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A B S T R A C T

Purpose: The combination of target and beam motions is a concern in radiotherapy, as it results in the so-called 
interplay effects. These effects may lead to an inappropriate dose distribution delivered to patients, potentially 
compromising treatment outcomes, being particularly common in the case of thoracic tumours. An excellent 
external radiotherapy treatment option – compared to conventional photon modality – is proton beams delivered 
with pencil beam scanning (PBS), which might offer better sparing of healthy tissues with comparable dose 
tumour coverage. This study, therefore, aimed to evaluate whether alanine, based on electron spin resonance 
(ESR), a well-established dosimeter, can be applied in the context of moving targets of clinical photon and proton 
beams and assessing interplay effects.
Materials and methods: Alanine/ESR dosimeters (Harwell, UK) inserted in an anthropomorphic moving phantom 
(CIRS, USA) were irradiated with photon and proton beams, at the San Matteo Hospital and Fondazione CNAO, 
respectively, both in Pavia (Italy). Different moving conditions, simulating or not abdominal compression (20- 
mm maximum respiratory excursion), were evaluated. ESR measurements were performed in an ELEXSYS 
spectrometer (Bruker, Germany), and the peak-to-peak amplitude was used to reconstruct the dose.
Results: Good agreement between planned and measured doses was obtained with deviations within 3.3 % and 
2.2 % for photons (flattening-filter) and protons, respectively, in all moving conditions. No significant differences 
were observed as a function of the moving regimen.
Conclusions: This study showed that alanine/ESR can be a suitable dosimetric system for use in end-to-end tests 
for moving targets, including the evaluation of interplay effects.

1. Introduction

Organ motion in external beam radiotherapy (EBRT) is an important 
and challenging issue in patient treatment as it can lead to relevant 
dosimetric uncertainties. It has been shown to cause, for instance, 
inaccuracies in the contouring of the volume in terms of shape and size, 
and of the reciprocal positioning of healthy and target tissues [1]. 
Moreover, organ motion causes blurring of the dose distribution [2], 
which may result in increasing doses to organs at risk (OAR) and 
decreasing tumour control [3,4].

In addition to the issues mentioned above, in cases where the dose is 

dynamically delivered, such as in intensity-modulated radiotherapy 
(IMRT) and volumetric modulated arc therapy (VMAT), both the beam 
and the target move simultaneously. The interaction between these 
motions gives rise to the so-called interplay effect, which, in turn, leads 
to a deterioration of the dose homogeneity and conformity [5–7].

Although the magnitude of the interplay effect remains debated, 
various mitigation strategies have been explored depending on the ra
diation quality and delivery technique [4], including gating [8,9], real- 
time intrafraction motion management [10], breath-hold approaches 
[11,12], rescanning (or repainting) [13,14], and abdominal compres
sion [15–17].
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The physical characteristics of the depth-dose distribution obtained 
in proton therapy (inverse dose profile), in comparison to conventional 
photon therapy, can allow for better sparing of normal tissues without 
compromising the dose delivered to the tumour [18]. This highly 
conformal profile, conversely, may intensify the interplay effects due to 
the wider variation of linear energy transfer (LET) and delivered dose as 
a function of the depth (compared to photons), making over- and under- 
dosage volumes more likely to happen [19,20]. This becomes more 
important as the use of spot scanning proton therapy has been demon
strated to overperform the results obtained with the passively scattered 
method; hence, its use has increased [21]. Therefore, the advantage of 
high accuracy brought by proton pencil beam scanning (PBS) comes 
together with a high sensitivity to uncertainties related to the dose de
livery [22].

In this regard, some studies have reported the dosimetric impacts in 
PBS due to interplay effects, and the use of different mitigation ap
proaches, including four-dimensional robust optimisation [23,24]. The 
measurement of the planned dose in these cases was usually made by 
means of ionisation chambers [23,25–27], but also with films and 
thermoluminescent dosimeters (TLDs) [25,27,28]. To date and to the 
best of our knowledge, no reports have investigated the use of alanine 
based on electron spin resonance (ESR), for dosimetric purposes in 
moving targets, when interplay effects play a major role.

