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Abstract
Purpose: An independent dosimetry audit based on end-to-end testing of the entire chain of radiation therapy delivery
is highly recommended to ensure consistent treatments among proton therapy centers. This study presents an auditing
methodology developed by the MedAustron Ion Beam Therapy Center (Austria) in collaboration with the National Physical
Laboratory (UK) and audit results for ﬁve scanned proton beam therapy facilities in Europe.
Methods: The audit procedure used a homogeneous and an anthropomorphic head phantom. The phantoms were loaded
either with an ionization chamber or with alanine pellets and radiochromic ﬁlms. Homogeneously planned doses of 10 Gy
were delivered to a box-like target volume in the homogeneous phantom and to two clinical scenarios with increasing
complexity in the head phantom.
Results: For all tests the mean of the local differences of the absolute dose to water determined with the alanine pellets
compared to the predicted dose from the treatment planning system installed at the audited institution was determined. The
mean value taken over all tests performed was −0.1 ± 1.0%. The measurements carried out with the ionization chamber
were consistent with the dose determined by the alanine pellets with a mean deviation of −0.5 ± 0.6%.
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Conclusion: The developed dosimetry audit method was successfully applied at ﬁve proton centers including various
“turn-key” Cyclotron solutions by IBA, Varian and Mevion. This independent audit with extension to other tumour sites
and use of the correspondent anthropomorphic phantoms may be proposed as part of a credentialing procedure for future
clinical trials in proton beam therapy.
Keywords: Proton therapy, Dosimetry audit, End-to-end test, Alanine dosimeters, Ionization chamber

1 Introduction
Light-ion beam therapy (LIBT) using protons and heavier
ions (currently carbon ions) becomes more and more important and is one of the most effective forms of cancer treatment.
Access to this type of radiotherapy is increasing and currently,
26 LIBT centers operate in Europe (92 worldwide) and about
20 new centers are under construction (45 worldwide) [1].
The majority of recently established LIBT facilities, mostly
proton facilities, implemented pencil beam scanning (PBS)
technology that places particular demands on comprehensive
quality assurance (QA) programmes that should be established to cover all steps of the treatment process and to confirm
the dosimetric integrity of the PBS delivery [2]. It is therefore desirable to ensure that each center delivers clinically
comparable treatments with the required accuracy of dose
delivery. In the past, several reference dosimetry audits [3] and
dosimetry intercomparisons for proton and carbon ion beams
were performed [4–6]. Since 2007, the Imaging and Radiation
Oncology Core Houston Quality Assurance center (IROC-H,
formerly the RPC) is supporting the United States facilities
wishing to participate in National Cancer Institute-sponsored
clinical trials utilizing proton radiation therapy [7].
Another important step within a QA programme that should
be performed before beginning patient treatment is the full
simulation of the workflow and validation of prescribed dose
delivery for different tumour sites. To implement this step,
LIBT facilities can use their internal resources and perform
internal integrity checks and apply for external independent
auditing resources. However, there is no audit framework in
Europe for independent external auditing for LIBT facilities.
Recently, the MedAustron Ion Beam Therapy Center
(MedAustron), in cooperation with the National Physical
Laboratory (NPL, UK) developed dosimetry auditing procedures based on end-to-end (E2E) testing that aims to assess
the complete PBS radiotherapy procedure [8–10]. Imaging,
treatment planning including dose calculation, image guided
radiotherapy (IGRT) procedures and dose delivery are applied
to homogeneous or anthropomorphic phantoms following
a pathway similar to that of a typical patient [8]. Before
treating the first patient with protons, dosimetry E2E testing procedures were implemented at the fixed horizontal and
vertical beam lines at MedAustron. E2E tests were performed
with anthropomorphic phantoms that allow detectors to be
placed in different locations and thus support simultaneous

verification of the planned absorbed dose at many points.
As the same methodology was offered and requested by
several proton centers in Europe, MedAustron in collaboration with NPL performed an on-site visit using ionization
chambers, alanine detectors and films loaded in appropriate
anthropomorphic phantoms. The current paper describes the
application of the developed methodology for independent
external dosimetry auditing of five LIBT facilities in Europe.
We also compared the audit results at the five proton facilities
with the end-to-end test results obtained at MedAustron.

