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Abstract
This pilot study aimed to establish end-to-end stereotactic radiosurgery (SRS) sessions and evaluate the accuracy of the 
delivered doses using EPR/alanine and GAFChromic™ EBT3 films. Six Planning Treatment Volumes (PTVs), representing 
variations in tumor size, location, and proximity to Organs at Risk (OARs), were assessed using an anthropomorphic male 
head phantom irradiated with a TomoTherapy Hi-Art system (fraction of 10.5 Gy). Maximum deviations ranged from − 0.35 
to 0.16 Gy, and − 0.35 to − 0.08 Gy, for alanine and films, respectively, even under complex spatial dose distribution (e.g., 
PTV6). Therefore, the findings demonstrated the reliability of both systems for precise SRS dosimetry.
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Introduction

Despite the improvements in tumor treatment, brain metas-
tasis (BM) constitutes an important source of mortality and 
accounts for around 20% of patients with systemic cancer. 
BMs are mostly associated with the spread of tumors origi-
nating from the breast, lung, kidneys, and melanoma [1]. 
Among the treatment options for BM patients, one can men-
tion chemotherapy, surgery, and radiotherapy. Nowadays, 
treatment strategies are in steady development, including 
advancements in dose delivery. Whole-brain radiotherapy 
(WBRT), for example, has been an adopted option for 
patients who have multiple brain metastases [2, 3], while 

stereotactic radiosurgery (SRS) has allowed for obtaining a 
good localized tumor control [4–6].

SRS delivers extremely localized irradiation, allowing 
for reaching high absorbed doses to well-defined target 
volumes, while sparing the surrounding and non-target 
areas. The decline in cognitive function, for example, 
proved to be less frequent among SRS-treated patients than 
those treated with WBRT, without decreasing overall sur-
vival. It has resulted in an increase in SRS treatments as a 
precise and effective alternative [7, 8]. The Gamma Knife 
is an example of SRS, which is mostly performed using 
a single dose fraction. In case of large tumors, though, 
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hypofractionated stereotactic radiotherapy (SRT) may be 
more appropriate due to its radiobiological advantages [9].

Still in the scope of SRS, intensity-modulated radiation 
therapy (IMRT) has demonstrated excellent target cover-
age with highly conformal doses and sparing of organs 
at risk (OAR), as observed in head and prostate cancer 
[10–12]. Helical TomoTherapy (HT), a modality of IMRT, 
performs a 3D conformal dose delivery. To achieve it, the 
beams are both spatially and temporally modulated, maxi-
mizing the dose to the tumor and minimizing the dose 
to healthy tissues. IMRT with HT may differ from other 
stereotactic techniques because the planning and treat-
ment plans are not associated with a coordinate system, 
although HT would also provide an accurate image-guided 
procedure. Moreover, the use of non-invasive immobiliza-
tion devices allows for the use of hypofractionation [13].

These different developments in radiotherapy have 
posed challenges for dosimetry, including the use of small 
fields or the introduction of techniques that dynamically 
change the radiation beam during treatment [14] (as is the 
case with IMRT). Additionally, there is increasing aware-
ness of the exposure of healthy tissues to low doses and 
the associated risks of secondary tumor induction. There-
fore, accuracy in dosimetry is important not only from an 
optimization point of view but also for data generation that 
can improve future radiotherapy treatments [15].

Given these new challenges introduced in the dosim-
etry area, studies assessing dose delivery in SRS have 
been recently reported, using different detection systems, 
including alanine, GAFChromic™ films [16–22] and dia-
mond detectors [23]. Other dosimeters, based on lumi-
nescence, have also been investigated. For example, Elter 
et al. [24] performed an end-to-end test of an MRgRT 
treatment using a pelvis phantom ADAM-PETer (positron 
emission tomography (PET) Extension for Radiotherapy), 
in which thermoluminescence detectors (TLDs) were used 
for estimating the doses delivered. Deviations up to -4.7% 
were reported for the surface of the prostate. According to 
the authors, this deviation would be associated with small 
positioning uncertainties due to the gradient or related 
to the calibration process. Furuya et al. [25] evaluated 
the potential use of radiophotoluminescence dosimeters 
(RPLDs) to estimate the dose in stereotactic body radia-
tion therapy (SBRT), in a post-operative spine case, find-
ing similar accuracy values (within ± 5%). For means of 
comparison, for diamond detectors, slightly lower uncer-
tainties (up to 4%) have been reported [23].

