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A B S T R A C T   

Purpose: Complex stereotactic radiotherapy treatment plans require prior verification. A gel dosimetry system 
was developed and tested to serve as a high-resolution 3D dosimeter for Quality Assurance (QA) purposes. 
Materials and Methods: A modified version of a polyacrylamide polymer gel dosimeter based on chemical 
response inhibition was employed. Different sample geometries (cuvettes and phantoms) were manufactured for 
calibration and QA acquisitions. Irradiations were performed with a Varian Trilogy linac, and analyses of irra-
diated gel dosimeters were performed via MRI with a 1.5 T Philips Achieva at 1 mm3 or 2 mm3 isotropic spatial 
resolution. To assess reliability of polymer gel data, 54 stereotactic clinical treatment plans were delivered both 
on dosimetric gel phantoms and on the Delta4 dosimeter. Results from the two devices were evaluated through a 
global gamma index over a range of acceptance criteria and compared with each other. 
Results: A quantitative and tunable control of dosimetric gel response sensitivity was achieved through chemical 
inhibition. An optimized MRI analysis protocol allowed to acquire high resolution phantom dose data in time-
frames of ≈ 1 h. Conversion of gel dosimeter data into absorbed dose was achieved through internal calibration. 
Polymer gel dosimeters (2 mm3 resolution) and Delta4 presented an agreement within 4.8 % and 2.7 % at the 3 
%/1 mm and 2 %/2 mm gamma criteria, respectively. 
Conclusions: Gel dosimeters appear as promising tools for high resolution 3D QA. Added complexity of the gel 
dosimetry protocol may be justifiable in case of small target volumes and steep dose gradients.   

1. Introduction 

Nowadays Stereotactic Radiosurgery (SRS) and Stereotactic Body 
Radiation Therapy (SBRT) are common treatment approaches employed 
for cranial and extracranial targets [1,2]. Sharp collimation, small target 
volumes and high doses per fraction exploited by these techniques entail 
a careful dosimetric pre-treatment evaluation as part of the Patient- 
Specific Quality Assurance (PSQA) program. In several countries, this 
is also a legal requirement [3]. 

Experimental validation of calculated treatment plans can be per-
formed by different technical means, with variable levels of complexity. 

The preferred approach should be based on a truly composite QA process 
[4], where the absorbed dose distribution is determined in a three 
dimensional phantom. Several dosimetric devices specifically developed 
for composite PSQA are nowadays available on the market [5–9]: these 
are typically constituted of two-dimensional arrays of radiation de-
tectors such as diodes or small-volume ionization chambers. While 
presenting the advantages of active detectors, these are unable to 
perform a truly direct volumetric mapping of absorbed dose, being 
limited by their 2D configuration. Moreover, for small target sizes 
characteristic of stereotactic treatments, only a limited number of dose 
data points is typically collected by these devices due to their finite 
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spatial resolution and detector arrangement. This can be particularly 
problematic in penumbra regions, for which sharp dose gradients may 
be inadequately sampled [10]. 

In this context, the interest in gel dosimeters for QA purposes [11,12] 
is motivated by their tissue equivalency [13–16], and their intrinsic 
volumetric response which results in high – and isotropic – spatial res-
olution, also negating detector volume averaging effects [17]. 

Initial development of polymer gel dosimeters dates back to the 
nineties [18]. In the following decades, several formulations have been 
developed, employing different monomers and gelling matrices 
[19–25], some of which capable of simulating low density tissue 
[26–28], also in a combined manner [29]. Various additives have also 
been proposed to modify and stabilize the dose–response of polymer gel 
formulations [30,31], resulting in a very broad range of available 
compositions, each characterized by a different sensitivity and range of 
response. 

Polymer gel dosimeters express a physical response in terms of 
induced polymerization between constituting monomers following 
irradiation [12,32]. Being the polymerization yield locally dependent on 
absorbed dose, phantoms prepared from such dosimetric gels can be 
considered as having an intrinsic and spatially stable 3D dose–response. 
Many imaging techniques can be adopted for the volumetric analysis of 
irradiated dosimetric gels, like ultrasound tomography [33], optical 
tomography [34] and X-Ray CT [35]. Since local polymerization directly 
influences 1H nuclear spin relaxation, MRI is routinely used for the 
analysis of irradiated polymer gels [36,37]. Exploiting in particular the 
two latter techniques which allow immediate analysis following irradi-
ation thanks to onboard imaging systems, recent applications of polymer 
gel dosimeters also regard evaluation of isocenter accuracy for MRI 
guided-LINACs [38,39] and verification of coincidence between radia-
tion and onboard cone beam CT imaging systems [40,41]. 