Alanine/ESR is a passive detector that has long been used in the 
context of photon radiation dosimetry. It is based on radiation-induced 
radicals, which can be detected by an ESR spectrometer, with a signal 
proportional to the absorbed dose. This detector is known for its accu
racy (reaching, for example, values within the range of 0.5–2 %), linear 
dose–response over a wide range of doses, dose-rate independence, 
tissue-equivalence (soft tissue), and low fading (signal decay over time) 
[29–32]. Moreover, it has been used as a secondary standard in metro
logical institutes [33], transfer dosimeter [34], and in the process of 
commissioning of PBS (end-to-end tests) [35].

Although there is an indication for using 2- and 3-dimensional (3D) 
dosimetric systems to evaluate interplay effects, which facilitates 
assessing the blurring effects [4], the use of point detectors can also be 
useful, including for means of comparison and benchmarking. In that 
regard, alanine/ESR has some advantages over TLDs, as a non-erasing- 
signal measurement and closer soft tissue equivalence (compared to 
some of the commercially available TLDs) [29,36]. Furthermore, it has 
been demonstrated to be more accurate in the context of PBS beams 
[37].

In a previous study, our group performed a dosimetric characteri
sation of alanine/ESR detectors in static-phantom conditions, and it was 
used as a reference for this work [38]. Here, therefore, the aim was to 
analyse the response of alanine/ESR dosimeters in the context of moving 
targets and to evaluate their potential for assessing interplay effects in 
radiotherapy. The irradiations were performed with photons and pro
tons in the PBS delivery technique, simulating a lung tumour irradiation, 
by using a dynamic thorax dosimetry phantom. The photon irradiation 
without a phantom moving regimen was used as the reference. Both the 
presence and absence of abdominal compression were simulated, and 
combined gating and rescanning were adopted in the case of PBS. The 
reconstructed doses obtained with alanine were compared to the plan
ned ones. The absolute percentage dose deviation and a combined un
certainty of the dosimetric system were estimated.

2. Materials and methods

2.1. Treatment planning

In the proton plan, a 4-D planning CT scan was performed retro
spectively on the moving phantom (Dynamic Thorax Phantom model 
008A, CIRS, USA), capturing four different phases within the respiratory 
cycle: maximum exhalation, ±30 % around maximum exhalation, and 
maximum inhalation. An average CT was used for photon planning, as a 

4-D respiratory gating was not available. CT scans were acquired for 
both scenarios, with and without simulating abdominal compression. 
Subsequently, the medical physics teams from each centre preliminarily 
calculated treatment plans simulating the delivery of a 15 Gy dose (15 
Gy relative biological effectiveness (RBE) for protons) to a virtual target 
within the phantom shown in Fig. 1. The cylindrical target (3 cm 
diameter, 4 cm height) was positioned inside a movable housing ac
cording to the different motion patterns considered in this study. For 
intensity-modulated proton therapy (IMPT) planning, the treatment 
plan was calculated on the end-exhale phase, whilst the ± 30 % phases 
were included in the plan robustness evaluation. Specifically, RaySta
tion TPS (RaySearch Laboratories, Sweden, v11B) was used at the CNAO 
(Italian National Centre for Oncological Hadrontherapy), whereas 
Monaco TPS (Elekta v. 5.51.10) was used at San Matteo Hospital. For 
IMPT plans, two orthogonal beams were used (one vertical and one 
horizontal), as shown in Fig. 2, whereas a single vertical beam was used 
for simplicity in the transmission beam (IMPT-TB) modality. In VMAT 
plans, two coplanar arc beams were used with an overall angle of 220◦. 
The collimator rotation was also used to obtain a better dose 
conformation.

