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A B S T R A C T   

New treatments in radiotherapy have some difficulties, among them, the geometric and dosimetric character
ization of the radiation beam and the use of small radiation fields. Determination of the prescribed dose in the 
target volume in cases of small fields is difficult due to the absence of lateral electronic equilibrium and the sharp 
dose gradient at the edges of the fields. In this way, the choice of the radiation detector becomes relevant when 
performing the dosimetry of small fields. Alanine dosimeters have proven to be a good option for measurements 
of high radiation doses in these field sizes. This work aims to characterize the alanine detector through dosi
metric tests for the VMAT (Volumetric Modulated Arc Therapy) technique in cases of SBRT (Stereotactic Body 
Radiation Therapy) to demonstrate the feasibility of using the alanine dosimetric system for use in quality 
control. End-to-End test was performed in a phantom, simulating two situations: homogeneous and heteroge
neous regions. The response of L-alanine showed a strong linear correlation with dose (R2 = 0.99997), and 
insignificant dependence to dose rate. In the End-to-End test for a planned dose of 18 Gy, the doses obtained in 
alanine presented expanded uncertainty of 4.60% at 95% confidence level. Therefore, this work demonstrated 
that alanine dosimeter is suitable for quality control of SBRT with the VMAT technique in routine applications.   

1. Introduction 

Development of new equipment and more complex techniques of 
irradiation has turn out radiotherapy more sophisticated and accurate. 
Among the most recent technological advances we can mention: In
tensity modulated Radiation Therapy (IMRT), Volumetric Modulated 
Arc Therapy (VMAT), Intracranial Stereotactic Radiosurgery (SRS); 
Stereotactic Body Radiation Therapy (SBRT), Image Guided Radio
therapy (IGRT) (Meyer, 2011). With these technological developments, 
new modalities of fractionation of dose, known as hypofractionation, 
allow to perform the treatment in a shorter period, besides obtaining a 
greater localized control of the disease. The hypofractionation consists 
of a smaller number of sessions of higher doses, typically 1 to 5 fractions. 
Thus, the requirements for dose delivery are even stricter than with the 

traditional treatments (Meyer, 2011). 
SBRT can be defined by the precise delivery of high doses of radiation 

with few fractions in an extracranial target (Rubio et al., 2013). 
Therefore, an attractive and fast dose delivery option in these cases is 
using VMAT, which allows rotating the gantry with the radiation beam 
continuously on and modulated by the movement of the multileaf 
collimator (MLC). In addition, during rotation, some parameters may 
change simultaneously, such as gantry rotation speed and dose rate. The 
geometric and dosimetric characterization of these technologies, as with 
the VMAT, becomes complex, because it involves the use of small field 
segments, angular and dose rate dependencies, in addition to modula
tion of beam fluence that can affect the dose detector output. 

As the human body has a variety of tissues and cavities with different 
physical and radiological properties, the irradiated volume has 
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heterogeneities (Papanikolaou et al., 2004). Therefore, the determina
tion of delivered dose in the target volume in cases as the lung, can 
undergo significant changes compared to that obtained for a homoge
neous medium (Papanikolaou et al., 2004; Merrow et al., 2013). So, the 
choice of the appropriate radiation detector for such situations becomes 
relevant. In clinical practice, ionization chambers, diodes, radiochromic 
films and solid-state dosimeters (thermoluminescent dosimeters (TLD) 
and optically stimulated luminescent dosimeters (OSL), for example) are 
used. Ionization chambers are usually the standard detectors in Radia
tion Therapy given their response linearity with dose and low energy 
and dose rate dependence; diodes present high sensitivity and spatial 
resolution, but also high energy and dose rate dependence; radio
chromic films allow the evaluation of dose distributions in 2D, but 
require later scanning and processing; TLDs and OSL dosimeters can 
show high sensitivity and spatial resolution, but have the disadvantage 
of requiring a late reading (Parwaie et al., 2018). 