As for the studies that used alanine as the main detec-
tion system in SRS, there are a few reports on assessing 
quality control in the specific context of volume modulated 
arc technique (VMAT), using either homogeneous or het-
erogeneous phantoms, but usually for a single treatment 

scenario [17, 21]. Uncertainty values were found within 
5% for a 95% confidence level [17].

Therefore, this study aimed to evaluate the accuracy of 
dose delivery in SRS sessions by non-conventional radio-
therapy equipment, namely the TomoTherapy Hi-Art Sys-
tem. This is performed as a pilot study to assess the viabil-
ity of the method. The adoption of an end-to-end test is to 
analyze that the entire sequence of radiation treatment, from 
CT imaging to beam delivery, is appropriately implemented 
and ensures sufficient accuracy in the delivery of the planned 
dose. Various tumor sizes, locations, and numbers of lesions 
were considered in order to evaluate the robustness of the 
procedure.

The dosimetric system used in this work is based on Elec-
tron Paramagnetic Resonance (EPR) alanine [26–31], and 
its response is compared to that of GAFChromic™ films. 
The films are specially designed for two-dimensional dose 
evaluation and provide accurate measurements of dose dis-
tribution and absorption gradients. The use of alanine relies 
on its stable signal after irradiation and a non-destructive 
readout. Furthermore, alanine detectors display a linear 
dose–response curve up to high dose levels of about 105 Gy 
and are dose-rate independent within the range used in SRS 
[32]. This approach allows for a comprehensive assess-
ment of the method’s robustness across clinically relevant 
scenarios.

Materials and methods

Irradiation treatment equipment

The SRS procedures were performed with a TomoTherapy 
Hi-Art system (Accuray, Madison, WI, USA) installed at 
the U.O. of Radiotherapy of the Civic Hospital of Palermo 
(Palermo, Italy). This system integrates treatment plan-
ning, an Image Guided Radiation Therapy (IGRT), and the 
hardware system administration of the dose. This treatment 
modality has a differential of continuously rotating around 
the patient, delivering doses in a helical reference [33].

Phantom

An anthropomorphic RANDO-Alderson male head phantom 
(The Phantom Laboratory, Greenwich, NY, USA) was used 
in all irradiation procedures [34]. The phantom consists of a 
skull embedded in soft-tissue-equivalent material according 
to ICRU standards (report no. 44) [35], which reproduces 
the attenuation and scattering conditions found in a human 
head. The phantom is composed of 25-mm-thick layers, 
where films can be placed between them. Each layer has 
a grid (dimension of 3 cm × 3 cm) of holes (5-mm diam-
eter each) filled with detachable plugs for alanine dosimeter 
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placements. This configuration enables flexible and repro-
ducible placement of detectors in different anatomical 
regions, thereby allowing detailed three-dimensional dose 
mapping.

Dosimeters

EPR measurements were obtained with alanine pellets 
produced by Gamma-Service Produktbestrahlung GmbH 
(Leipzig, Germany), having dimensions of 4.8 ± 0.2 mm in 
diameter and 2.99 ± 0.10 mm in height.

The films employed in this work were GAFChromic™ 
EBT3 (batch number 11031502205) ones, having sheet 
dimensions of about 20.3 × 25.4 cm2 (Ashland ISP Advanced 
Materials, NJ, USA).

Alanine dosimeter calibration and irradiation 
procedures

For each irradiation dose in the calibration curve, three 
alanine dosimeters were placed inside one of the cylindri-
cal housings (0.6 cm diameter each) of a Cheese Phantom 
(Eastman Kodak Co., Rochester, NY, USA). The housing 
was located 0.5 cm below the phantom's midplane along its 
vertical axis. The phantom containing alanine dosimeters 
was irradiated with a 6 MV X-ray beam from a dual‐energy 
Varian DHX‐S LINAC (Varian Medical Systems, Palo 
Alto, CA) equipped with a Millennium 120-leaf MLC. The 
field size was 10 × 10 cm2, and doses varied in the range of 
1–25 Gy.

Radiochromic film calibration and irradiation 
procedures

Films were placed into a phantom made of 30 × 30 cm2 sheets 
(1 cm thick each) of solid water from PTW (Freiburg, Ger-
many), plus 10 cm of the buildup material above the film 
(for constant backscattering conditions). An 85 cm source‐
to‐film distance was adopted. Film samples were cut into 
equal pieces of 3.0 × 3.0 cm2 and irradiated perpendicularly 
to the 6 MV beam. The radiation was performed with the 
same machine as used for the alanine-pellets irradiation, and 
using the same field size. An Exradin A1-SL calibrated ion 
chamber (Standard Imaging, Inc., Middleton, WI, USA) was 
inserted below the film to verify the LINAC output during 
the irradiation. For the calibration curve, films were irradi-
ated with different doses up to 25 Gy.