2.2. Dosimetric system

a) Alanine pellets.
As the dosimeter, alanine pellets based on ESR were used. These 

loose pellets were produced by Harwell Dosimeter (STERIS, United 
Kingdom). They are composed of 90.9 % amino acid L-alpha alanine and 
9.1 % paraffin. Each of them has a cylindrical shape, measuring 4.8 ±
0.1 mm in diameter, 2.8 ± 0.1 mm in height, and a mass of 61 ± 2 mg.

b) ESR signal acquisition
The radiation-induced ESR signals of alanine were acquired in a 

Bruker Elexsys E580 (Bruker, Germany) spectrometer, which has a cy
lindrical cavity. The measurements were carried out in the X-band 
condition (microwave frequency of approximately 9.804 GHz), with a 
sweep width of 3 mT (centred at 349.7 mT), modulation amplitude of 1 
mT, sweep time of about 40 s, microwave power of 2.993 mW, power 
attenuation of 17 dB, and 4 accumulations. These parameters have been 
used in the laboratory to obtain a good signal-to-noise ratio [38].

The concentration of radicals in alanine is proportional to the 
absorbed dose, so that the ESR signal. To estimate the absorbed dose, the 
signal amplitude in terms of the height peak-to-peak (hpp) of the main 
line was taken [39]. To avoid eventual anisotropic effects, each pellet 
was measured 4 times, by rotating the ESR sample glass inside the cavity 
(around 90◦ per cycle). Therefore, for each pellet, the hpp was obtained 
as the average of these four measurements. The ESR signal was nor
malised by the mass of the pellet.

To convert the hpp signal into dose values (i.e., the reconstructed 
dose), a calibration curve was used. This curve was obtained with 
alanine pellets irradiated with a 6 MV X-ray source in flattening-filter 
(FF) condition, for doses between 5 and 40 Gy. The curve was fitted 
with a linear equation. The use of a 6 MV X-ray source instead of Cobalt- 
60, for example, allows for a straightforward comparison to the clinical 
photon beam used in this study.

The comparison between the planned dose in the TPS and the 
alanine/ESR-reconstructed dose was evaluated in terms of absolute 
percentage deviation (%Deviation). The combined standard uncertainty 
(uc) was estimated as the root-sum-of-squares of the uncertainties, 
following the technical report 398 (rev. 1) from the International Atomic 
Energy Agency (IAEA) [40].

c) Phantom settings.
To estimate the absorbed dose at the points of interest, the pellets 

were inserted into the lung-equivalent rod unit of the Dynamic Thorax 
Phantom model 008A (CIRS, USA). This phantom simulates an average 
human thorax, with attenuation within 3 % of an actual lung (in the 
energy range of 50 keV to 15 MeV). The phantom is coupled to a motion 
control system, in which different breathing conditions can be 
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simulated, with amplitude inferior/superior (IS) up to 50 mm, anterior- 
posterior (AP) and left/right (LR) up to 10 mm (via rotation), and with a 
minimum cycle duration of 1 s [41,42].

Fig. 1 shows the pellet arrangement in the phantom at CNAO. Fig. 1a 
shows the photo of the irradiation setup. Fig. 1b and c show the pellet 
insert details and the schematic view in the orthogonal plane relative to 
the incident beam, respectively.

For each irradiation session, 8 alanine pellets were used, 4 in each 
layer. The upper layer was composed of 4 inserts placed side by side 
(pellets’ base orthogonally to the beam), whilst the lower one had 4 
pellets stacked in a row (pellets’ lateral orthogonally to the beam).

2.3. Irradiation setup

a) Photons.
The irradiation with photons was carried out at the San Matteo 

Hospital (Pavia, Italy), with a 6 MV Versa HDTM linear accelerator 
(Elekta, United Kingdom), with the arc setup described in section 2.1, 
and a total dose of about 15 Gy (planned dose according to the treatment 
plan established). Both FF and flattening-filter-free (FFF) conditions 
were evaluated. The choice to also evaluate the performance of the 
dosimeters under FFF, apart from the most common and uniform FF 

irradiation field, is due to the increasing use of it in clinical practice, 
including lung treatments [43]. This increase is associated with some of 
its characteristics, including higher dose rates (thus, shorter irradiation 
time), reduced leakage radiation, and lower peripheral doses [44].