2 Materials and methods
2.1 Audited LIBT facilities
Five facilities are presented in the study together with the
three beam lines IR2HBL, IR2VBL and IR3HBL in clinical
operation at MedAustron. The facilities included in the study,
the beam lines, the correspondent accelerator, the Oncology
Information System (OIS) and the treatment planning system
(TPS) used are listed in Table 1.
Only MedAustron is a synchrotron-based LIBT facility,
other centers are equipped with a cyclotron or a synchrocyclotron. Regarding the TPS, five facilities are equipped
with RayStation (RaySearch Laboratories, Sweden) while one
facility with Eclipse (Varian Medical Systems, Palo Alto, US).
2.2 Plastic phantoms
The phantoms were moved through the entire clinical workflow like real patients. The following two phantoms were used
in each facility:
•

A homogenous polystyrene phantom made of
seven polystyrene plates, each with a size of
20 cm × 20 cm × 3 cm, stacked together to form a 21 cm
long phantom [11]. It can hold up to 20 alanine pellets
and two EBT3 films orthogonal to the beam direction
[11]. Another plate of the same outer dimensions holds an
ionization chamber (IC) (Farmer 0.6 cm3 PTW-30013).
• A proton head phantom, customized by CIRS (Norfolk, US)
to allocate up to 22 alanine pellets or up to two ICs. The
phantom is partly sectioned in 20 mm slabs for three film
locations in the cranio-caudal direction starting from the
approximate center of the sagittal plane. More details of
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Table 1
List of the 8 beam lines at six proton centers with additional details on the date of E2E tests, the accelerator type, the OIS installed, the TPS
and the dose calculation engine commissioned for treatment planning at each facility.
Facility/when

Beam line

S/C/SCa – Vendor

OIS

TPS/algorithm

MedAustron (AT)/
Nov 2016

IR3HBL

S – In-house

In-house

MedAustron (AT)/
July 2017

IR2HBL

S – In-house

In-house

MedAustron (AT)/
March 2018

IR2VBL

S – In-house

In-house

HollandPTC (Delft, NL)/
Sep 2018

Gantry 2

C – Varian ProBeam v3.5

ARIA v13.7
(Varian)

ZON-PTC (Maastricht, NL)/
Dec 2018

Gantry

SC – Mevion S250i

ARIA v15.5
(Varian)

DCPT
(Aarhus, DK)/
Dec 2018

Gantry 3

C – Varian ProBeam v3.5

ARIA v13.7
(Varian)

APSS
(Trento, IT)/
March 2019

Gantry 2

C – IBA proteus plus 235

MOSAIQ v2.64
(Elekta)

RayStation v5.0/
Pencil Beam v3.5
(RaySearch)
RayStation v6.1/
Monte Carlo v4.0
(RaySearch)
RayStation v6.1/
Monte Carlo v4.0
(RaySearch)
RayStation v7/
Monte Carlo v4.1
(RaySearch)
RayStation v8A/
Monte Carlo v4.2
(RaySearch)
Eclipse v13.7/
Proton Convolution
Superposition v13.7
(Varian)
RayStation v7/
Monte Carlo v4.1
(RaySearch)

WPE
(Essen, DE)/
September 2019

Fixed horizontal
beam line

C – IBA proteus 235

MOSAIQ v2.64
(Elekta)

a

RayStation v7/
Monte Carlo v4.1
(RaySearch)

Synchrotron (S) or Cyclotron (C) or SynchroCyclotron (SC).

the phantom have been published previously [8]. The posterior insert for ICs accommodates one Farmer chamber
(PTW-30013). One radiochromic EBT3 film was placed at
the central sagittal plane of the head phantom perpendicular
to the beam axis. The head phantom was used to validate
planned dose delivery for intracranial targets.
For both phantoms irradiations of the alanine pellets and
films were performed in a modified setup as compared to the
measurements with the IC.
2.3 Detectors
Dosimetric assessment of the delivery was performed with
an IC, alanine pellets and EBT3 radiochromic films. The
alanine pellets (5.0 mm diameter and 2.4 mm thickness) irradiated during the audit were read out using an Electron
Paramagnetic Resonance (EPR) spectrometer system by NPL
[12] and a report was provided to each facility with the results.
The absorbed dose to water in the proton beam was derived
from the alanine pellet readings provided by NPL in terms
of 60 Co-reference values of absorbed dose to water multiplied with the cross-calibration factor derived in high energy
proton beams as described in Ref. [9]. Furthermore, corrections for ‘quenching’ were applied that were calculated