The LINAC was calibrated following the IAEA TRS-398 
code of practice [36], with an ionization chamber Farmer-
type model 30,013 from PTW (Freiburg, Germany). The 
chamber was placed in a water phantom (10 cm in depth). 
A source-to-surface distance of 100 cm and a 10 cm × 10 cm 
field were used for all procedures.

EPR measurements

EPR measurements were carried out at constant temperature 
(25 ± 1 °C), using an ELEXSYS E580 spectrometer from 
Bruker (Rheinstetten, Germany) operating at the X-band 
(average frequency of 9.7 GHz). The EPR spectra were 
acquired using a microwave power of 3.00 mW and a modu-
lation amplitude of 10 G.

The pellets were read out considering four orientations 
within the resonating cavity to account for potential aniso-
tropic effects. Each measured peak-to-peak amplitude (Hpp) 
of the central line of the EPR spectrum of alanine was nor-
malized by the mass. For each dose value, three dosimeters 
were irradiated, and the mean value of all 12 Hpp measure-
ments (four orientations × three dosimeters) was taken as the 
dosimetric output signal [37]. The Hpp standard deviation 
was always within ± 3%.

Scanning analysis

An Epson scanner model Expression 10000XL (Seiko Epson 
Corp., Nagano, Japan), and its software (EPSON SCAN 
v3.49) were used to read the films. Raw images obtained 
from the films were imported into the Physics Analysis 
Workstation, which is integrated into the computer system 
of TomoTherapy using FILM Analyzer software (Radiologi-
cal Imaging Technology, Inc., CO) for image processing. 
The signal obtained by each channel was converted to a net 
optical density (OD), and the sensitometric curve was cal-
culated, as reported in the literature [38, 39].

The dose received by the film at 1.5 cm was calculated 
from the dose measured at 10 cm, using the depth-in-water 
performance curve of the beam. In particular, the dose value 
received from each element Dw,Q was calculated as follows:

where M is the reading of the electrometer; kTP is the cor-
rection factor for temperature and pressure considering the 
difference of the ambient conditions of measurement with 
respect to the ambient conditions of calibration of the ioni-
zation chamber; ks is the correction factor for ion recombi-
nation; kpol is the correction factor for the voltage polarity 
effect; kelec is the correction factor that takes into account 
the sensitivity of the electrometer; ND,w,Q is the calibration 
coefficient of the chamber in absorbed dose in water for a 
radiation quality Q [36, 40].

Treatment plans simulation

CT scans of the RANDO Head Phantom were used to 
simulate six different clinical situations regarding “tumor” 

Dw,Q = M × kTP × ks × kpol × kelec × ND,w,Q
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dimension, position, and proximity relations with OAR. To 
make the positioning reproducible, the RANDO Head Phan-
tom was placed on a headrest and subsequently used for all 
irradiations. Furthermore, to minimize repositioning errors 
during irradiation and to uniquely identify a spatial refer-
ence system (necessary for the dose calculation system), 3 
metal marks were positioned on the external surface of the 
RANDO-phantom, one on the forehead and two on the ears 
(one on each side), to identify a single axial plane.

For having centering CT parameters like those used in 
clinical practice, a voltage of 120 kV and 25 mm thick slices 
were set. Target volumes and healthy structures were delim-
ited by the Pinnacle3 workstation (Hitachi Medical Corpora-
tion, Tokyo, Japan). During the treatment delivery, alanine 
dosimeters were placed in the phantom housings to estimate 
the delivered doses by the PTV (Planning Treatment Vol-
ume) and OAR. GAFChromic™ films were inserted between 
contiguous slices of the phantom to obtain the bidimensional 
dose distributions. For all PTVs, the treatment plan simu-
lates 1 fraction of treatment delivering a dose of 10.5 Gy. 
In Table 1, for each PTV, details on the localization of the 
lesion, the Clinical Target Volume (CTV), the maximum 
dimensions (H × W) in the transverse, sagittal, and coronal 
planes, along with other treatment parameters, are shown.

Planning treatment volume

Figure 1 shows the transversal, sagittal and coronal views 
of the lesions under examination for the different PTVs. For 
PTV6, three lesions can be observed (Fig. 1f). In the sup-
plementary material, the setups and contour maps for each 
of the PTVs, as well as the DVH (Dose Volume Histogram) 
and DQA (Delivery Quality Assurance) analyses of both 
PTV and OAR, are available (Figures S1 and S2 in the sup-
plementary material).