As the reference irradiation setup, the dosimeters were irradiated in 
a static scenario. In order to evaluate potential interplay effects, the 
lung-equivalent phantom was set to different moving regimens. One 
with a 15 beats per minute (bpm) and a motion of ± 4 mm pattern, 
simulating abdominal compression; and another with 12 bpm and ± 10 
mm motion, simulating no abdominal compression. The gating mode 
was not used. A summary of the setups is presented in Fig. 2.

b) Proton beam.
Proton irradiations were carried out at the CNAO facility (Pavia, 

Italy), with a synchrotron in PBS modality. The equipment available at 
the centre can produce proton beams in the range of 62–230 MeV, which 
correspond to Bragg peaks in water between 30–320 mm, respectively 
[45,46].

Two dose delivery approaches were used, namely IMPT and IMPT- 
TB. In the first, the dose delivery considers the Bragg peak contribu
tion inside the treatment volume, whilst in the latter, the maximum 
available beam energy (228.6 MeV) is used, and the Bragg peak is set 
well beyond the patient [47]. In all cases analysed, the gating mode was 

Fig. 1. Scheme illustrating the placement of the alanine pellets in the insert of the CIRS Dynamic Thorax Phantom: (a) picture taken at the CNAO treatment room; (b) 
the custom inner insert, simulating the target, was fabricated in-house using a water-equivalent slab phantom RW3 (PTW Freiburg, Germany); and (c) a scheme 
illustrating the setting of the pellets.

Fig. 2. Scheme detailing the irradiation conditions for 6 MV photons and protons. In the bottom-right corner of the figure, an example of dose distribution according 
to the TPS, for protons (IMPT).
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used, with acquisitions at the end-exhale cycle, with a 1 s gate window, 
and 5 layered re-paintings were performed in total (per radiation plan). 
The ANZAI system (AZ-733 VI, Anzai Medical, Japan), based on a 
pressure load cell, was used to manage respiratory gating [27].

To evaluate the potential interplay effects, in the IMPT case, two 
moving regimens were performed. One simulating abdominal 
compression (17 bpm and a motion of ± 4 mm), and the other without 
simulating abdominal compression (12 bpm and a motion of ± 10 mm). 
For IMPT-TB, only the abdominal compression scenario was tested 
(Fig. 2).

3. Results

Table 1 presents the results of measured doses with alanine and their 
comparisons with the planned (or calculated) ones, for static and mov
ing regimens, considering FF photon irradiation. At each plane, 4 do
simeters were inserted. For the reference irradiation setup, i.e., with 
VMAT irradiation in a static-mode phantom, the absolute percentage 
dose deviation (compared to the treatment plan) was within 3.3 %. 
Standard deviations (σ) for the same set of alanine pellets were within ±
0.4 (2.7 %), showing low intra-sample variability. The deviation was 
within the experimental uncertainty (2σ).

When the phantom was set to a moving pattern of 15 bpm and ± 4- 
mm motion (simulating abdominal compression), the results also 
showed good agreement between planned and measured doses within ±
1σ, with a maximum deviation of 2.0 %. Similar results were also found 
when no compression was used (10-mm motion), with measured doses 
agreeing with the planned ones within ± 1σ.

The same analysis was performed with the FFF condition. The results 
are summarised in Table 2. Except for the pellets at the lower plane in 
the non-abdominal compressed case, all measured doses agreed with the 
reference within ± 1σ. In the irradiation setup with a 10-mm motion and 
no compression, a higher deviation of 3.3 % was found for the stacked 
pellets. In general, the σ for doses from the same set of pellets was higher 
than in the FF setup.

Table 3 shows the measured doses obtained with alanine/ESR when 
proton irradiated. In this case, the total dose was lower than the photons, 
of about 13.7 Gy, depending on the setup and positioning of the pellets. 
All doses agreed within ± 1σ, in both IMPT and transmission modes, 
apart from the upper plane in IMPT-TB (no abdominal compression), 
with a maximum percentage deviation of 2.2 %.

The mean measured dose was corrected to the radiation quality 
factor (k), here adopted as 1.03 for protons. This value was derived from 
our previous study, in which the beam quality and energy dependences 
of alanine were investigated. In that study, the same PBS and ESR 
spectrometer were used, and the dependence was evaluated in the 
proton beam energy range from 81.6 to 220.1 MeV/u [38]. Therefore, 
the same experimental setup, meaning less experimental variation. This 
value, nonetheless, agrees with those from the report from the National 
Physical Laboratory (NPL, UK), which estimated a k = 1.022 ± 0.007 
[48].