by a Monte Carlo radiation transport simulation platform
implemented in a non-clinical version of the TPS RayStation
as described in Refs. [8,9]. The difference between measured and predicted TPS doses in the volume of each pellet
was calculated. All alanine pellets were located in the target
region.
The IC (PTW-30013, SN7780), combined with a PTWUnidoswebline electrometer, was calibrated in a 60 Co reference
beam against the primary standard of absorbed dose to water
at NPL (UK). An operating voltage of +400 V was applied.
The absorbed dose to water in the proton beams were derived
using the formalism and beam quality correction factors from
the IAEA TRS-398 code of practice [13] as adapted to scanned
beams by Palmans and Vatnitsky 2016 [14]. A single value of
kQp,Q0 = 1.030 ± 0.018 was used for the beam quality correction factor derived from Ref. [13] as the average value over the
range of beam qualities encountered in the end-to-end tests.
The ion recombination correction factors ks and the polarity
correction factors kpol were assessed for the IC in each beam
line.
The EBT3 radiochromic films irradiated during the audit
were scanned on an EPSON Expression 10000XL scanner at
MedAustron and analyzed with PTW Film software [15]. The
film measurements were used to evaluate the homogeneity
of the dose in the area where the alanine pellets are placed.
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The lateral beam homogeneity (in percent) was derived
as:
DMax − DMin
HI =
%
DMax + DMin
where DMax and DMin are the maximum and minimum doses
evaluated in the treatment width. Treatment width, TW, was
defined as:
TW = FS50% − 2 × LP(80−20)%
where FS50% is the field size at 50% isodose level and
LP(80−20)% is the lateral penumbra of the transverse dose profile measured in the lateral fall off between the 80% and the
20% dose levels.
All uncertainties have been estimated according to the
recommendations of the ISO Guide to the Expression of
Uncertainty in measurement [16] and are expressed as one
standard deviation.
2.4 On-site visit
The dosimetry audit was performed by on-site visiting
MedAustron delegates. The visit extended to a maximum of
three days in a row, however, the total beam time needed
was usually less than a few hours. During the first day the
CT scans of the phantoms, loaded with dummy pellets and
immobilized according to the local protocol, were obtained.
Subsequently, the treatment planning steps were performed
by the local staff under the supervision of the auditors. In
most of the institutions the head phantom was immobilized
(with a thermo-plastic mask) on the Qfix table top used for
patients with head and head&neck tumors. The phantoms
were scanned on the CT with dummy pellets in situ. The CT
scans for the homogeneous and head phantoms were acquired
with pre-defined scan protocols used at the centre for cranial
treatments of adults. The CT images were exported from the
CT console to the facility-specific TPSs (see Table 1).
In all the end-to-end tests carried out in this work, a homogeneous physical dose of 10 Gy was planned to the target
volume instead of the usual clinical dose per fraction of e.g.
2 Gy. The delivered high dose is related to the low sensitivity of the alanine detectors which need 10 Gy to achieve a
readout reproducibility better than 0.5% [8,12]. The performance of the beam delivery system is usually checked during
commissioning through different tests listed in IEC standard
62667 [17]. Thus, it has the same performance tolerances during delivery of 10 Gy dose compared to a typical 2 Gy per
fraction.
For the homogeneous phantom, a target volume with a
size of 8 cm × 8 cm × 12 cm was outlined to be located in the
centre of the phantom (see Fig. 1).
A single-beam plan (Gantry angle 90◦ , couch angle 270◦ )
with the isocentre at the centre of the target volume was generated in the TPS. A region of interest (ROI) of cylindrical
shape was drawn at the position of each alanine pellet and

with the same dimension of the pellet (see Fig. 1(b)). The
average value of the TPS planned dose and of the ‘quenching’
corrections for the alanine pellets (see [8,9]) were extracted
at each ROI in the treatment plan. The planned target volume
reproduced those from previous publications [8,11].
Concerning the head phantom, two different clinically scenarios were simulated:
A single-beam plan (Gantry angle 90◦ , couch angle 0◦ ) with
the isocentre at the centre of the target volume was delivered
to the head phantom (see Fig. 2(a)). A cylindrical target
of 6.5 cm in diameter and 7 cm in height (∼230 cm3 ) was
delineated on the CT scans in order to cover all the alanine
pellets.
• A two-beam plan with the isocentre at the centre of the target
volume was planned to be delivered to the head phantom.
The two beams were separated by 30◦ Gantry angle (see
Fig. 2(b)). The same target as for the single-beam plan was
used. Since the target was superficial in the beam’s direction at each audited institution, a range shifter (RaShi) of
thickness and material depending on the center was inserted
(automatically or manually) into the nozzle during the delivery. The treatment plan was optimized based on Single Field
Optimization (SFO) technique in which a uniform dose per
beam is delivered to the target. The two-beam plan was
delivered only at the five audited institutions and not at
MedAustron.
•

All the plans were generated in the TPS following the local
protocol of the audited institution.
For each treatment plan a dose homogeneity of ±3% in the
target was achieved. Then, the treatment plans were exported
to the OIS and to the Record and Verify System.
The second day was dedicated to assessing the ion recombination and polarity (see Section 2.3) of the IC and to carrying
out the E2E tests with the phantoms loaded with the IC.
On the third day E2E tests were performed with the phantoms loaded with alanine pellets and EBT3 radiochromic
films.