When MRI is employed as the analysis technique, a T2-weighted 
sequence is typically employed, allowing for 3D relaxation mapping and 
hence, after proper calibration, 3D dosimetry. Optimization of MRI 
analysis protocol plays a fundamental role in the overall reliability of 
polymer gel data. This often consists in a balancing act between 
achievable signal noise and required acquisition time [42]. 

Several drawbacks however still hinder a widespread adoption of 
these specialized devices. To begin with, as for any passive dosimeter, 
the range of response of gels dosimeters is in general not matched to the 
dose range of interest of the specific acquisition in which they are 
employed. This can result in only partial use of their response range or, 
at the opposite, in the need of down-scaling of planned doses in order to 
avoid response saturation. This latter approach is not without draw-
backs, since it can impose augmented mechanical stresses and acceler-
ations in linac components, thus possibly altering the representativeness 
of the QA process [43]. To overcome such limitations different dosi-
metric gel compositions with proper ranges of response can be used 
depending on the case being considered. This strategy is however not 
ideal, as it may require the development of several preparation-analysis 
protocols, as well as the need to acquire many types of monomers and 
additives. In this study, a modified version of the acrylamide-based 
normoxic polymer gel dosimeter PAGAT was used [44,45]. The addi-
tion of the polymerization inhibitor p–nitrophenol was investigated as a 
simple and effective means of quantitatively controlling the sensitivity – 
and hence the range of response, dose resolution and minimum detect-
able dose [45–47] – of the dosimetric gel. The advantage of this 
approach consists in allowing optimal tailoring dosimeter response to 
the dose range of interest for each specific pre-treatment evaluation, 
without the need of significantly altering the composition of the dosi-
metric gel or requiring adaptations in its manufacturing protocol. 

Another known weakness of gel dosimetry consists in the difficulty in 
performing quantitative dose evaluations due to dependence of polymer 
gel response upon phantom geometry and manufacturing batch [48,49], 
which results in a lack of generalized reproducibility. Several strategies 
have been proposed in literature to allow the reliable determination of 

absorbed dose, such as rescaling on independent pointwise dose mea-
surements provided by TLDs [50] or active detectors [51], or the 
adoption of some kind of normalization to a known reference response 
[52,53]. In this work, an internal calibration protocol was developed to 
this scope. This approach is further described in section 2.3 and is based 
on an extrapolation of sensitivity from calibration samples and subse-
quent normalization to individual phantom response. 

The purpose of this research consisted firstly in the definition of a 3D 
dosimetric protocol based on variable-sensitivity polymer gel dosime-
ters to be employed in PSQA. The results of a pilot scale testing of reli-
ability and robustness was then performed through pre-treatment 
acquisitions of 54 actual SRS/SBRT treatment plans. 

2. Materials and Methods 

2.1. Polymer gel dosimeter preparation 

The overall composition of dosimetric gels employed in this work is 
reported in Table 1 [45]. All reagents used for their synthesis were of 
analytical grade and were purchased from Merck KGaA. To manufacture 
a batch of dosimetric gel, acrylamide and N,N’-methylenebisacryamide 
monomers are firstly dissolved in deionized water under stirring at 
50 ◦C. Concurrently, a gelatin (from porcine skin, Type A) solution is 
prepared in an identical way in the remainder of the overall water 
volume. Once both the monomers and the gel solutions have cooled 
below 30 ◦C, they are mixed together. Depending on the desired dose 
range of response and sensitivity for the polymer gel batch under pro-
duction, the appropriate quantity of p-nitrophenol inhibitor is then 
added [45], followed by tetrakis(hydroxymethyl)phosphonium chloride 
(THPC). The dosimetric solution can then be poured in the desired 
container which is stored under refrigeration at 4 ◦C for at least 12 h and 
for a maximum of 36 h before irradiation. Prepared dosimetric gels were 
slightly opaque and did not show presence of suspended matter or 
precipitates. Variable levels of inhibition were tested as reported in 
Table 1, in order to determine its effect on sensitivity of dose range of 
linearity of the resulting formulation. 