The uncertainty budget of the alanine/ESR dosimetric system was 
estimated following the guidelines of the IAEA report 398 (rev. 1) [40]. 
The reproducibility of the response corresponding to a type A 

uncertainty (uA), which was taken as the standard deviation of the mean 
value. For that, the highest standard deviation was used (mean of 15.1 
and σ = 0.4). It was adopted as all setups were irradiated with the same 
dose of 15 Gy, and all sets of dosimeters were of the same size (n = 4). 
Therefore, a uA of 1.3 % was obtained. For type B uncertainties (uB), the 
positioning setup (1 %) and the alanine/water stop power ratio (2 %) 
[35] were considered. As a result, a combined uncertainty for the system 
(uC) was estimated at approximately 2.6 % (k = 1). In the case of pro
tons, an additional uB of 1.5 % is considered, related to the uncertainty of 
the k correction factor determination (beam quality factor). Thus, in this 
case, a uC was estimated at 3 % (k = 1).

4. Discussion

The findings of this study have shown that alanine/ESR is a prom
ising dosimetric system also suitable in the context of moving targets, 
where it could evaluate the impacts of interplay effects in radiotherapy. 
The reference results (6MV photon, static-phantom irradiation) pre
sented a percentage deviation between 1.3–3.3 %, which agrees with the 
literature data [32,33,49]. This accuracy can be lowered to around 0.5 
% for the dose range of 5–25 Gy (60Co), but only in case specific con
ditions are followed [30].

In the presence of a moving regimen, there was no significant dif
ference in percentage error compared to the reference measurement, i. 
e., in all cases, it was within 3.3 %. Therefore, no interplay effects were 
observed. This may reflect the beam’s uniformity and the consistent 
placement of the pellets within the planned isodose region.

When photon irradiation was performed under FFF conditions, a 
maximum absolute percentage deviation of 3.3 % was found for the 
moving regimen with no abdominal compression. In this specific case, a 
motion of ± 10 mm was performed, which is bigger than the pellets' 
dimensions (4.8 mm in diameter and 2.8 mm in height). This setup 
aside, all measured doses agreed with the planned within ± 1σ. How
ever, higher σ values per pellet set (i.e., representing an irradiation step) 
were observed. It could indicate the effect, at least to some degree, of 
non-uniform fluence of the beam, although differences are less likely in 
the area a few centimetres from the centre [50].

For all measured doses in the FF and FFF setups, apart from the 
agreement within ± 2σ, there was a trend of slightly overestimation of 
the TPS dose. Whilst for protons, there is a fluctuation of values around 
the planned dose. It could indicate some uncertainty in the pellets' 
positioning (this has been covered, nonetheless, in the budget, as a type 
B uncertainty of 1 %).

In the case of particle irradiation, the response of alanine/ESR is 
more complex, as it has a dependence on the LET [38]. High LET values 
lead to an elevated creation of radicals in the particle’s track, which 
favours recombination processes. This causes the reduction of alanine 
sensitivity, although the linear dose–response for protons is still pre
sented, as for photons [51,52].

A report on the use of alanine/ESR for dosimetry in PBS, from the 
NPL, had shown a variation of about 2 % in comparison to the 60Co 
photon beam [48]. This indicates the need for correction (or conversion) 
factors when using a photon-calibrated curve.

An intercomparison amongst European institutes for mailed 

Table 1 
Values of planned and measured doses, and absolute percentage dose deviation (%Deviation), for different conditions of photon irradiation in a flattening-filter (FF) 
condition.

Condition FF
Plane Planned Dose (Gy) Mean Measured Dose (Gy) %Deviation

Reference (static) Upper 15.0 15.2 ± 0.3 1.3
Lower 15.0 15.5 ± 0.4 3.3

With movement With compression Upper 15.0 15.3 ± 0.4 2.0
Lower 15.0 15.2 ± 0.2 1.3

No 
compression

Upper 15.0 15.2 ± 0.3 1.3
Lower 15.0 15.1 ± 0.3 0.7
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dosimetry audit with PBS showed that alanine/ESR was the most 
promising dosimeter, in comparison to luminescence-based ones, such 
as TLDs and optically stimulated luminescence (OSLDs). Reductions in 
the alanine signal were up to 3.3 % in comparison to photons. This value 
was lowered to an average of 0.8 %, after correction factors were applied 
(k between 1.013–1.033, depending on the laboratory) [37]. In this 
study, a k of 1.03 was used, and the maximum percentage deviation was 
within 1.5 and 2.2 % for IMPT and IMPT-TB, which corroborates the 
results from that audit (although, in that case, a static phantom was 
used).