During PTV deliveries 1 and 2, the alanine pellets were 
placed in slice 3 and the GAFChromic™ film was inserted 

between contiguous slices 3 and 4 of the phantom. For 
PTVs 3 and 4, alanine pellets were placed in slice 1 and the 
GAFChromic™ film was inserted between slices 0 and 1. 
In case 5, alanine dosimeters were placed in slice 2, and the 
GAFChromic™ film was inserted between slices 2 and 3. 
Finally, in the case of PTV number 6, the setup was given by 
alanine dosimeters in slice 3 and two GAFChromic™ films 
between contiguous slices 3–4 and 4–5 of the phantom. Two 
films were used, as the latter PTV had three lesions (Fig. 1f).

Results

Alanine dosimeter calibration

Figure 2 shows the calibration curve of alanine dosimeters 
irradiated in the range of 1–25 Gy. The error bars correspond 
to the standard deviation of the signal of three samples, each 
of them being measured in four directions within the cavity 
and normalized by the mass [37, 41].

The dose–response curve follows a linear trend. The 
experimental data were fitted with the following function:

where the b value corresponds to dosimetric sensitivity, D 
is the irradiation dose and A is a constant. Table 2 presents 
the fitting results, in which an R2 of 0.99997 was obtained, 
indicating a good agreement between experimental and theo-
retical data.

Uncertainty related to alanine readout was considered as 
1.4% (k = 2), and the batch reproducibility as 1% (k = 2) [42].

Radiochromic film calibration

Figure 3 shows the calibration curve of radiochromic films 
irradiated in the range of 1–25 Gy. The curve has an expo-
nential increase, which starts to saturate for doses above 

h = b ∗ D + A

Table 1   Parameters used for PTV and OAR measurements

PTV Number of 
lesions

Lesion region CTV (cm3) Maximum dimensions (H × W) planes (cm) Field 
width 
(FW)

Pitch Modu-
lation 
factor

Transverse Sagittal Coronal

1 1 Right temporal 3.50 1.70 × 1.80 2.15 × 1.75 2.4 × 2.00 1.0 0.172 2.00
2 1 Right temporo-Cerebellar 6.33 2.20 × 2.20 2.22 × 2.25 2.30 × 2.35 2.5 0.172 2.00
3 1 Right frontal(Not OAR) 1.79 1.35 × 1.55 2.10 × 1.30 2.10 × 1.70 1.0 0.215 1.60
4 1 Left parieto-occipital 1.79 1.70 × 1.60 1.80 × 1.70 1.80 × 1.65 1.0 0.215 2.00
5 1 Right temporal 3.61 2.45 × 1.70 2.35 × 2.35 2.30 × 1.70 1.0 0.215 2.00
6 3 Left Front-Temporal 11.80 2.60 × 3.78 2.56 × 2.50 2.05 × 1.60 2.5 0.215 2.00

Left cerebellar 1.70 × 1.90 1.20 × 1.80 1.35 × 1.25
Right cerebellar 1.20 × 1.45 2.30 × 1.70 1.20 × 1.80



Journal of Radioanalytical and Nuclear Chemistry	

5 Gy. This saturation becomes more pronounced for doses 
above 15 Gy. This dose–response curve behavior, with a 
saturation trend for doses above 10 Gy, is expected for 
this type of film, as already reported in the literature [22].

The dose received by the film at 1.5 cm was calculated 
from the dose measured at 10 cm, using the depth-in-water 
performance curve of the beam. The obtained curve was 
used in the DQA (Delivery Quality Assurance) station 
software platform to measure the dose imparted to the 
films during irradiation for the dosimetric verification of 
the calculated dose distributions.

Fig. 1   Setup for (a) PTV1, (b) PTV2, (c) PTV3, (d) PTV4, (e) PTV5 and (f) PTV6, showing the transversal, sagittal and coronal views of the 
lesion under examination

Fig. 2   Calibration curve of alanine irradiated in TomoTherapy with 
doses between 1 and 25 Gy

Table 2   Linear regression parameters as a function of EPR signal 
amplitude

Dosimeter b (sensitivity) [× 10−3] A [× 10−4] R2

Alanine synergy health 1.289 ± 0.003 5.0 ± 0.4 0.99997
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Accuracy of the dose delivered to PTV1

Once the calibration curves for both dosimetric systems 
were established, it was possible to use them to estimate 
the absorbed doses and their accuracy for each of the PTVs 
investigated in this study. Figures 4 and 5 show the com-
parison between the calculated and measured doses for 
PTV1 by EPR and GAFChromic™ film, respectively. It 
shows a good agreement between the doses measured with 
both systems, alanine and GAFChromic™, and those cal-
culated with TomoTherapy TPS. In the case of the alanine 

curves, the doses are covered in a narrower range because 
of the experimental setup.