Several studies have investigated the dosimetric features of alanine/ 
electron spin resonance (ESR) dosimeters, showing that they present 
high sensitivity and spatial resolution, as well as low energy and dose 
rate dependence (Rouihem et al., 2022; Ramírez et al., 2012; Anton 
et al., 2013; Anton et al., 2008). Also, studies show that L-alanine pre
sents chemical and physical properties adequate to be used as a radia
tion detector in Radiation Therapy (Secerov et al., 2016; Chen et al., 
2008; Abrego et al., 2007; Regulla & Deffner, 1982). The International 
Atomic Energy Agency (IAEA), recommend L-alanine as a radiation 
detector for dosimetry with high dose rate beams and for intercompar
ison between detectors (Sharpe et al., 1996; Onori et al., 2006). Recent 
studies with this detector have shown an improvement in sensitivity and 
expanded the possibilities of clinical applications to the new modalities 
of radiotherapy (Vega Ramirez et al., 2011; Baffa & Kinoshita, 2014; 
Rech et al., 2014; Knudtsen et al., 2016). Furthermore, for performing 
complex techniques, such as SBRT, it is indispensable to verify all steps 
to dose delivery, what is known as an End-to-End test (O’Daniel et al., 
2012; Seravalli et al., 2015). This work aims to characterize the response 
of L-alanine detectors to irradiation and perform a feasibility study for 
their use in quality control of SBRT treatments with the VMAT tech
nique, as a feasibility study. 

2. Materials and methods 

2.1. Alanine dosimeter 

L-alanine dosimeters used in this study were produced in our group 
at the University of São Paulo (DF-FFLCRP-USP). A homogeneous 
mixture of: 90% L-alanine (Sigma Aldrich) in powder form and 10% of a 
binding agent, high purity paraffin ground in small particles, was 
pressed at 4 ton in a hardened stainless-steel casting mold. The dosi
metric pellets obtained in this process have a cylindrical shape with 
nominal dimensions of 4 mm in diameter and 10 mm in height, mass 
approximately 150 mg and a density of 1.19 g/cm3 (Baffa & Kinoshita, 
2014; Ramirez et al., 2012). The alanine dosimeters don’t require any 
pre-irradiation or pre-reading processing, such as TLDs for example. 
Reading is performed in an Electron Spin Resonance spectrometer, 
allowing reuse of the dosimeters after reading. The signal obtained is 
related to the integrated dose over the whole dosimeter. Usually, 
batches of 500 dosimeters are produced in a single preparation. The 
homogeneity of the response to irradiation was tested and the maximum 
variation found was 3%. 

2.2. Phantom 

The phantom used in the irradiations is composed of 17 circular 
acrylic (polymethyl methacrylate-PMMA) plates with a thickness of 1 
cm each, 15 cm in diameter, density (ρ) of 1.18 g/cm3 and effective 
atomic number Zeff = 6.81 (Fig. 1). The plates are tighten together using 
four plastic screws at their edges. The alanine was positioned on the 

central axis of the plaque located in the middle of the phantom. 

2.3. Irradiation 

Alanine dosimeters and a cylindrical ionization chamber (Pinpoint - 
PTW-Freiburg 31014 with 0.015 cc) connected to a PTW/UNIDOS 
electrometer were irradiated in a Varian Trilogy – 6 MV Linac. 

The setup used for irradiation were: SSD = 100 cm, 10 × 10 cm2 field 
and depths of 5.5 cm for alanine and 5.75 cm for ionization chamber, as 
shown in Fig. 2. The small difference in positioning of the two detectors 
was given by the difference in thickness of the central slabs that 
accommodate each detector and was taken into account in the dose 
value calculations. The ionization chamber used is routinely inter
compared with another ionization chamber used in the clinic, calibrated 
and traced to a secondary standard laboratory (SSL) at the national 
metrological authority. 

2.4. Alanine Calibration Curve 

For the calibration curve, a set of Alanine dosimeters was irradiated 
with known doses, in a range from 1 to 35 Gy, using a dose rate of 400 
MU/min and the 6 MV beam. This dose range was used because it rep
resents the therapeutic dose range usually employed in SBRT procedures 
and fits the application range of the alanine dosimeter. Doses lower than 
1 Gy were not employed because it is known that is difficult to obtain the 
required accuracy in alanine dosimeters in this dose range. The dose rate 
for calibrations was chosen to match the standard one for dosimetric 
purposes at the clinic. 