The good agreement between the planned and measured doses in the 
proton case indicates that the correction factor was successfully 
employed. No significant differences were observed amongst the 
different moving regimens, which may indicate uniformity in dose dis
tribution. The pellets at the lower plane showed the closest results to the 
planned dose, which could be related to the distribution of the pellets in 
a stacked row (lateral orthogonal to the moving direction).

As regards the LET effects in the alanine response, it is worth 
pointing out that the LET for transmission (TB) plans is significantly 
lower than that of standard IMPT plans, at least within the target region. 
For instance, it is in the range of 0.9–1 keV/μm for transmission, whilst it 
can reach up to 5 keV/μm for IMPT (for a dose delivered to tissue higher 
than 30 Gy and RBE) [47]. Therefore, a single correction factor may not 
be the most accurate approach when using a calibration curve based on 
photons for reconstructing the dose in the hadrontherapy context. 
Further investigations should consider the LET value instead to deter
mine it appropriately, which would apply for other particles as well (e. 
g., carbon ion beams). For purposes of this study, the single correction 
factor was sufficient to obtain absolute percentage deviations up to 2.2 
%.

The approach used here has a limitation on the number of irradiation 
setups analysed, which hampers an assessment of whether the interplay 
effects were presented and/or the main contributors to that. However, 
the principal aim was to verify the applicability of alanine/ESR in this 
scope, in which both target and beam are in motion. Therefore, to 
investigate the contribution of an isolated factor to the interplay effects – 
such as the use of gating, the technique of repainting, or different 
breathing patterns – a more comprehensive approach is required.

Furthermore, it is important to mention that some of the interplay 
effects are observed by distortion on the spatial dose distribution (i.e., 
aside from the under- or overestimation of dose, measured at a point). 

Thus, the use of 2D or 3D dosimetric systems is still necessary. The 
alanine dosimeters could be used in conjunction with those systems for a 
comparison, providing a more robust and redundant approach, as they 
are accurate. The findings of this study show, nonetheless, that alanine/ 
ESR is a dosimetric system that can be considered.

5. Conclusions

This study has successfully, and for the first time, investigated the use 
of alanine/ESR for purposes of dosimetry involving moving targets in 
PBS. The alanine pellets were inserted in a lung-equivalent moving 
phantom, in which comparisons between moving regimens were 
performed.

Irradiations were performed with clinical photon (VMAT, FF and FFF 
conditions) and proton (IMPT and IMPT-TB) beams, with an average 
dose of about 15 Gy. The simulation of abdominal compression was a 
factor considered. The dose measured with alanine was compared to 
that of the TPS, and the level of agreement was evaluated in terms of 
percentage deviation.

A maximum percentage deviation of 3.3 % was found in the case of 
photon irradiation, for both FF and FFF beams, independently of the 
moving regimen. For proton, this value was 2.2 % (after applying a 
correction factor k of 1.03). Moreover, a budget uncertainty of about 2.6 
% and 3 % (k = 1) was estimated for the system, for photons and protons, 
respectively. These results show a promising perspective for the use of 
alanine/ESR as a reliable dosimetric system in the scope of moving 
targets.

Further studies could, thus, focus on a systematic analysis of the 
alanine/ESR response, evaluate other moving target areas that are not 
the lung, and investigate this application for higher LET irradiation. 
Additionally, as some of the interplay effects result in spatial inaccura
cies of the dose (e.g. blurring), it is worth investigating and comparing 
the alanine response to that of other dosimetric systems with 2D/3D 
features.
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Table 2 
Values of planned and measured doses, and absolute percentage dose deviation (%Deviation), for different conditions of photon irradiation in a flattening-filter-free 
(FFF) condition.

