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A B S T R A C T   

Purpose: The objectives of the study were to establish a procedure for in vivo film-based dosimetry for intra
operative radiotherapy (IORT), evaluate the typical doses delivered to organs at risk, and verify the dose 
prescription. 
Materials and methods: In vivo dose measurements were studied using XR-RV3 radiochromic films in 30 patients 
with breast cancer undergoing IORT using the Axxent® device (Xoft Inc.). 
The stability of the radiochromic films in the energy ranges used was verified by taking measurements at 
different depths. The stability of the scanner response was tested, and 5 different calibration curves were con
structed for different beam qualities. Six pieces of film were placed in each of the 30 patients. All the pieces were 
correctly sterilized and checked to ensure that the process did not affect the outcome. All calibration and dose 
measurements were analyzed using the Radiochromic.com software application. 
Results: The doses were measured for 30 patients. The doses in contact with the applicator (prescription zone) 
were 19.8 ± 0.9 Gy. In the skin areas, the doses were as follows: 1–2 cm from the applicator, 1.86 ± 0.77 Gy; 2–5 
cm, 0.73 ± 0.14 Gy; and greater than 5 cm, 0.28 ± 0.17 Gy. The dose delivered to the pectoral muscle (tungsten 
shielding disc) was 0.51 ± 0.27 Gy. 
Conclusions: The study demonstrated the viability of XR-RV3 films for in vivo dose measurement in the dose and 
energy ranges applied in a complex procedure, such as breast IORT. The doses in organs at risk were far below 
the tolerances for cases such as those studied.   

1. Introduction 

Radiotherapy is an essential part of conservative treatment of breast 
cancer [1]. Given that 85% of recurrences in the breast occur adjacent to 
the primary tumor, there is growing interest in partial irradiation [2]. 
These techniques aim to reach effective doses of radiation in the tumor 
bed and to reduce the incidence of the adverse effects that result from 
irradiation of the whole breast. Partial irradiation techniques include 
intraoperative radiotherapy (IORT), which tries to improve local control 
of the disease by means of a single dose of ionizing radiation applied 
directly over the tumor bed during surgery [3]. 

IORT has been used as the only radiation modality in early stages in 

cases where the prognosis of breast cancer is favorable [4] and as a boost 
in the tumor bed of higher-risk patients [5], who will subsequently 
undergo external radiotherapy of the whole breast. These techniques 
include IORT with low-energy photons (50-kVp), which can be admin
istered with various devices [6]. 

Evidence for IORT with low-energy photons in breast cancer is based 
on the “Targeted intraoperative radiotherapy versus whole breast 
radiotherapy for breast cancer (TARGIT-A trial)” study [7], which is an 
international, prospective, randomized, non-inferiority trial with more 
than 4000 patients. The trial demonstrated non-inferiority in terms of 
local recurrence rates with partial irradiation (50-kVp photons). For 
selected patients with early-stage breast cancer, a single dose of 
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radiotherapy delivered during surgery using targeted IORT should be 
considered as an alternative to external beam radiotherapy delivered 
over several weeks. 

Xoft Axxent® electronic brachytherapy™ (eBX) (Xoft, Inc., subsidi
ary of iCAD, San José, CA, USA) is a balloon-based high-dose-rate 
brachytherapy method that uses a disposable electronic radiation 
source, rather than a radioisotope, such as 192Ir. The radiation source is 
similar to that of the Intrabeam® device (Carl Zeiss Meditec, Inc., 
Oberkochen, Germany), which was used in the TARGIT trial [8]. 

The Axxent® S700 is a miniature X-ray device in a flexible catheter. 
The source is a vacuum tube (10 mm in length, 2 mm in diameter), 
encased in a cooling catheter (5.6 mm diameter). It is typically operated 
at 50 kVp with 300 µA of electrons striking a thin tungsten film target on 
the inner surface of a ceramic X-ray-transparent anode. It is used for 
conservative surgical treatment of breast cancer and irradiation of the 
tumor bed with a “balloon” applicator. A prescribed absorbed dose of 20 
Gy is delivered to the target [9]. Furthermore, gynecological treatments 
for the endometrium [10] and cervix [11], as well as superficial skin 
treatments [12], may be administered with the same device. 