It is also worth noting that the agreement was observed 
not only for the PTV curves but also for the individual 
cases of optic chiasm, encephalic trunk, and hippocampus.

The maximum deviations (calculated dose minus the 
dose measured with alanine and films) for PTV1, and their 
respective OARs defined in this plan are listed in Table 3. 
The closest values of dose to the reference were obtained 
for the distal hippocampus and encephalic trunk for EPR 
and film measurements, respectively. Considering the 
maximum values of absorbed dose according to alanine 
measurements, variations were no higher than 0.20 Gy 
(around 2% of the treatment dose used, i.e., 10.5 Gy).

Accuracy of the dose delivered to PTV2

The agreement between the dose measured with alanine 
and with GAFChromic™ film, with the one calculated via 
TomoTherapy TPS, is shown in Figs. 6 and S3, respec-
tively. As observed for PTV1, the results of measured 
and calculated doses were similar. Note that the curves 
obtained with films can be found in the supplementary 
material and are referred to throughout the text with the 
initial “S”.

Table 3 has the maximum deviations for PTV2, and 
the respective OARs defined in this plan. Deviations were 
between − 0.30 and 0.19 Gy for alanine measurements.

Accuracy of the dose delivered to PTV3

Figure 7 shows the agreement between the doses measured 
with alanine and the calculated ones via TomoTherapy 
TPS. In the supplementary material, the same comparison 
is shown when using GAFChromic™ film (Figure S4). A 
good agreement was observed in both comparisons.

The maximum deviations for PTV3 and the OAR defined 
in this plan are 0.20 Gy with alanine and −0.20 Gy with 
films, in the constant dose area.

Accuracy of the dose delivered to PTV4

Concordance between the dose measured with alanine 
and with GAFChromic™ films and the calculated dose 
with TomoTherapy TPS is shown in Fig. 8 and Figure S4, 
respectively.

The maximum deviations for PTV4 and the OAR defined 
in this plan and based on the experimental data series are 
0.20 Gy for alanine and −0.16 Gy for film in the constant 
dose area.

Fig. 3   Calibration curve of GAFChromic™ Films irradiated in 
TomoTherapy with doses between 1 and 25 Gy

Fig. 4   Measured dose with alanine and calculated dose with DQA 
Plan for PTV1. From the analysis of the experimental data, the differ-
ence between the two data series was calculated
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Fig. 5   Measured dose with film GAFChromic™ and calculated dose with DQA Plan for PTV1

Table 3   Maximum deviations 
(calculated dose minus dose 
measured with alanine and film) 
for PTV1, PTV2, PTV5, PTV6, 
and their respective OARs

1 Film 1. 2Film 2

Organ Alanine Film

For the maximum measured dose (Gy) For the minimum 
measured dose 
(Gy)

For the maximum 
measured dose 
(Gy)

Area measurement – PTV1
Proximal hippocampus 0.09  − 0.17  − 0.35
Distal hippocampus  − 0.04  − 0.32  − 0.14
Optic chiasm  − 0.14  − 0.23  − 0.35
Encephalic trunk  − 0.20 0.13  − 0.13

Area measurement – PTV2
Hippocampus  − 0.20  − 0.30  − 0.08
Encephalic trunk  − 0.15 0.19  − 0.15

Area measurement – PTV5
Hippocampus 0.14  − 0.11  − 0.15
Encephalic trunk  − 0.20

Area measurement – PTV6
Hippocampus 0.16  −   − 0.191

Encephalic trunk  − 0.13 0.13  − 0.161/ − 0.222
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Accuracy of the dose delivered to PTV5

Figure 9 and Figure S6 show the agreement between the 
doses measured with alanine and GAFChromic™ films, in 
comparison to those from TomoTherapy TPS.

Table 3 shows the maximum deviations (calculated dose 
minus the measured dose) for PTV5 and for the OARs. 
Variations were within ± 0.20 Gy.

Accuracy of the dose delivered to PTV6

Figure 10 shows the curves comparing the doses measured 
with alanine and those calculated with TomoTherapy TPS. 
Figures S7, S8, and S9 depict a similar analysis performed 
with the films. As observed in the other PTVs, a good 
agreement between the experimental and calculated doses 
is found.