3 Results
In all the plots included in the manuscript the results for the
IR3HBL, IR2HBL and IR2VBL corresponds to MedAustron
beam line numbers 1, 2 and 3 respectively, while the data
related to the five audited institutions are anonymized. The
error bars in all graphs represent standard deviations for a set
of alanine pellets used in a single setup or standard deviations
of the mean for a series of Farmer chamber readings.
3.1 Results in the homogeneous phantom
Fig. 3 shows the deviations between the absorbed dose to
water derived from the alanine pellets or IC readings and the
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Figure 1. The alignment of the homogeneous phantom loaded with the ionization chamber in (a). Alanine pellets within the homogeneous
phantom, PTV structure (highlighted in red) and dose distribution are visualized in (b).

TPS planned dose computed with the facility-specific dose
engine (see Table 1) per beam line.
All the E2E tests carried out at the three beam lines (1,2,3)
at MedAustron showed deviations between dose determined

with alanine and IC compared to the TPS dose within ±1.0%
[8]. The average deviation for all 8 beam lines (i.e., the average
of the data in Fig. 3) was −0.1 ± 0.9% for the data obtained
with alanine, while for the IC data it was 0.3 ± 1.1%.
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Figure 2. Transversal, sagittal and coronal views of the dose distribution of the single-beam plan in (a) and the two-beam plan in (b) with
a 30◦ Gantry angle difference in between both beams. Regions of interest representing the pellet positions in the phantom are shown as
coloured circles.

Figure 3. Results of the E2E tests and audits with alanine and IC in the homogeneous phantom. Circles (green in the electronic version)
are deviations between the dose determined with alanine pellets and the TPS planned dose at each beam line. Each point in the plot is the
average over 20 alanine pellets for the homogeneous phantom. Diamonds (blue in the electronic version) are deviations between the dose
determined with IC and the TPS planned dose at each beam line.

3.2 Results in the head phantom
Concerning the single-beam plan in the head phantom,
Fig. 4 represents the deviations of alanine and IC determined
doses from the TPS planned dose in a similar way as for the
homogenous phantom in Fig. 3.
For the single-beam plan delivered to the head phantom all the E2E tests carried out at the three beam

lines (1,2,3) at MedAustron showed deviations between
dose determined with alanine and IC compared to the
TPS dose within ±1.5%. The average deviation for all 8
beam lines was −0.2 ± 1.1% for the data obtained with
alanine, while for the IC data it was 0.2 ± 1.5% (see
Fig. 4).
Fig. 5 shows the deviations of alanine and IC determined
doses from the TPS planned dose in a similar way as in
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Figure 4. Results of the E2E tests and audits with alanine and IC for the single-beam plan in the head phantom. Circles (green in the
electronic version) are deviations between the dose determined with alanine pellets and the TPS planned dose at each beam line. Each point
in the plot is the average over 22 alanine pellets for the head phantom. Diamonds (blue in the electronic version) are deviations between the
dose determined with IC and the TPS planned dose at each beam line.

Figure 5. Results of the E2E tests and audits with alanine and IC for the two-beam plan in the head phantom. Circles (green in the electronic
version) are deviations between the dose determined with alanine pellets and the TPS planned dose at each audited institution. Each point
in the plot is the average over 22 alanine pellets for the head phantom. Diamonds (blue in the electronic version) are deviations between the
dose determined with IC and the TPS planned dose at each beam line. At beam line number 4 no measurements with the IC were performed.

Figs. 3 and 4 for the two-beam plan in the head phantom
at the five audited institutions.
For the five institutions deviations from the TPS
dose were within ±2.0% with an average deviation of
−0.1 ± 1.1% for the alanine and −0.3 ± 0.6% for the IC (see
Fig. 5).
Regarding the EBT3 films placed in the homogeneous and
head phantoms the lateral beam homogeneity was within 5%
for all the tests performed.