One of the most important aspects of any radiotherapy approach is to 
ensure that the planned absorbed dose is equal to the absorbed dose 
administered to the patient. The many different methods for verifying 
radiotherapy include in vivo dosimetry during delivery of treatment 
[13,14]. The measurement of the dose absorbed in each procedure acts 
as a control of quality throughout the process. 

Such an approach is essential in this type of IORT procedure, because 
the considerable dose gradient is compounded by tissue heterogeneity, 
which implies difficulty in estimating the skin dose with commercial 
treatment planning systems (TPSs) [15]. 

In addition to verifying the dose in the tumor bed, an in vivo 
dosimetry system enabled us to control the whole process, since the skin 
was appropriately protected and placement of protection of the pectoral 
muscle was adequate. 

An excessively high absorbed dose delivered to the skin could lead to 
dermatitis or even necrosis [16,17]. 

This measurement procedure makes it possible to know the absorbed 
dose administered in cases where this type of problem occurs and to 
establish new protective measures for the future. 

Previous studies estimated the doses in organs at risk for these pa
tients based on preoperative computed tomography studies and calcu
lations in the Eclipse v13.1 TPS (Varian Inc. Palo Alto, CA, USA) [18]. 

The objectives of the present study were to establish a procedure for 
in vivo film-based dosimetry for IORT, evaluate the typical dose deliv
ered to organs at risk, and verify the prescribed dose delivered to the 
target. 

Therefore, the energy response of the dosimeter used must be known 
and demonstrated to be accurate enough for purpose. The GafChromic™ 
XR-RV3 type, with an energy response range of 20 keV to 30 MeV and an 
absorbed dose range of 0.01 Gy to 30 Gy (according to the manufac
turer) could be a good candidate that would fit the purpose of the 
measurement, although the process should be run carefully to avoid 
excessively high degrees of uncertainty [19]. The present study in
vestigates the suitability of this radiochromic film model for this process 
and try to find out if the doses differ from those calculated by the TPS, 
especially for skin. 

2. Materials and methods 

The in vivo absorbed dose was measured in 30 patients with breast 
cancer who underwent surgery, during which they received IORT using 
the Axxent® device. 

The absorbed dose prescribed to these patients was 20 Gy on the 
surface of the spherical balloon-type applicator in contact with the 
target (Fig. 1). 

The volume of the “balloon” depends on the individual case; in the 
more than 500 patients treated, this ranged from 30 cm3 to 90 cm3, with 

90% of cases between 30 cm3 and 40 cm3 (Table 1). 
Radiochromic film was used as a detector. This approach is widely 

applied for verification of intensity-modulated radiotherapy treatments 
[20] and in in vivo dosimetry [21–23]. Various types of radiochromic 
film are commercially available [24], although the main difference be
tween them is in the energy range and absorbed dose at which they show 
the optimal response. 

These films can be cut into small pieces and then placed into a sterile 
envelope for use in the surgical field [23]. 

In the present study, in vivo absorbed doses were measured using XR- 
RV3 radiochromic film, which is specific for energies from upward of 20 
kVp and absorbed doses of up to 30 Gy. 

2.1. Film calibration 

Appropriate calibration of the films is ensured by using a beam 
quality that is as close as possible to that used in the surgical procedure; 
calibrating to different energies can lead to marked differences in the 
reading of doses [25]. 

This method was used to estimate the doses at the various depths 
where the calibration curves were created in the measurement areas—in 
contact with the applicator (1 curve), in a series of skin areas (depending 
on the distance) (3 curves), and behind the shielding disk (1 curve)—up 
to a total of 5 different calibration curves. 

Each of the calibration curves consists of 12 measurement steps. The 
50-mm-diameter skin applicator was used in each step (beam quality 
equivalent to 1.56 mm Al according to the manufacturer). The calibra
tion curve measured on the surface was used to calibrate the films in 
contact with the applicator. Subsequently, the remaining curves were 

Fig. 1. Xoft’s breast cancer IORT applicator (Type 3–4, vol.: 35 cm3).  

Table 1 
Number of patients in the study by type of applicator and volume compared with 
the total number of patients treated up to May 2020.  