Two types of sample geometries were prepared: spectrophotometric 
PMMA cuvettes (1 mm wall thickness, Kartell S.p.A.) and 500 ml HDPE 
cylindrical bottle phantoms (1 mm wall thickness, DWK Life Sciences 
Ltd.). The former were employed to perform dose–response character-
izations (evaluation of linearity, range of response, accuracy/precision, 
etc. as reported in section 3.1) via irradiation at known uniform doses. 
The latter were instead used for volumetric acquisitions and pre- 
treatment evaluations. Typically, up to 4 phantoms and one set of 
cuvette samples were prepared from a single batch of dosimetric gel. 

2.2. Irradiation and MRI analysis 

A Trilogy linac (Varian Medical Systems, Inc) was used for all irra-
diations performed in this work, exclusively employing a 6 MV accel-
eration energy (WFF beams). Variable dose rates in the range 100 – 1000 
MU min− 1 (corresponding to 1.0 – 10.4 Gy min− 1 in the adopted cuvette 
irradiation setup as reported in Fig. 1a) were investigated during char-
acterization of gel dosimeter formulation to assess possible de-
pendencies of dose response with respect to this parameter. The 

Table 1 
Composition of dosimetric gels. Inhibitor concentration was selected 
in the reported range according to the desired sensitivity.  

Reagent Concentration 

Gelatin 5 wt% 
Acrylamide 3 wt% 
N,N’-methylenebisacryamide 3 wt% 
THPC 10 mM 
p-nitrophenol 5 – 20 ppm  
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treatment planning system in use was Varian Eclipse (v. 15.5, employing 
AAA v. 5.5.12), with an isotropic dose grid size of 1 mm3. 

Cuvette samples of dosimetric gel employed for characterization 
were positioned in a RW3 slab phantom (PTW Freiburg GmbH, Fig. 1a) 
in order to achieve as high as possible dose uniformity in their sensitive 
volume. Preliminary CT imaging and TPS calculation performed on this 
irradiation setup confirmed a dose uniformity > 99 % when two antero- 
posterior and postero-anterior fields (20 cm × 30 cm) were used. Typical 
reproducibility in delivered dose for static open field irradiations as 
those employed for gel dosimeter response characterization were within 
1 % and were therefore considered negligible. Volumetric polymer gel 
phantoms were instead immobilized on the treatment couch via a 
dedicated holder which guaranteed high positioning reproducibility, as 
illustrated in Fig. 1b. Also in this case, CT imaging was employed to 
acquire the geometric dataset necessary for TPS planning on phantom 
geometry. All dosimetric samples were allowed to thermalize before 
undergoing irradiation and were subsequently stored under refrigera-
tion for 24 h before proceeding to MRI analysis to allow for the full 
development of their chemical response. 

T2-weighed MRI analyses of dosimetric gels were performed with a 
Philips Achieva D-Stream 1.5 T, equipped with an 8 ch. Sense NV head & 
neck receiver coil. Up to 4 phantoms could be scanned simultaneously 
with this setup. Complete thermalization of gel dosimeter cuvettes and 
phantoms was achieved prior to their MRI analysis. A gradient spin echo 
sequence – available by default on the scanner – was employed (TR = 5 
s, TE = 40 ms, 14 echoes, TSE = 14, EPI = 5, 6 signal acquisition av-
erages), as this represented an ideal compromise between acquisition 
time and resulting signal noise (see also supplementary materials file). 
An isotropic spatial resolution of 1 mm3 was adopted for signal acqui-
sitions. It is known that the performance of the dosimetric system as a 
whole is indeed dependent not only on the physico-chemical dose 
response of the dosimetric gel, but also on its accompanying MRI pro-
tocol [42]. The adopted spatial resolution directly affects the noise of 
MR images and, hence, of dosimetric data. To investigate quantitatively 
how acquisition resolution affects dosimeter performance and agree-
ment with the Delta4 reference dosimetric system, raw polymer gel 
phantom MRI data was also rescaled from the native 1 mm3 resolution 
up to 2 mm3 isotropic through linear averaging. This post-acquisition 
rescaling can be considered, with good approximation, as equivalent 
to a direct MRI analysis with the same 2 mm3 voxel size, since this im-
aging technique naturally performs an average of proton relaxation over 
the volume of each voxel. 