The maximum deviations for PTV6 and the OAR with 
PTV6 are shown in Table 3. A maximum variation of 
0.16 Gy was found for alanine in the hippocampus case, 

Fig. 6   Measured dose with alanine and calculated dose with DQA 
Plan for PTV2. From the analysis of the experimental data, the differ-
ence between the two data series was calculated

Fig. 7   Measured dose with alanine and calculated dose with DQA 
Plan for PTV3. From the analysis of the experimental data, the differ-
ence between the two data series was calculated

Fig. 8   Measured dose with alanine and calculated dose with DQA 
Plan for PTV4. From the analysis of the experimental data, the differ-
ence between the two data series was calculated

Fig. 9   Measured dose with alanine and calculated dose with DQA 
Plan for PTV5. From the analysis of the experimental data, the differ-
ence between the two data series was calculated
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while for film, it was −0.22 Gy in the encephalic trunk 
case.

Discussion

In this work, successful end-to-end tests of SRS treatment 
by non-conventional radiotherapy equipment (TomoTher-
apy Hi-Art System) were performed using a RANDO Head 
Phantom. Dosimetric studies were carried out for the simul-
taneous treatment of multiple brain lesions with different 
shapes, sizes and positions using two independent measure-
ment systems, alanine and GAFChromic™ films.

In Table 4, the measured doses for each PTV and OAR 
are summarized, showing that the dose constraints requested 
and set in TomoTherapy TPS have been most respected, 
except for the encephalon case, in which the maximum doses 
(DMax) were slightly higher than the dose constraint ones 
(C).

The experimental results demonstrated that doses 
obtained using alanine dosimeters agreed with those cal-
culated by the TomoTherapy TPS within the experimental 
error. This good agreement was observed in both PTV and 
OAR cases. It was the same even in the latter case, in which 
smaller doses were applied, proving that the EPR/alanine 
signal is reliable. Considering PTV5 as an example, data 
showed an excellent agreement between the calculated and 
measured doses not only for the PTV, which received a 
dose of 10.5 Gy per fraction, but also for the hippocampus, 
which received much lower doses, in the range between 1.5 
and 2.5 Gy per fraction. These values are close to the mini-
mum detectable dose (MDD) for alanine detectors. Similar 

considerations apply to the comparison between doses from 
the DQA module and those obtained with GAFChromic™ 
films. There is an excellent agreement, which is within the 
experimental error. Even in the most complex scenario in 
terms of spatial distribution, i.e., PTV6, the agreement 
remains. The 2D dose distribution of the films used for the 
PTV6 accurately follows the dose distribution calculated by 
the TPS.

Studies and audits of end-to-end tests have been exten-
sively and successfully used in radiotherapy to validate the 
accumulated accuracy of all steps from pre-treatment imag-
ing to dose delivery, in order to meet the safety standards 
of the treatment procedure involved, especially to validate 
new facilities or the entire chain of new treatment planning. 
However, for brain stereotactic surgery, this is less exten-
sively reported.

Due to the alanine detector characteristics, such as its 
tissue equivalence, very stable post-irradiation signal and 
linear dose response, it has long been appreciated for dosi-
metric applications in radiotherapy [42], and therefore, stud-
ies on its use in SRS followed. The study of Albino et al. 
[21] used alanine for quality control of SRS. In their case, 
the treatment was performed by the VMAT, with a linear 
accelerator producing a 6 MV beam (at a flattening filter-
free condition). But the scope of it was narrower than here, 
comprising only one treatment case with 4 lesions, irradi-
ated with another modality, and using a single dosimetric 
system. In our approach, 6 different treatment plans were 
considered, one of them with multiple lesions. Additionally, 
two dosimetric systems were used, and the depth dose profile 
was investigated.

In another work of a similar context, Mazaro et al. [17], 
for example, characterized alanine detectors through dosi-
metric tests in VMAT to demonstrate their feasibility for 
quality control. The end-to-end test considered and simu-
lated two different situations: homogeneous and hetero-
geneous. A strong linear correlation with dose was found 
(R2 = 0.99997) for the calibration curve and insignificant 
dependence on dose rate. For a treatment planning dose of 
18 Gy, results from alanine showed an uncertainty of 4.60% 
(95% confidence level). This represents a higher uncertainty 
than our results, despite the higher dose of 18 Gy, while 
10.5 Gy was used here.