Applicator Total patients Study Patients 

Type Volume (cm3) r (cm) % (number) % (number) 

3–4 30 1.93 45.8 (232) 50 (15)  
35 2.03 32 (162) 33 (10)  
40 2.12 13.8 (70) 17 (5)  
45 2.21 5.5 (28)  

4–5 50 2.29 1.8 (9)   
55 2.36 0   
60 2.43 0.4 (2)   
65 2.49 0.4 (2)  

5–6 65–130 2.49–3.14 0.2 (1)    
Total 506 30  
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constructed at different depths for the measurements on skin and for the 
measurement behind the shielding disk. Radiochromic film should be 
calibrated with the same beam hardening as the verification to be car
ried out [26]. 

The reference dose was measured following the manufacturer’s 
recommendations and using the TG-61 protocol with the ionization 
chamber calibrated for this energy. The ExRadin A20 ionization cham
ber (Standard Imaging Inc.), which was calibrated at the Accredited 
Dosimetry Calibration Laboratory of the University of Wisconsin- 
Madison (USA), was used as recommended (Table 2). 

The in-air calibration method for low-energy X-ray beam was used, 
the reference depth for the determination of absorbed dose is at the 
phantom surface (zref = 0). The absorbed dose to water at the phantom 
surface shall be determined according to: 

Dw,z=0 = MNKBwPstem,air

[(
μen

ρ

)w

air

]

air
(1)  

where M is the free-in-air chamber reading, with the center of the sen
sitive air cavity of the ionization chamber placed at the measurement 
point (zref = 0), corrected for temperature, pressure, ion recombination, 
polarity effect, and electrometer accuracy; NK the air-kerma calibration 
factor; Bw the backscatter factor which accounts for the effect of the 
phantom scatter; Pstem,air the chamber stem correction factor accounting 
for the change in photon scatter from the chamber stem between the 

calibration and measurement, and 
[(

μen
ρ

)w

air

]

air
the ratio for water-to-air 

of the mean mass energy-absorption coefficients averaged over the 
incident photon spectrum. 

Devic et al. [25] reported a dependence on beam hardening in the 
response of radiochromic films, in measurements carried out with EBT3 
radiochromic film and this same treatment equipment. The half-value 
layers (HVLs) of the Axxent® were estimated at different depths; at 2 
cm, it was 1.468 mm Al. Since the radius of the average spherical ball 
applicator in the measurements carried out was 2.0 ± 0.1 cm, the use of 
the 50-mm applicator (HVL of 1.56 mm) could be suitable for creating 
the calibration curve used for the measurements on the surface of the 
“balloon”. 

The HVL given by the manufacturer for the 50-mm-diameter appli
cator used was verified by interposing 99.9% pure Al foils. The Axxent® 
operator manual suggests a source to detect a distance of 30 cm, with the 
filters placed 15 cm from the source for the HVL measurements of each 
applicator [27]. 

For all other depths, the corresponding HVL was calculated using the 
TM23342 PTW ionization chamber, which was calibrated in ND,W terms 
(Table 3) at the PTW Calibration Laboratory in Freiburg (Germany) for 
each configuration. The thickness that reduced the measurement to one 
half is obtained by interpolation. 

Depth doses in water were obtained from dosemeasurements at the 
surface and by applying the TG-61 protocol. Percentage depth dose 
(PDD) data were provided by the factory based on measurements 
averaged over 10 sources with the 50-mm skin applicator used. 

In addition, these results were verified by measuring with the 
TM23342 ionization chamber and plastic water slabs (PWDT: CIRS, 
Norfolk, VA), which were suitable for dosimetry of low-energy photon 
beams over the range of energies studied [28], based on the protocol for 

the TRS-398 [29]. The results obtained were similar. 
Three different areas could be distinguished for the absorbed dose 

administered to the skin depending on their distance from the surface of 
the “balloon”: 1–2 cm, 2–5 cm, and >5 cm, as well as the area behind the 
disk that protects the chest wall during treatment of the left breast. 

Using the skin applicator with a 50-mm surface diameter corre
sponding to an HVL of 1.56 mm in Al [30] (Fig. 2), and at several depths 
of solid water (0, 1.5, 3.5, 6 cm, and behind the shielding disk), 5 cali
bration curves were constructed; these were applied depending on the 
measurement area. 

This configuration, although not exact, would aim to get closer to the 
clinical situation in order to obtain skin dose values that offer results 
closer to reality than those provided by the TPS calculation based 
algorithm. 