R2 values were determined on a voxel-by-voxel basis via interpola-
tion of signal intensity with the appropriate Bloch function [42] through 
a dedicated algorithm specifically developed in the Matlab environment. 

In the case of calibration specimens, average spin–spin relaxation 
rate values R2 = 1/T2 were put in correspondence with absorbed dose in 
D-R2 plots. Dose conversion of acquired R2 distributions for volumetric 
phantoms was instead performed according to the internal calibration 
procedure described in the following section. 

In all reported graphs, error bars represent one standard deviation of 
uncertainty. 

2.3. Internal calibration 

Sensitivity Sj of a specific batch of dosimetric gel j was defined as the 
slope of the linear regression in a D-R2 plot as determined via same- 
batch cuvette samples. Experimental evidence, as will be presented in 
the following sections, indicated that the value of Sj remained constant 
among all samples from the same polymer gel batch, regardless of their 
geometry. The value of batch-specific sensitivity Sj was therefore 
employed for the dose conversion of relaxation data R2,ij of i-th phantom 
of the j-th batch considering the following D-R2 linear relationship [45]: 

R2,ij =
(
SjD+ bj

)
+ δi  

where δi essentially represents a phantom-specific difference in R2 blank 
value with respect to that of corresponding cuvettes bj – also indicated in 
the following as “shift factor”. Graphically, this is identifiable as the 
rigid shift between dose response curves (see also Fig. 4). The origin of 
this shift is attributable to different thermal histories among samples, in 
part also deriving from decreased cooling rates for large volume phan-
toms when compared to cuvettes adopted for calibration [48,54]. 

Shift factors for each phantom were determined by scanning a non- 
irradiated portion of their volume concurrently with volumetric data 
mapping in the region employed for plan dosimetry. This internal cali-
bration procedure relies both on linearity of response of the dosimetric 
gel and the invariance of response sensitivity among different container 
shapes of the same dosimetric gel batch (cuvettes vs phantoms). The 
former aspect was verified for each preparation batch, as described in 
the following section. Invariance of sensitivity among different sample 
geometries was verified by comparing the D-R2 response between cu-
vettes and several volumetric phantoms irradiated at the same dose, 
over their corresponding linearity range. A behavior compatible with 
invariance of response, except for a different blank level accounted for 
via the shift factor, was noted across different batches of dosimetric gel, 
also employing variable inhibition levels. 

2.4. Pre-treatment measurements and reference dosimetry 

To assess the reliability of gel dosimetry, 54 treatment plans were 
identified (anatomical targets: 23 brain, 3 lymph nodes and 28 lungs, 
average PTV volumes 4.4, 10.8 and 12.3 cm3 respectively) upon which 
pre-treatment evaluations were performed. Maximum planned doses 
(Dmax) in coplanar geometry1 were in the range 9.3 – 30 Gy. These plans 
were delivered on dosimetric gel phantoms specifically manufactured 
with a level of inhibition resulting in the highest dosimetric gel sensi-
tivity compatible with the maximum dose Dmax to be expected for each 
plan. Since Dmax were determined from TPS calculations, the adopted 
level of inhibition also accounted for possible uncertainties in these 
values in order to avoid exceeding the response linearity range of the 
dosimetric gel. Namely, this was assessed by means of a set of calibration 
cuvettes for each batch of dosimetric gel up to a level corresponding to 
110 % of Dmax. As described in the previous paragraph, the use of cali-
bration cuvettes was also necessary to allow the conversion of phantom 
R2 data to absorbed dose values. When multiple plans shared a similar 
maximum dose, a corresponding number of phantoms could be prepared 
from the same batch of dosimetric gel, thus requiring the use of only a 
single set of calibration cuvettes. 

The validation of PSQA results obtained by dosimetric gels should 
rely on their comparison with equivalent data, which can be deemed 
reliable. The Delta4 dosimetric system was employed as a reference 

Fig. 1. a) positioning of cuvettes in RW3 slab phantom with indication of the 
adopted source-axis-distance (SAD). b) dosimetric phantoms positioned on 
dedicated holder. 