Condition FFF
Plane Planned Dose (Gy) Mean Measured Dose (Gy) %Deviation

Reference (static phantom) Upper 15.0 15.4 ± 0.4 2.7
Lower 15.0 15.2 ± 0.3 1.3

With movement With compression Upper 15.0 15.2 ± 0.4 1.3
Lower 15.0 15.2 ± 0.4 1.3

No compression Upper 15.0 15.1 ± 0.4 0.7
Lower 15.0 15.5 ± 0.4 3.3

Table 3 
Values of planned and measured doses, and absolute percentage dose deviation (%Deviation), for different conditions of proton beam irradiation.

Irradiation conditions1 Plane Planned Dose (Gy) Mean Measured Dose (Gy) %Deviation

Protons IMPT beam 17 bpm ± 4 mm motion Upper 13.7 13.5 ± 0.2 1.5
Lower 13.7 13.6 ± 0.2 0.8

12 bpm ± 10 mm motion Upper 13.7 13.5 ± 0.3 1.5
Lower 13.6 13.6 ± 0.3 0.0

Transmission 17 bpm ± 4 mm motion2 Upper 13.9 14.2 ± 0.2 2.2
Lower 13.8 13.9 ± 0.2 0.7

1All in gating mode (end-exhale, approx. 1 s gate window) and 5 repaintings. 
2IMPT-TB mode, simulating no abdominal compression.
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[44] Ghemiş DM, Marcu LG. Progress and prospects of flattening filter free beam 
technology in radiosurgery and stereotactic body radiotherapy. Crit Rev Oncol 
Hematol 2021;163:103396. https://doi.org/10.1016/j.critrevonc.2021.103396.

A. de Farias Soares et al.                                                                                                                                                                                                                     Physica Medica 148 (2026) 105840 

6 



[45] Mirandola A, Molinelli S, Vilches Freixas G, Mairani A, Gallio E, Panizza D, et al. 
Dosimetric commissioning and quality assurance of scanned ion beams at the 
Italian national center for oncological hadrontherapy. Med Phys 2015;42: 
5287–300. https://doi.org/10.1118/1.4928397.

[46] Rossi S. The national centre for oncological hadrontherapy (CNAO): Status and 
perspectives. Phys Med 2015;31:333–51. https://doi.org/10.1016/j. 
ejmp.2015.03.001.

[47] Vai A, Mirandola A, Pavanello V, Magro G, Bagnalasta M, Trombetta L, et al. 
Transmission beam planning for improved robustness and efficiency in proton 
therapy for head and neck cancer. Phys Imaging Radiat Oncol 2025;34:100777. 
https://doi.org/10.1016/j.phro.2025.100777.

[48] Palmans H, Carlino A, Gouldstone C, Sharpe P. NPL Report IR 48 Cross calibration 
of alanine for scanned proton beams. 2018.

[49] Helt-Hansen J, Rosendal F, Kofoed IM, Andersen CE. Medical reference dosimetry 
using EPR measurements of alanine: Development of an improved method for 
clinical dose levels. Acta Oncol (Madr) 2009;48:216–22. https://doi.org/10.1080/ 
02841860802279725.

[50] Vassiliev ON, Titt U, Pönisch F, Kry SF, Mohan R, Gillin MT. Dosimetric properties 
of photon beams from a flattening filter free clinical accelerator. Phys Med Biol 
2006;51:1907–17. https://doi.org/10.1088/0031-9155/51/7/019.

[51] Gall K, Desrosiers M, Bensen D, Serago C. Alanine EPR dosimeter response in 
proton therapy beams. Appl Radiat Isot 1996;47:1197–9. https://doi.org/10.1016/ 
S0969-8043(96)00201-1.

[52] Onori S, D’Errico F, De Angelis C, Egger E, Fattibene P, Janovsky I. Alanine 
dosimetry of proton therapy beams. Med Phys 1997;24:447–53. https://doi.org/ 
10.1118/1.597911.

A. de Farias Soares et al.                                                                                                                                                                                                                     Physica Medica 148 (2026) 105840 

7 