Model XR-RV3 (batch 02141901) films were custom calibrated by 
cutting pieces of film measuring 5 × 5 cm2. These were then appropri
ately marked and numbered to maintain their orientation in an Epson 
Expression 12,000 XL scanner. 

As the film pieces must be sterilized for use in the surgical environ
ment; sterilized film pieces were also used to construct the calibration 
curves in order to reduce uncertainty. The protocol of Méndez et al. [31] 
was followed. The films used for the calibration were scanned before and 
after irradiation; post-irradiation scanning was always performed 24 h 
later. The scanner was turned on 1 h before use, and 5 scans were made 
before scanning the films to warm up the light source, both before and 
after irradiation. 

The films were scanned in RGB (48-bit) reflection mode with a 

Table 2 
ExRadin A20 calibration data from the Accredited Dosimetry Calibration Lab
oratory of University of Wisconsin-Madison (USA).  

Beam 
Quality 
ExRadin 
A20 

Air Kerma 
Rate 
(mGy/s) 

Air Kerma 
Calibration 
Coeff. (Gy/C) 

Exposure 
Calibration 
Coeff. (R/C) 

Calibration 
Uncertainty 

UW60-M  1.79 3.884 × 108 4.434 × 1010  1.0% 
UW-50-M  2.02 3.927 × 108 4.483 × 1010  1.0%  

Table 3 
TM23342 calibration data from the PTW Calibration Laboratory in Freiburg 
(Germany).  

Beam Quality TM23342 ND,W (Gy/C) Uncertainty 

TW 70 1.102 × 109  3.3% 
TW 50 1.087 × 109  3.3%  

Fig. 2. Measurements with the Xoft 50 mm diameter skin applicator for cali
bration of XR-RV3 radiochromic films. 
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resolution of 75 dpi using Epson Scan software. The maximum range of 
optical density (OD) was applied, and all the image corrections and 
filters were switched off. 

All films were scanned in portrait orientation, one by one, by placing 
the film in the center of the scanner. No correction was applied to 
address heterogeneity in the scanner response, since in no case was an 
area greater than 6 × 6 cm2 in the central part of the scanner. Here, 
uniformity was 0.3%, following the method used by Richter et al. with 
the EBT1 films and the Epson V750 scanner [32]. Each film was scanned 
consecutively 5 times and saved as a TIFF file. The scanned films were 
subsequently read and calibrated using the multichannel method with 
the Multigaussian approach [33]. 

The pieces of film (5 × 5 cm2) were exposed to absorbed doses of 
0–25 Gy. The recommendation is to calibrate up to 20% above the 
maximum to be measured [34]; the maximum absorbed dose is the 
measurement in contact with the applicator, that is, 20 Gy. 

The calibrations were made on 3 different days to verify the results, 
and 2 calibration curves (for each HVL) were constructed, namely, one 
from 0 to 25 Gy and the other from 0 to 5 Gy for the lowest absorbed 
doses in each of the configurations. The absorbed doses were lower on 
those areas of the skin at some distance from the applicator, thus 
enabling us to gain in accuracy. 

Once the films were scanned, the files generated (both irradiated and 
non-irradiated films) were loaded into the Radiochromic.com v3.0 
software application (Radiochromic SL, Benifaió, Spain). 

The calibration curve with each of these images was calculated by 
selecting a region of interest (ROI) of 1 × 1 cm2, to which the dose value 
that had previously been calculated using the ionization chamber was 
assigned. The software algorithm constructs the calibration curve that 
was used to measure the doses of the irradiated films used for the pa
tients [33]. 

2.2. In vivo absorbed dose measurements 

The same calibrated batch of films (XR-RV3, batch 02141901) is the 
one used to cut the pieces that are placed on/in patients with breast 
cancer who underwent surgery and were treated in situ with the 
Axxent® device. 

The day before surgery, strips of film from the same batch were cut. 
Each strip was marked on the back with the numbers 0 to 6; the strips 
marked 1–6 were for use in the patient. The piece marked with a 0 was 
used to maintain the orientation. Each piece of film measured 1 × 1 cm2. 

The strips were cut and marked by a medical physicist wearing 
gloves in a darkened room using a special guillotine to ensure that the 
strips were uniform. These were stored in an opaque envelope, 2 to an 
envelope. The envelopes were then taken to the hospital sterilization 
service, where they were prepared for use in the operating room. 