1 As explained later in this section, Dmax was evaluated in such geometry due 
to constraints in the adopted validation protocol. 
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measurement device for this scope. This instrument is constituted by a 
cylindrical water equivalent body in which two planar orthogonal arrays 
of p-Si detectors are embedded. The pitch between detectors in the 
central area (6 cm × 6 cm) is 5 mm, while in the periphery (20 cm × 20 
cm) it is 10 mm. The 54 treatment plans were therefore delivered 
identically on both dosimetric gel phantoms and on this reference 
dosimetric system. To satisfy restrictions imposed by the Delta4, all ir-
radiations were performed in coplanar geometry with couch at 0◦ posi-
tion, even if they were originally defined in a non-coplanar way. For 
consistency, as mentioned before, also all dosimetric gel phantoms were 
therefore irradiated in the same coplanar geometry. 

A direct comparison between dose measurements from Delta4 and 
dosimetric gel phantoms is not possible due to the different geometry of 
the two devices. An indirect validation of dosimetric data was therefore 
performed by comparing each experimental measurement provided by 
the two devices with its coupled TPS calculation (implemented in the 
corresponding geometry) through a global gamma metric [55]. These 
separate gamma evaluations were then compared together to assess the 
discrepancy between the results obtained from dosimetric gels and 
Delta4 in terms of agreement with respective TPS data for all 54 treat-
ment plans considered. 

A 3D global gamma index (10 % absolute dose threshold) was 
employed as the dose comparison criterion between measured and 
calculated dose data, i.e. dosimetric gel vs TPS and, separately, Delta4 vs 
TPS. A range of distance to agreement (DTA: from 1 mm to 5 mm, 0.5 
mm increments) and dose difference (DD: from 1 % to 5 %, 0.5 % in-
crements) were considered, in order to more comprehensively represent 
the agreement between each of the two instruments with corresponding 
TPS calculations and, indirectly, the agreement between devices 
themselves. 

3. Results 

3.1. Characterization of gel dosimeter formulation 

Irradiation and MRI analysis of cuvette groups prepared with vari-
able inhibitor content as specified in Table 1 allowed to determine re-
lationships between p-nitrophenol concentration and resulting D-R2 
sensitivity and range of linear response. Fig. 2a reports correlations 
between these quantities as determined from such characterization 
campaign. The range of linearity was defined as the maximum dose 
range for which a corresponding D-R2 coefficient of determination R2 >

0.98 was recorded. As evident from the graph, an inverse relationship 
between sensitivity and linearity range was noted, coherently to the 
inhibitory effect expressed by p-nitrophenol [45]. The typical repro-
ducibility of dosimetric performance across different dosimetric gel 
batches was ≈ 10 %. 

The dependence of dosimetric gel response on dose rate was tested 
with irradiation at fixed doses (5–10-15 Gy) and variable dose rate in the 
range available from the linac (100 – 1000 MU min− 1). To achieve 
comparable beam-on irradiation time among all samples, proper waiting 
periods were introduced for higher dose rate irradiations. This step was 
necessary in order to compensate for the known gel dosimeter response 
dependence upon irradiation length [56,57]. As reported in Fig. 2b, a 
very significant variability of response was noted for lower dose rates. 
This however decreases to < 1 % in the range 600 – 1000 MU min− 1, i.e. 
the rate typically employed for SRS/SBRT irradiations, irrespectively 
from total dose. No significant effect of inhibitor content was noted on 
the dose rate response of the gel dosimeter formulation. Additional data 
concerning the characterization of dosimetric formulations with vari-
able inhibition levels is provided in a supplementary materials file. 

3.2. Dose response of volumetric phantoms 

The spatial resolving capabilities of a dosimetric gel phantom were 
tested via a half-closed field irradiation on a 360◦ arc, providing a very 
sharp dose gradient along its longitudinal axis, with uniform dose across 
its transverse sections. Fig. 3 reports a comparison between calculated 
and resulting measured relative axial dose profiles for a 26 Gy 

Fig. 2. a) dependence of response sensitivity and range of linear response with respect to p-nitrophenol inhibitor concentration (constant dose rate 600 MU min− 1). 
b) dependence of relative R2 dosimetric gel response with respect to irradiation dose rate, normalized to the value obtained at 1000 MU min− 1 (constant dose 10 Gy, 
10 ppm p-nitrophenol). 

