irradiation has to be applied within one spill. 
This means that the requirements for the accelerator 
are not mitigated by the dose- rate boost, because the 
total dose (number of ions) needed for the FLASH ir-
radiation is independent of the dose rate. However, 
for some cases of medium sized target volumes (e.g., 
“sphere r = 25 d = 125” or “Lung CA medium” of Table 2) 
the extraction time could be extended, for example, by 
a factor of 3 and the dose rate conditions would be still 
fulfiled. This could mitigate the issue of too fast scan-
ning speed and would reduce the tjump to an acceptable 
limit (see col. 10 in Table 2).

Another important benefit of the extended extraction 
time would be the mitigation of the dose saturation ef-
fects in the beam monitors and dosimetry detectors.

4 |  CONCLUSIONS

The perspective of using carbon ions at FLASH re-
gimes opens several new challenges and opportuni-
ties, both on the scientific and technical level, in terms 
of radiobiology, dosimetry, and dose delivery. Definition 
of new quantities, such as specific dose rates, and their 
impact on radiobiological effect will be a fundamental 
step in this aim.

From the radiobiology point of view, the question re-
mains whether a FLASH effect will be seen with heavy 
ions, as it has been shown with electrons and protons. 
As we detailed in the first part of this work, this is difficult 
to predict, for the simple reason that the mechanism of 
the FLASH effect is still unclear. Moreover, C- ion ther-
apy is a peculiar mix of low-  and high- LET radiation, 
and even most of the tumor is exposed to moderate 
LET values, generally lower than typical high- LET refer-
ence radiation such as α- particles.10 However, by briefly 
analyzing some of the most explored potential FLASH 
pathways, namely, oxygen depletion, radical recombi-
nation, and intertrack effects, it appears that according 
to the current models for the FLASH effect, the normal 
tissue protection for high dose- rates observed with low- 
LET radiation will be partially lost using densely ionizing 
radiation. In fact, at high- LET, the intertrack recombi-
nation will not significantly contribute. Moreover, a pos-
sible tumor sensitization has been predicted by some 
models, but it remains to be demonstrated.

As for realizing with carbon ion beams the dosim-
etric conditions allowing UHDR exploitation compa-
rable to the other modalities, from the technical point 
of view, the use of synchrotrons for FLASH is compli-
cated in terms of intensity and time structure. FLASH 
regimes with UHDR in full multi- energy- layer pencil- 
beam scanning are essentially not possible with cur-
rent heavy ion synchrotrons. In this paper, we have 
used the high- intensity SIS18 synchrotron at the GSI 
Helmholtz Center for reference. Using 3D range mod-
ulators, we have shown that tumors <150 cm3 can be 
irradiated with C- ions in UHDR regimes. Additionally, 
the local dose rate for pencil beam scanning— 
depending on the target volume and sharpness of the 
pencil beam— is enhanced even more by a factor of 
typically 2– 10.

Overall, we can summarize a number of open ques-
tions that will need to be addressed specifically in this 
new fascinating field of Carbon- FLASH (beside the 
pending questions on the FLASH effect in general):

1. Can a FLASH protective effect be confirmed in 
normal tissue with Carbon ions?

2. Can a FLASH sensitizing effect be confirmed on the 
tumor with Carbon ions?

3. Which are the limits in LET for both protective/sensi-
tizing effects?

4. Are these thresholds binary values or is there a LET- 
dependent DMF?

5. Which is the relevant dose- rate definition for scanning 
that may have an impact on the preservation of the 
effect? Can we optimize this by scanning patterns?

6. Is there an impact on applying multiple fields or frac-
tionation schemes for FLASH?

If FLASH leads to normal tissue sparing, it may fur-
ther improve C- ion therapy and pave the way to the use 
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being used. According to the responses, a dose/MU 
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therefore essential. The goal of a routine pretreatment 
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measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
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rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
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ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
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of heavier ions in therapy. Moreover, the verification 
of a FLASH effect in such conditions may contribute 
to rule out several mechanisms which are believed to 
play a role also for low LET radiation. If no effect is 
observed, it will clarify the mechanism of the FLASH ef-
fect as yet observed with light- charged particles. Either 
way, experimental results are eagerly awaited and will 
shed light on this fascinating but yet unclear topic.

In this connection, among the several international 
initiatives presently dedicated to different aspects of 
FLASH, a collaboration of research teams from GSI, 
HIT and DKFZ in Heidelberg started in 2019 to conduct 
various experiments for FLASH with carbon ions. The 
research program includes in vitro tests for clonogenic 
cell survival and residual γH2AX foci analysis at differ-
ent oxygenation levels, mouse experiments, radiation- 
chemical and dosimetry tests at HIT, and GSI. These 
experiments will hopefully provide an answer to the 
main questions summarized above.
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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MU VERIFICATION FOR IMRT

1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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APPENDIX 
A1. OER calculation

The OER definition is in different publications mis-
leadingly and ambiguously set; in the present work we 
define it in an original way, of “enhancement factor”: 

While in different papers, it is expressed with the 
same symbol the quantity which we call 

With the relation between the 2 being: 

In Figure 3, both quantities are plotted.

A2. Amorphous track radius calculation
r90 and r80 in Figure 5 describe the extension of a 

particle track enclosing, respectively, 80% and 90% of 
the total dose and are derived by radial dose calcula-
tions according to the amorphous track model as in 
Ref. [60], by imposing 

which, using the explicit formulation of the radial dose 
there defined, returns, for example: 

where rmax is depending on the energy according to the 
Kiefer formula and rmin is the energy- dependent core radius.
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