The strips of radiochromic film were sterilized in a gas plasma ster
ilizer (Sterrad 100S). This technology was designed to process thermo
sensitive materials that could withstand up to 55 ◦C and allow for 
sustained contact with the gas. The standard cycle time was approxi
mately 54 min. Each cycle was monitored by the controls (physical, 
chemical, and biological). The material did not require aeration, as it did 
not leave toxic residues. Once the cycle was finished, the film was 
checked to ensure integrity and sealing of the packages and the process 
controls (physical, chemical, and biological) and was delivered to the 
Medical Physics Department. 

Once the sterilized strips were returned to the Medical Physics 
Department, 1 envelope containing 2 strips was taken to each operation. 
One strip was left on the instrument table, where operating room staff 
cut the strips into small pieces measuring 1 × 1 cm2 according to 
departmental guidelines and placed them on the patient’s skin at 
different points (Fig. 3). 

A piece was placed on the surface of the “balloon”, at least 4 more 
were placed on the skin at different distances, and an additional piece 
was placed on the pectoral muscle behind the shielding disk, although 

only in patients whose left breast was being treated. 
After placing the pieces of radiochromic film, the ultrasound image 

was acquired to ensure the position of the applicator and read the esti
mation of the distance between the applicator and the detectors. This 
step was repeated at the end of the procedure (Fig. 4). 

After irradiation, the films were withdrawn by the surgeons and 
again placed in an opaque envelope, which was taken to the Medical 
Physics Department. 

The pieces were left in an opaque envelope for 24 h until scanning 
under the same conditions as the films used for calibration. 

The files generated after 5 scans of each piece were loaded into the 
Radiochromic.com environment, where they were read using previously 
generated calibration curves. 

After this process, the pieces of film could be read in terms of dose. 

Fig. 3. Handling of radiochromic films in the sterile environment of the 
operating room. The strips are cut and placed on the patient and in contact with 
the applicator. 

Fig. 4. Measurement of the distance to the skin from the applicator with ul
trasound image. 
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The file was then exported to ImageJ v1.52a (https://imagej.nih.gov/ij/ 
), where a reading of the statistical parameters for the central area of 
each piece is obtained (0.5 × 0.5 cm2). 

The absorbed dose values thus obtained were represented as absor
bed dose values very close to the applicator, absorbed doses in the skin 
depending on the distance to the applicator, and absorbed doses in the 
pectoral muscle. 

In addition, the results for the skin were compared with the dose 
calculated by the Eclipse v13.1 TPS (Varian Inc., Palo Alto, CA, USA). 
The available algorithm was the TG-43 [35], with specific parameters 
for the Axxent® system but which does not correct for heterogeneity of 
the medium [36]. 

3. Results 

3.1. Film calibration 

The HVLs for the different depths were measured, and the results are 
shown in Table 4 for each chosen depth. 

The results of in vivo dosimetry were grouped in ranges of distance to 
the source because of the difficulty in accurately measuring these dis
tances to the order of millimeters. The mean distance of each range was 
chosen as the calibration depth except for distances greater than 5 cm, 
where calibration at a depth of 6 cm was used. 

Agreement was good for the PDD curve measured with the TM23342 
ionization chamber, the curve calculated from the data provided by the 
factory, and the measurement made with the ExRadin A20 chamber 
(Fig. 5). 

Five different calibration curves were constructed to enhance the 
accuracy of results (Fig. 6). The netOD was calculated using Eq. (1) 
[37,38]: 

netOD = ODexp − ODunexp = log10
PVunexp − PVbckg

PVexp − PVbckg
(2)  

where PVunexp and PVexp are the readings for unexposed and exposed 
areas of each film, respectively, and PVbckg is the zero-light transmitted 
intensity value. 

The multichannel method with the Multigaussian approach calibra
tion algorithm uses the information from 3 reading channels—red, 
green, and blue—weighted differently based on the covariance matrix 
[33]. 

The Multigaussian method considers that, given a dose D, the 
probability of the response vector z (i.e., the vector with the responses zk 
for each channel) obeys a multivariate Gaussian distribution 

P(z|D)̃Nk(μ(D),Σ(D) ) (3) 

Here, k is the number of different channels (i.e., irradiated channels 
and optionally non-irradiated channels), µ is the vector of expected 
values of the response, and 

∑
is the covariance matrix. 