Fig. 3. Planned and measured axial dose profiles corresponding to a half-closed 
irradiation field. Maximum dose and dose gradient are 26 Gy and 10 Gy mm− 1, 
respectively. Uncertainty associated to gel dosimeter profile ≈ 2 %, not re-
ported for clarity. Dosimetric gel formulation with 20 ppm p-nitrophenol. 
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irradiation of a 20 ppm p-nitrophenol formulation. 
A 100 % gamma passing rate (1 %/1 mm) was recorded for the re-

ported axial profile. Equivalent evaluations performed on the same 
phantom stored under refrigeration for 3 months after irradiation 
resulted in essentially identical dose profiles, showing the same gamma 
agreement. This indicates the absence of dose overshoot or diffusion 
phenomena, the two principal causes of response instability reported for 
gel dosimeters [58,59]. Also in this case, repetition of this investigation 
at different inhibition levels (7.5 and 12.5 ppm) resulted in the same 
conclusions. 

As a final step in the characterization campaign, to study the 
dependence of batch-specific dose response upon sample geometry, i.e. 
cuvette vs phantom, volumetric phantoms were irradiated with uniform 
axial bands obtained by superimposing four orthogonal radial fields (0◦

− 90◦ − 180◦ − 270◦) for each dose region. Fig. 4a illustrates an example 
of such irradiation pattern. Employed doses spanned the linearity range 
expected according to the adopted inhibition level. Axial separation 
between irradiation bands provided minimal cross-contamination be-
tween prescribed doses (< 1 % from TPS). A corresponding blank R2 
value was also measured prior to irradiation for each phantom. Average 
R2 determined in each portion of interest of the phantom volume was 
then compared with cuvette response curves, as illustrated in Fig. 4b. 
Such investigations were repeated across several preparation batches, 
also employing variable inhibition levels. Results indicated, among 
samples from the same batch of dosimetric gel j, invariance of sensitivity 
Sj (variability within uncertainty of MRI analysis, typical ≈ 1.5 %) with 
however significant variability in blank values across phantoms, as 
further described in the following paragraph. 

3.3. Pre-treatment acquisitions 

Each of the 54 treatment plans was irradiated on a dedicated gel 
dosimeter phantom which, as explained earlier, was manufactured with 
a level of inhibition adapted to the maximum expected plan dose. A 
group of cuvettes was also prepared from each batch of dosimetric gel in 
order to determine its specific sensitivity Sj. 

Reproducibility [37] of phantom blank R2 values amounted to 
approximately 50 % and 150 % intra- and inter-batch, respectively. 
Accordingly, shift factors presented a similar dispersion and thus needed 
to be determined on a case-by-case basis through scanning of a non- 
irradiated portion of each phantom and subsequent comparison with 
calibration data from corresponding cuvette samples, as described in 
section 2.3. 

After dose conversion via internal calibration, both dosimetric 

systems, i.e. gel dosimeter phantoms and Delta4, produced tables of 
gamma value with 81 entries for each of the 54 considered treatment 
plans. Every cell stores a value of gamma function corresponding to a 
combination of DD/DTA criteria. An example of such data is reported in 
Fig. 5 and in the supplementary materials file. 

Agreement between corresponding values in the two tables was 
considered indicative of good reliability of gel dosimeter data, since the 
Delta4 was adopted as a gold standard. As expected, stricter DD/DTA 
criteria resulted in higher discrepancies between dosimetric gels and 
Delta4. 

4. Discussion 

With respect to other polymer gel formulations described in litera-
ture, the modified gel dosimeter composition as reported in this work 
presents the advantage of a controllable response without the need of 
modifying the type and concentration of monomers or the 
manufacturing protocol. Instead, only minor variations of inhibitor 
content are sufficient to obtain reproducible and quantitative control of 
dose response, achieving maximum sensitivity and dose resolution while 
maintaining a linear dose response compatible with the expected 
maximum plan dose. Maximization of dose sensitivity and resolution is 
crucial in order to exploit the full potential of the dosimetric system by 
optimally coupling it to the dose range of interest, and allowing to 
achieve the lowest minimum detectable doses [47]. 

The presented dosimetric gel composition exhibited a typical accu-
racy and precision of 2 %. As expected, these are strongly influenced by 
the MRI analysis protocol adopted. In general, longer analyses with 
multiple repetitions result in lowered signal noise, and hence improved 
precision. Tradeoffs must however be imposed with respect to total 
analysis time. The adopted sequence resulted in imaging time of ≈ 1 h 
for a dosimetric phantom, with the possibility of scanning up to 4 
phantoms simultaneously (see also supplementary materials file). 