The spectra of irradiated dosimeters were registered in the JEOL 
FA200 – X Band Electron Spin Resonance spectrometer at the Depart
ment of Physics, University of São Paulo (DF-FFCLRP-USP). The first 
harmonic signal was used and the peak-to-peak amplitude of the central 
line of the ESR spectrum was obtained for each dose (Fig. 3). The cali
bration curve was constructed associating the amplitude value, 
normalized by the dosimeter mass, with the dose. 

2.5. Dependence with the dose rate 

The VMAT technique varies the dose rate during irradiation and, 
therefore, it is necessary to evaluate the response of the L-alanine de
tector to irradiations with different dose rates. The Alanine dosimeters 
and the Ionization Chamber were irradiated with 500 MU at dose rates 
of 200, 300, 400, 500 and 600 MU/min. Two dosimeters were used for 
each dose rate measurement. The dose obtained through the Alanine 
Calibration Curve at an irradiation rate of 400 MU/min was used as 
reference, since that dose rate is used for reference dosimetric purposes 

Fig. 1. Acrylic phantom used in the irradiations. a) Side view b) Axial view of 
the centerpiece with alanine detector positioned at the center. Each acrylic slab 
is 1 cm thick and the diameter is 15 cm. The arrows are used to align the slabs 
during assembling of the phantom. 
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at the clinic and was used in the calibration irradiation of the dosime
ters. To determine the correction factor of response of alanine to dose 
rate, the average of all doses obtained for each dose rate was normalized 
to the reference, according to equation (1): 

FDR =

(
DDR ​ 400

DDRi

)

(1)  

where: 

FDR = dose rate correction factor; 
DDRi = mean dose detected for a given dose rate; 
DDR ​ 400 = dose value detected at the dose rate of 400MU/min 
(reference). 

In addition, the dose obtained by the Alanine dosimeter was 
compared with that obtained by the ionization chamber for each dose 
rate. 

2.6. Field size dependency 

The dependence of the L-alanine detector with the field size was 
evaluated considering 5 different field sizes: 1 × 1 cm2, 2 × 2 cm2, 3 × 3 

cm2, 5 × 5 cm2 and 10 × 10 cm2; fields lower than 3 × 3 cm2 are 
considered small (Das et al., 2007). Alanine dosimeters and Ionization 
Chamber were irradiated with the same dose, using 500 MU, and with a 
dose rate of 400 MU/min as describe previously. Measurements were 
performed in triplicate and the average and standard deviation (SD) is 
reported. For comparison, the ionization chamber was used to determine 
the dose at each field size. 

2.7. End-to-end testing 

To perform the End-to-End test, the phantom of Fig. 1 was used, and 
also was adapted to simulate a heterogeneous medium. The phantom of 
homogeneous medium is composed of 17 acrylic plates (15 cm diameter 
and 1 cm thickness), which simulates the soft tissue. The heterogeneous 
phantom had its central plate replaced by another, composed of acrylic 
and cork, which simulates the lung (Fuse et al., 2018; Simon et al., 2006; 
Vanbree et al., 2014), as shown in Fig. 4. The cork disc is centered on the 
acrylic disc and is 6.25 cm in diameter. The alanine dosimeter was 
positioned in the center of both phantoms. Both phantoms were scanned 
in the CT x ray scanner Philips Brilliance CT Big Bore. This scanner is 
routinely used for acquiring the images for the treatment planning. 

With the phantom’s CT images uploaded into the treatment planning 
system (TPS), the following structures were contoured: Detector 
(alanine dosimeter), PTV (planned target volume) with 1.5 cm margin of 
alanine and lung (cork material), as shown in Fig. 5. The 1.5 cm margin 
adopted in PTV was chosen because it meets the requirements that 
establish margin values greater than 1 cm, due to the geometric varia
tions of the tumor (Li et al., 2016). 

The dose prescription of SBRT was 18 Gy and a planning using a 
modulated arc lung (VMAT) with heterogeneity correction was gener
ated, using a 6 MV beam. The dose distribution was calculated using the 
Eclipse TPS, Version 8.6, using the AAA (Anisotropic Analytical Algo
rithm) algorithm (Sterpin et al., 2007). 

After the planning, the phantoms were irradiated accordingly (at the 
Varian Trilogy 6 MV LINAC). The spectra of the alanine dosimeters were 
recorded, and the dose obtained by the calibration curve was adjusted 
using the correction factor, according to equation (2). 