Σij = cov
[
zi, zj

]
= E[(zi − μi)(zj − μj)

]
(4) 

Values were obtained for absorbed doses of 0–25 Gy in 12 steps. The 
measurements were then read and entered into the Radiochromic.com 

software application, which processes the results and calculates the 
calibration function. 

Furthermore, once the energy response was resolved, 2 types of 
calibration curve were constructed: one for 0–25 Gy and the other for 
0–5 Gy. The same results were obtained with both when calibrating the 
absorbed dose measured in the patients (Fig. 7). 

Farah et al. [19] defined different scenarios for assessment of skin 
dose uncertainty with XR-RV3 Gafchromic™ films. In particular, Sce
nario B involved a well-defined laboratory calibration, whereas other 

Table 4 
Measured HVLs for the photon spectra at different distances from the Xoft 50- 
mm skin applicator in solid water.  

Axxent® (Xoft) Energy: 50 kVp 

Depth in solid water from 50-mm skin applicator (cm) HVLeq (mm de Al) 

0  1.56 
1.5  1.9 
3.5  2.3 
6  2.8 
Behind shielding disk  3.8  

Fig 5. PDDs measured with the TM23342 ionization chamber and the curve 
calculated from the data provided by the factory and the measurement made 
with the ExRadin A20 chamber. 

Fig. 6. Calibration curves in optical density versus dose (Gy) at the surface and 
at depths of 1.5, 3.5, 6 cm and “behind shielding disk” from the Xoft 50 mm 
diameter skin applicator. 

Fig. 7. Calibration curve of 0–5 Gy and 0–25 Gy (red channel) in optical 
density versus dose (Gy) for the 3.5 cm depth from applicator. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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influencing parameters related to clinical application of dosimetry films 
are less controlled; such would be the scenario closest for the dose 
measurements in this study. 

The values provided for PDD calculations with the TG-61 device had 
an uncertainty of 1% depending on the manufacturer. Verification of the 
PDD by measuring with another ionization chamber (Fig. 7) confirmed 
these results. 

The uncertainty for this calculation step to other depths is assumed to 
be 3% following the recommendations of Ma et al. of the TG-61 [39]. 

The values of the uncertainties are shown in Table 5. The un
certainties are expressed as a percentage with a confidence interval of 
68% (k = 1). The final expanded uncertainty has a 95% confidence in
terval (k = 2) [40]. 

The uncertainties for the calculation of the dose with ionization 
chamber are shown in the first part of the table. 

The uncertainty in the value of the raw scan pixels, 0.8% (k = 1), is 
based on the standard deviation of the ROI measured on the darkest film, 
25 Gy [41]. The uncertainty of the field flatness was calculated to be 
0.3% (k = 1). 

The uncertainties in the variability of the film-to-film response 
within a batch and the dose rate response were 1% and 1.5%, respec
tively. Note that the batch-to-batch variation in XR-RV3 film reported by 
Farah et al. [19] might be as high as 7% depending on the scenario; 
consequently, each new batch must be calibrated separately. 

In the study, only 1 batch of film was used, and the low uncertainty in 
the response among the films could increase depending on the batch; a 
more representative value would be 2.5%, as reported by McCabe et al. 
[41]. 

The maximum difference between 2 of 5 successive scans was 0.3%. 

Assuming a rectangular distribution, this leads to a scan-to-scan uncer
tainty of 0.1% (k = 1). As this uncertainty value is less than the variation 
of the pixel value within the ROI, it was concluded that the light from the 
scanner did not cause the XR-RV3 film to darken measurably with each 
subsequent scan, in contrast with other types of radiochromic film [42]. 

The scanner drift was calculated by comparing the initial and final 
background scans while scanning the calibration films. 

The uncertainty of the multichannel algorithm was studied using 
different scanner models. Vera-Sánchez et al. [43] reported uncertainty 
of 1% with the Epson 12000XL for low doses. 

Any uncertainties in the orientation of the films or variations in 
humidity and temperature during transport and storage were reported 
owing to the special precautions in which the study was conducted. 
However, such eventualities should be considered if precautions are not 
optimal. 