Variability of gel dosimeter response outside the 600 – 1000 MU 
min− 1 dose rate range as reported in Fig. 2 could result in dose over-
estimation. This can restrict the applicability of the proposed dosimetric 
gel formulation to QA scenarios in which only high dose rates – or a 
single fixed dose rate – is employed for the whole irradiation. This can be 
considered a limitation of the proposed dosimetric system since it hin-
ders its general application in continuously variable dose rate condi-
tions. For the SRS/SBRT plans considered in this study however, this did 
not represent a problem, since planned and actual delivery dose rates 
were always close to 1000 MU min− 1. 

Comprehensive characterization of inhibitor effect allowed for an 

Fig. 4. a) example of phantom irradiated with a uniform axial dose band; b) comparison between dose response measured from a group of cuvettes and a volumetric 
phantom originating from the same batch of dosimetric gel. Sensitivity for both geometries is within the margin of uncertainty arising from MRI acquisitions. 
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easy identification of optimal inhibitor concentration for each prepa-
ration batch, according to data reported in Fig. 2. Optimal Inhibitor 
concentration could be reliably determined prior to irradiation only 
based on maximum planned dose Dmax. For all tested plans, discrep-
ancies between Dmax and its experimental counterpart determined by the 
Delta4 were lower than 5 %. Concurrently, none of the 54 dosimetric gel 
phantoms exceeded their linearity range. 

The very high spatial and temporal stability of dose profiles 
measured via phantoms drastically improves the robustness of the 
dosimetric system, especially against unforeseen analysis delays. This 
stability contrasts with literature results obtained for similar gel 
dosimeter formulations and may be attributed to a positive effect of the 
present inhibitor [37]. This however is currently only a speculation, to 
be confirmed by dedicated studies. 

For a fixed composition, a typical reproducibility of batch specific 
sensitivity Sj across different preparations was ≈ 10 %. This value does 
not allow for a unique calibration of dosimetric gel response since it 
would result in unacceptable variability in QA data across different 
batches of dosimetric gel. However, a batch-by-batch dose response 
characterization can solve this limitation. The proposed internal cali-
bration protocol appears adequate in allowing for absorbed dose eval-
uations, also accounting for variable phantom blank values. 
Compensation of intra-batch variability can be performed via the use of 
dedicated calibration samples used to determine the value of Sj. Differ-
ences in sensitivity between samples of the same batch and Sj as deter-
mined from related calibration cuvettes could be estimated as < 1.5 %, 
of the same magnitude of the precision of MRI acquisitions. 

On the positive side, this internal calibration approach allows for the 
simultaneous preparation and subsequent analysis of multiple phan-
toms. This improves the logistical appeal of the dosimetric system, and 
partly compensates for the added time required for the irradiation of the 
cuvette group necessary to determine the batch-specific sensitivity Sj. 

4.1. Reliability of gel dosimetry based PSQA and effect of spatial 
resolution 

An isolated evaluation of gel dosimeter vs TPS passing rates is not 
adequate in declaring reliability of dosimetric data, since, by the 
intrinsic nature of PSQA, it is not possible to know a priori that plan 
irradiation will fully comply to TPS calculation. The comparison of 
gamma analysis results from two devices, i.e. Delta4 and gel dosimeters, 
is instead a better metric of performance and reliability. 

Fig. 6 reports a summary of the absolute value-difference between 
gamma passing rate values determined via Delta4 and dosimetric gel 
phantoms averaged over the 54 plans considered. Both native 1 mm3 

and rescaled 2 mm3 resolutions are reported. A significant improvement 
in terms of agreement between the two devices can be noted as the voxel 
size for dosimetric gel phantoms is increased from 1 to 2 mm3. 