The agreement achieved here (maximum variations of 
around 2%, considering the total treatment dose) with the 
end-to-end test is similar to the reported results for cranial 
SRS in two other end-to-end dosimetry audits. Dimitriadis 
et al. [16] evaluated 33 single-fraction treatment plans, 
which were assessed at 30 centres using anthropomorphic 
head phantom STEEV (Stereotactic End-to-End Verifica-
tion) with a single irregularly shaped target, ~ 8 cc, at 10 mm 
from the brainstem. Absolute doses were measured with 
EBT-XD films and alanine pellets inside both the target and 

Fig. 10   Measured dose with alanine and calculated dose with DQA 
Plan for PTV6. From the analysis of the experimental data, the differ-
ence between the two data series was calculated
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the brainstem and their responses were compared with the 
TPS-predicted ones. Comparison between the auditors and 
centers was within ± 2.4% of the dose determined by the 
TPS (range of 1.0% to + 2.4%). Carlino et al. [31] described 
an end-to-end test dosimetry audit implemented in a syn-
chrotron-based pencil beam scanning (PBS) therapy facility. 
Three phantoms were used, one homogeneous and in-house 
produced and two anthropomorphic heterogeneous (head 
and pelvis). Doses obtained from 230 alanine pellets were 
compared to those from the Farmer ionization chamber in 
water. As a result, a systematic deviation of approximately 
2% was found.

Mentioning other studies, which used film-based detec-
tion, there is the work of Hoffmans et al. [43], which inves-
tigated the usability of an anthropomorphic deformable and 
multimodal pelvis (ADAM-pelvis) phantom in combina-
tion with film dosimetry (GAFChromic™ EBT3 films) in 
an MR-guided RadioTherapy treatment (MRgRT) adaptive 
workflow. The delivered dose was evaluated at the interfaces 
of critical structures (e.g., bladder and rectum) by using 
small film pieces. Results corroborated with the dose calcu-
lations (based on electron density (ED) map using deform-
able image registration (DIR)-based and CT-based ED) and 
experimental film measurements, with average relative dose 

Table 4   Constraints and dose values for the PTVs and OARs, and the target (T) and constraint (C) doses according to TPS

Organ DMax (Gy) DMin (Gy) DMedian (Gy) DAverage (Gy) Stand. Dev Vol. (cm3) Target (T)—
Constraint (C) 
(Gy)

PTV1
PTV1 22.91 19.82 21.85 21.80 0.42 3.43 (T) 21
Encephalon 22.91 0.02 0.14 0.96 2.32 1400.60 (C) 18
Encephalic trunk 3.57 0.07 1.70 1.54 0.91 28.12 (C) 12
Optic Chiasm 5.40 2.83 3.66 3.76 0.56 1.93 (C) 10
Hippocampus 7.10 0.09 0.62 1.27 1.57 6.96 (C) 8
PTV2
PTV2 22.39 19.67 21.81 21.74 0.38 6.20 (T) 21
Encephalon 22.39 0.04 0.56 2.15 3.47 1400.60 (C) 18
Encephalic trunk 9.44 0.22 2.95 2.98 1.33 28.12 (C) 7
Optic Chiasm 3.58 1.86 2.57 2.63 0.38 1.93 (C) 10
Hippocampus 7.58 0.34 1.56 2.28 1.61 6.96 (C) 6
PTV3
PTV3 22.23 20.59 21.62 21.60 0.31 1.71 (T) 21
Encephalon 22.23 0.02 0.14 1.13 2.42 1400.60 (C) 18
PTV4
PTV4 22.04 20.81 21.49 21.47 0.23 2.02 (T) 21
Encephalon 22.04 0.02 0.11 1.17 2.62 1400.60 (C) 18
Encephalic trunk 0.11 0.01 0.05 0.05 0.02 28.12 (C) 7
Optic Chiasm 0.05 0.04 0.05 0.05 0.00 1.93 (C) 10
Hippocampus 0.30 0.05 0.09 0.11 0.06 6.96 (C) 6
PTV5
PTV5 22.15 20.37 21.61 21.56 0.27 3.50 (T) 21
Encephalon 22.11 0.04 0.29 1.32 2.61 1400.60 (C) 18
Encephalic trunk 2.93 0.04 0.16 0.50 0.63 28.12 (C) 7
Optic Chiasm 0.30 0.11 0.15 0.16 0.05 1.93 (C) 10
Hippocampus 5.13 0.15 1.41 1.75 1.17 6.96 (C) 5
PTV6
PTV6 22.86 19.55 22.00 21.90 0.45 11.23 (T) 21
Encephalon 22.86 0.13 3.45 4.46 4.19 1400.60 (C) 18
Encephalic Trunk 16.89 3.07 7.50 7.66 1.78 27.96 (C) 17
Optic Chiasm 7.79 4.16 5.04 5.14 0.54 1.93 (C) 10
Hippocampus 7.98 2.96 4.59 4.86 1.18 6.98 (C) 8
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differences < 3% for both calculated cases, which is quite 
close to the 3.3% found in our results.