4 Discussion
More than 500 alanine pellets were irradiated at MedAustron during the E2E tests at the three fixed beam lines
with protons. Results with alanine and IC showed deviations
between measurements and planned TPS dose within ±1.5%
both for the homogeneous and the head phantom.
Based on the experience gained at MedAustron, independent dosimetry audits were carried out at five European
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institutions. All deviations from the TPS dose were within
2.7% both for alanine pellets and IC (see Figs. 3–5). The
spread of the deviations is consistent with the ones reported in
our E2E tests at MedAustron. Moreover, at each proton facility the deviations of the IC followed similar trends compared
to the deviations of the alanine pellets in both homogenous
and head phantom and for all the tests.
Larger deviations were found for beam line 4 (up to 2.7%)
for all the tests which can be attributed to the use of a different ionization chamber (IBA-PPC05) as reference at the
audited institution compared to the IC used by the auditors
(Farmer type, PTW-30013) and the other institutions (Farmer
or Roos type). Such deviations would be consistent with
the uncertainty of correction factors recommended in IAEA
TRS-398. Note also that in IAEA TRS-398 no beam quality correction factors for the IBA PPC05 chamber type are
provided and instead users apply data for a similar sized chamber (PTW-advanced Markus). However, some recent Monte
Carlo studies [18–20] have indicated that beam quality corrections for those chamber types differ considerably which
may contribute to the observed differences and uncertainties.
The two systems based on alanine dosimetry and IC
dosimetry showed high consistency at all 8 beam lines with
an average deviation of −0.5 ± 0.6% and maximum deviation
−1.2%.
The overall uncertainty of absorbed dose to water determined with the thimble chambers in proton beams is 2% (k = 1)
based on TRS-398. The overall uncertainty of absorbed dose
to water determined with the alanine pellets is 2.5% (k = 1) [9].
Therefore, the two dosimetry techniques as well as the dose
prediction with the TPS agreed within the uncertainties. One
of the limitation of our procedure is the used fraction dose of
10 Gy which can be considered as being in a clinically irrelevant dose regime. Our recent study [8] has shown that the
required uncertainty of alanine dosimetry can be achieved
with a dose of 5 Gy. The prescribed dose will be adapted
accordingly in a future work.
In this study the target volumes defined during the treatment planning phase were simple-shaped (boxes, cylinders)
and quite large in volume. The main reason was to cover as
many detectors as possible within a selected phantom setup
to maximize the measured point-doses for comparison purpose. In the future we want to extend the study to different
target dimensions/shapes and simulate organ at risks to spare
in proximity of the target.
Moreover, the targets were placed at shallow or intermediate depths (the maximum physical range in water was 18 cm
for the homogenous phantom and 16 cm for the head phantom). High energy cases with ranges of up to 30–32 cm were
not evaluated. Additional anthropomorphic phantoms (like
pelvis see [8]) can be added to the study in the future to
simulate more deep-seated target volumes.
It may be possible to shorten the program of the audit
by removing ionization chamber measurements, however,
based on our experience these measurements provide very

valuable information. First, the measurements in homogeneous phantom allow to evaluate the reference beam
calibration and help to understand the possible deviations
in the following more complex tests. Second, the reference
measurements with ionization chamber in anthropomorphic
phantom support the confidence in evaluation of alanine data.
The reported procedures can be considered as a first step
in the development of auditing programmes limited to proton
therapy facilities. Future audits for ions heavier than protons
should focus on optimized RBE-weighted dose distributions.

5 Conclusions
The results of the independent audits at five European proton centers were consistent with the results of the E2E tests
performed at MedAustron on three proton beam lines.
The observations and analysis of the measurements performed at six LIBT facilities have not indicated significant
differences between the planned and measured doses for
scanned proton beams delivery, with all the deviations being
within ±3%. Nevertheless, a systematic deviation observed
between one centre that uses a different chamber type, that is
significant when omitting the uncertainty of the beam quality
correction factors in the comparison, warrants further investigation.
Successful completion of E2E tests is prerequisite to start
clinical activity at LIBT facility and may serve in the future
as a dosimetric credentialing program for European clinical
trials in proton beam therapy. To establish such credentialing
program an additional level of complexity may be added to the
head phantom plan to extend the clinical value of the test. One
option could be to simulate an organ at risk close to the target
reducing the dose in this region and to perform a measurement
of dose within this region. The current work is the first step in
the development of the auditing programs for proton therapy
facilities as the audit should be extended to other tumor sites
and correspondent types of the anthropomorphic phantoms
should be employed.
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