Average gel dosimeter-Delta4 gamma discrepancies for the two 
criteria of clinical interest of 3 %/1 mm and 2 %/2 mm, amounted to 
4.8 % − 10.8 % and 2.7 % − 5.8 % for 2 mm3 and 1 mm3 resolution, 
respectively. The most relevant enhancement of the agreement was 
scored for the stricter DD/DTA combinations. Such improvements un-
derline how the reliability of dosimetric gel data for very small voxel 
sizes is likely limited by the image quality achievable by MRI analysis, 
rather than intrinsic limitations of the gel dosimeter formulation. In fact, 
for gel dosimeters the adoption of a specific analysis resolution also 
dictates the effective “gel detector” size, i.e. the voxel. Hence, a coarser 
resolution provides for lower signal noise associated to each voxel, 
better data accuracy, and therefore a higher gamma agreement. This is 
in contrast to what may be expected for active array detectors, for which 
a higher resolution is expected to result in better gamma passing rates 
since in this case accuracy of dose data is not dominated by detector 
noise [60]. 

Fig. 7 reports Bland-Altman plots for the 3 %/1 mm and 2 %/2 mm 
criteria (2 mm3 dosimetric gel resolution). A slight but systematic 

Fig. 5. Gamma tables as obtained by Delta4 (left) and dosimetric gel phantom with 1 mm3 isotropic resolution (right) for a brain target (PTV 4.7 cm3, Dmax 22 Gy). 
Passing rates < 90 % are highlighted in red. Global 3D gamma, 10 % absolute threshold. 

Fig. 6. Absolute difference between global gamma passing rate values measured by dosimetric gel phantoms and Delta4 averaged over the 54 treatment plans, 
according to the considered DD/DTA criteria. Spatial resolution of gel dosimeter data of 1 mm3 (left) or 2 mm3 (right). Color scale qualitatively indicates the absolute 
magnitude of average passing rate difference. 
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underestimation of gamma passing rate by gel dosimeters can be noted 
in both cases, which is less pronounced for the latter criteria. Consid-
ering only passing rates > 97.5 %, the differences between the two de-
vices are instead very limited, and indeed for the 3 %/1 mm criteria ≈
10 % of plans presented a higher passing rate when analyzed with 
dosimetric gels. However, when all plans are considered, a negative 
proportional bias can be noted. 

Table 2 reports a comparison of the number of treatment plans which 
satisfy two common gamma criteria thresholds (minimum 90 % passing 
rate at 3 %/1 mm and 2 %/2 mm). Evaluations from dosimetric gel 
phantoms at 2 mm3 isotropic resolution returned similar results as the 
Delta4. A significantly lower fraction of plans satisfies the QA threshold 
for the finer 1 mm3 resolution, especially for the 3 %/1 mm criteria. 

This type of comparison, being purely categorical, does not quantify 
the agreement between devices as is instead presented in the previous 
paragraphs and illustrated in Fig. 6 and Fig. 7. It is nonetheless useful in 
highlighting how the acceptability of a treatment plan might vary 
depending on the instrument adopted for its evaluation. Since in this 
study the Delta4 was assumed as reference device, the high-resolution 1 
mm3 analysis protocol results in an unjustified rejection of some treat-
ment plans attributable to a lesser performance of the gel dosimetric 
system. On the other hand, if analysis resolution is increased to 2 mm3, 
gel dosimeter based PSQA would result in very similar plan acceptance 
as in the case of Delta4 use, thus suggesting a good robustness of the 
technique. 

5. Conclusions 

Addition of p-nitrophenol inhibitor to the PAGAT polymer gel 
dosimeter can be used to quantitatively control their dose response in a 
straightforward way. Highest sensitivity and lowest minimum detect-
able doses can thus be achieved by adapting the response of the dosi-
metric gel to each specific QA evaluation needs. When employed for 
PSQA of stereotactic treatment plans, gel dosimetry provides results 
comparable to that of Delta4. A slight but significant systematic un-
derestimation of gamma passing rates from dosimetric gels is noted, 
which however only marginally affects the portion of plans not satis-
fying the minimum acceptance threshold. Accuracy of absolute dose 
data from polymer gels is strongly affected by the noise level in the 
adopted imaging technique, which limits the achievable spatial 
resolution. 

As a final remark, it can be underlined that an improved validation 
protocol may be adopted to confirm the reliability of dosimetric gel data, 
also considering that the Delta4 is not specifically dedicated to SRS/ 
SBRT dosimetry. To this scope, the fabrication of a tissue equivalent 
radiochromic film holder of the same geometry as dosimetric gel 
phantoms should be considered. This would allow a truly direct and fully 
rigorous comparison between experimental measurements provided by 

two independent devices. 
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