In terms of PTV and effectively delivered doses, con-
straint and target values were most achieved, despite the 
complexity of the cases proposed. This good performance 
explains why SRS and SRT have taken the place of whole-
brain irradiation in multiple brain metastases treatments, 
for example. However, variations at the millimeter level are 
found, which are important when dealing with either small 
tumors or at the margins of a PTV [44]. Therefore, ensuring 
the accuracy and safety of the treatment-delivered dose and 
its distribution are essential. This is even important before 
introducing new clinical techniques [43], and it needs to 
keep up with the new developments, in which a high dose 
may be delivered in a single fraction.

This context underscores the need for reliable dosimet-
ric systems. The results reported here for different PTVs 
showed a maximum variation of 1.9% and 3.3%, for alanine 
and GAFChromic™ films, respectively, for a single dose 
fraction of 10.5 Gy. It corroborates previous studies [17, 
31, 43], in which the reliability of alanine in SBRT and SRS 
contexts was attested. Moreover, this study is novel in evalu-
ating six different PTVs and respective OARs, across dif-
ferent complexity scenarios, while comparing the response 
of two complementary dosimetric systems. These findings 
support the applicability of alanine and film-based dosimetry 
for quality assurance in complex SRS and SBRT treatments.

Comments on the limitations of the study

As a preliminary pilot investigation, the present study 
focused on brain tumors, analyzing clinical target volumes 
ranging from 1.79 to 11.80 cm2 in both single- and multiple-
lesion scenarios. Despite the heterogeneity in lesion size and 
spatial distribution, the results consistently demonstrated 
comparable levels of accuracy across all examined cases. 
Nevertheless, the restricted sample size (n = 6) constitutes 
a clear limitation, preventing statistically significant con-
clusions or broad generalizations. Expanding the study to 
a large cohort is therefore crucial, particularly to include 
patients with more complex or irregular geometries, such 
as multifocal tumors with non-uniform spacing or irregu-
lar margins, which are frequently encountered in clinical 
practice. Such an expansion would not only strengthen the 
validity of the approach but also provide deeper insights into 
its potential clinical applicability and robustness.

From a dosimetric perspective, the positioning of alanine 
pellets was constrained by the phantom configuration, which 
may have introduced systematic uncertainties in spatial 
localization. This emphasizes the importance of optimizing 
phantom design and detector placement to minimize geo-
metric biases during experimental verification. Furthermore, 
as extensively reported in the literature, the use of alanine 

detectors can be particularly challenging at dose levels below 
5 Gy, due to increased signal uncertainty [28, 45, 46]. This 
factor requires careful consideration, especially in stereo-
tactic treatments or hypofractionated regimens, where low-
dose regions adjacent to high-dose volumes are frequently 
present. Addressing these limitations will be essential for 
refining the methodology and ensuring its robustness in 
clinical practice.

Conclusion and future directions

This study presents end-to-end tests of stereotactic radiosur-
gery treatment using the TomoTherapy Hi-Art System. The 
RANDO Head Phantom was employed to simulate six dis-
tinct clinical scenarios, varying in tumor size, location, and 
proximity to Organs at Risk (OARs). Alanine dosimeters and 
GAFChromic™ films were utilized for dose measurement. 
The results demonstrated that the stereotactic cranial radio-
surgery technique implemented with helical TomoTherapy 
achieves the high level of accuracy and precision required 
for such treatments. Additionally, alanine demonstrated 
strong potential for use in SRS quality control, particularly 
when used in combination with other detectors.

Further studies should address a large patient cohort, 
including cases with comparable or more complex lesion 
distributions. Incorporating alternative dosimetric systems 
with complementary sensitivity profiles, or adopting hybrid 
approaches that combine alanine with other detectors, would 
enhance measurement reliability across a broader dose 
range. Advanced computational modeling of dose distribu-
tions, validated against broad experimental datasets, could 
also help reduce uncertainties and support clinical imple-
mentation. Ultimately, expanding patient data, refining 
experimental design, and integrating multimodal dosimetric 
strategies will be essential to firmly establish the accuracy, 
reproducibility, and clinical relevance of this approach.
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