DAlanine =Dosecalibration ​ curve ​ x ​ FDR (2)  

where: 

DAlanine = Absorbed dose corrected for alanine (cGy); 
Dosecalibration ​ curve dose obtained through ESR signal intensity, FDR 
dose rate correction factor. 

Fig. 2. Experimental setup for calibration of Alanine dosimeters and the comparison with the measurements performed with the ionization chamber.  

Fig. 3. ESR spectrum of L-Alanine irradiated with a dose of 23 Gy on the linear 
accelerator Trilogy. The peak-to-peak amplitude (APP) of the centerline, 
normalized by dosimeter mass was used for the calibration curve. 
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The results were compared with the values generated by the TPS. 

2.8. Uncertainties considerations 

The uncertainties were determined according to the “Guide to 
Expression of Measurement Uncertainty (GUM)’’, given by the Inter
national Organization for Standardization (ISO/IECGUIDE 98–3:2008, 

2008), at 95% confidence level. 

3. Results and discussion 

3.1. Calibration 

The calibration curve of L-alanine is shown in Fig. 6. Linear fitting of 

Fig. 4. Cylindrical phantoms with centralized alanine detector. a) Homogeneous (Acrylic); b) Acrylic plate with cork c) Heterogeneous (Acrylic + Cork).  

Fig. 5. Photographs of central region of the phantoms: (a) Heterogeneous phantom and (c) Homogeneous phantom. CT Images and outline of the structures (b) 
Heterogeneous phantom and (d) Homogeneous phantom. The red line indicates PTV (target volume), yellow line the lung and green line the phantom’s body. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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experimental data points was performed. Each point represents the 
average and standard deviation measurements performed in duplicate. 

The amplitude of the signal resulting from alanine presented a linear 
response with the dose, since the correlation coefficient resulting from 
the linear adjustment is 0.99997. This value demonstrates the stability 
of the dosimeters reading and corroborates with results from literature 
(Alves et al., 2015; Helt-Hansen et al., 2009; Baffa & Kinoshita, 2014; 
Kuntz et al., 1996). The equation that relates the amplitude of the ESR 
spectrum and the dose was obtained using a linear fit to the experi
mental data and is: 

Alanina(APP/Massa) = 0.024 Dose(cGy) + 1.0095 (3) 

The uncertainty of dose associated with the calibration curve is 
0.5%, considering the variation of doses between UCL and LCL as 
demonstrated in the inset of Fig. 5. 

3.2. Dependence with the dose rate 

Table 1 shows the results of the dose obtained in alanine dosimeters 
and in the ionization chamber for each dose rate. The dose in alanine 
was calculate using the calibration curve (Fig. 5) based on the ESR signal 
amplitude and mass. The value in the table corresponds to the average of 
2 dosimeters for each dose rate. The dose in the ionization chamber was 
corrected according to their position in the phantom, since the alanine 
was at 5.5 cm depth and Ionization chamber, 5.75 cm. 

The correction factor of the response of alanine to the dose rate ac
cording to equation (1) is: 

FDR = 1.00 ± 0.05 

The FDR shows equivalence of doses obtained among different dose 
rates, showing that the different dose rates does not affect the doses 
assessed with Alanine in the dose range studied. 

3.3. Dependency with field size 

The dose dependence with the radiation field size for both the 
alanine and the ionization chamber (IC) are shown in Fig. 7. As ex
pected, for irradiation fields smaller than 10 × 10 cm2 there is a decrease 
in the deposited dose. 

In general, alanine had a greater response than that obtained by 
ionization chamber and this agrees with Alfonso et al. (Alfonso et al., 
2008), which demonstrates that alanine has a better electronic equi
librium condition. The largest difference (13.5%) was found for the 1 ×
1 cm2 field size. This difference may become significant in cases of high 
doses in the lung, where there are regions of heterogeneities and the 
planning system needs to be proper data feed (Vega et al., 2014). Usu
ally, the average size of the lesion is larger than 1 × 1 cm2, and varies 
from 3 to 5 cm when lung SBRT treatments are applied (Pokhrel et al., 
2020). Hence, even though the characterization of alanine dosimeter’s 
response to such small field was not the goal of this study, the results 
show the need of further studies for the use of alanine in smaller field 
sizes. The results show excellent agreement between ionization chamber 
and alanine for these configurations. 

3.4. End to end test 

Fig. 8 shows the axial sections of the phantom on the planning screen 
using VMAT technique with a prescribed dose of 18 Gy in the PTV. 

After ESR spectrum recording, the dose in Alanine was determined 
using calibration curve (Fig. 6) and adjusted using Equation (2). Table 2 
shows the results obtained in both phantoms and calculated by the 
treatment planning system. Table 3 the uncertainties associated to End- 
to-End test are reported. 

It is observed that the doses calculated by the Planning System are 
similar to the alanine measurements for homogeneous regions. The 
nominal difference is 0.6% in relation to the average dose reported in 
TPS. The good agreement between planned and obtained dose with 
alanine dosimeters in applications similar to this work have been re
ported in the literature (Rech et al., 2014; Wagner 2008). Distefano 
et al., 2015 reports differences lesser than 0.4% between Alanine and 

Fig. 6. Calibration curve for L-Alanine dosimeters. The vertical axis shows the 
ratio of the ESR signal amplitude (App) by dosimeter mass (mg). Pearson’s r2 =

0.99997. Red line is the linear fitting of data, green lines are the 95% Lower and 
Upper Control Limits (LCL and UCL). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 1 
Dose in the alanine dosimeter and ionization chamber according to the dose rate.  

Dose rate Alanine Ionization Chamber Dose IC/Dose alanine 

(MU/min) (cGy) (cGy)  

200 406 ± 12 400 0.99 
300 405 ± 9 399 0.99 
400 403 ± 12 398 0.99 
500 398 ± 12 395 0.99 
600 400 ± 11 397 0.99 

Mean ± SD 402 ± 12 398 ± 2 0.99  

Fig. 7. Dose values according to field size. For the alanine dosimeter, each 
point (black) represents the average and standard deviation of dose obtained in 
2 dosimeters and the ionization chamber (red) measurements is for 1 mea
surement. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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TPS, film and farmer ionization chamber, in SBRT lung treatment per
formed in anthropomorphic thorax phantom. Also describe no signifi
cant difference between the performance of AAA and Monte Carlo 
algorithms. Reis et al. (2019) report high correlation of dose distribution 
in heterogenous medium (water/lung/water) obtained using Monte 
Carlo simulation and dose calculation algorithms (AAA) and Acuros XB 
TPS) for irradiation field of 2 × 2 cm2. 

For the heterogeneous region and low density, as the lung, the dif
ference between the average planned dose and the measured dose is 
4.5%. As expected, larger differences were found for the heterogeneous 
phantom, showing the necessity of accurate dose assessment in such 
cases. 

Therefore, with the End-to-End test, it was possible to verify all the 
steps of the treatment with very small discrepancy, from the acquisition 
of images to the delivery of the dose. The percent standard deviation of 
the doses assessed with the alanine dosimeters are 0.7% (13.0 cGy SD for 

a dose of 1834.0 cGy) and 1.0% (20.4 cGy SD for a dose of 1952.9 cGy) 
in the case of homogeneous and heterogeneous phantom respectively, as 
can be seen in Table 2. The expanded uncertainty at 95% confidence 
level is 4.60%. Similar results of precision of dosimetry with alanine are 
reported by Carlino et al. (2018), in end-to-end tests for proton beam 
therapy. Thus, L-alanine detector is suitable for implementation in the 
SBRT quality control of small fields using VMAT. As a feasibility study, 
results of only one center were analyzed, however, it shows that a 
protocol for QA could be stablished with this dosimetric system. For 
instance, the phantom could be shipped to different hospitals for a 
treatment and after returning, the dose determined at the laboratory as 
an audit system. 

4. Conclusions 

L-alanine dosimeters bring together several advantageous aspects for 
use as a dosimetric system in SBRT QA using VMAT. It is tissue- 
equivalent, presents a linear correlation in the range of doses of inter
est, and high performance in irradiation fields sizes relevant for lung 
SBRT. The end-to-end test presented uncertainty at 95% confidence 
level of 4.60%. 
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