The final calibration curve traceable to the NIST extended the un
certainty for calculating the dose of the film (10.4% k = 2). 

3.2. In vivo absorbed dose measurements 

Dose measurements were performed with radiochromic films in 30 
patients who underwent IORT with the Axxent® device based on the 
TARGIT study. A total of 166 measurements were recorded and grouped 
depending on their distance from the applicator (Table 6). 

The dose values obtained for the target and the skin were compared 
with those given by the TPS at these distances. The values obtained for 
the in vivo dose are lower than those calculated by the TPS for all skin 
cases. Results for the prescription site (20 Gy vs 19.8 ± 0.9 Gy) revealed 
a less than 1% difference and are, therefore, not shown in the figure 
(Fig. 8). 

4. Discussion 

Beam hardening in IORT has been previously studied for the energies 
used here [44] based on the energy response of several models of radi
ochromic films [45], specifically XR-RV3 [41]. The various studies 
conducted to investigate the energy dependence of EBT GafChromic™ 
dosimetry films agree that different EBT film models were near tissue- 
equivalent [46] and that the responses of the films are energy- 
independent down to about 100 keV [47]. However, they varied in 
their findings in the energy range ≤100 keV [48]. In the photon energy 
range of 100–18 MeV, the absorbed-dose energy dependence is found to 
be energy-independent within 0.6%. However, below 100 keV, the 
absorbed-dose energy dependence of EBT varies by approximately 10% 
[46]. 

Given the beam hardening at different depths on the range of mea
surements in patients [25], measurements with different calibration 
curves have proven to be essential for validating in vivo absorbed dose 
readings and validating the results at the different sites studied [26]. 

In Devic et al. [25], values for HVL were used to select the appro
priate calibration curve at each measurement point within the water 
phantom in the measurement range 2–6 cm. HVL values vary from 
1.468 mm Al to 2.403 mm Al. The authors reported that in this region, 
the same signal could produce a relative dose measurement error of 5% 
if the beam hardening effect is ignored. They also remarked that accu
rate dose measurement using radiochromic films in low photon energies 
require the radiochromic film dosimetry system to be calibrated at beam 
qualities corresponding to measurement points, as a significant beam 
hardening effect occurs as a function of depth in water for the 50-kVp 
source. The radiation source and the 50-mm skin applicator together 
have an HVL of 1.56 mm according to the manufacturer; this was 
corroborated by experimental measurements. In the results reported by 
Devic et al., the source at the 2-cm depth has an HVL of 1.468 mm, 
which is very close to the abovementioned configuration. Thus, the 
curve for the measurement of the in vivo dose in contact with the 
“balloon” was calibrated to represent the prescription area (the average 

Table 5 
Uncertainty analysis for measured film data expressed as a percentage.  

Determination of dose at other points in water Uncertainty (%) 

NK from calibration laboratory 1.0 Calibration 
Certificate 

Effect of beam-quality difference between calibration 
and measurement 

2.0 TG-61 [39] 

Backscatter factor Bw 1.5 TG-61 
Pstem,air 1.0 TG-61 
[(

μen
ρ

)w

air

]

air  

1.5 TG-61 

In-air measurement in the user‘s beam 1.5 TG-61 
Combined standard uncertainty for Dw,z=0 3.6  
Determination of dose at other points in water 3.0 TG-61 
Combined standard uncertainty for Dw,z 4.7   

Uncertainty parameter Type 
A  

Type 
B  

Determination of dose at other 
points in water    

4.7  

Beam uniformity    0.3 McCabe et al 
[41] 

Film-to-film uniformity in 1 batch    1.0 Results Section 
D. 

Dose-rate film response    1.5 McCabe et al 
[41] 

Setup error and film positioning    0.3 McCabe et al 
[41] 

Multichannel algorithm 
uncertainty    

1.0 Vera-Sánchez 
et al[43] 

Shutter error    0.1 McCabe et al 
[41] 

Pixel value uncertainty within ROI  0.8    
Scan-to-scan uncertainty  0.1    
Sterilization process  0.5    
Scanner drift  0.1    
Quadratic sum  1.0   5.1  
A and B quadratic sum   5.2   
Dose per film response % 

uncertainty (k = 1)   
5.2   

Dose per film response expanded 
% uncertainty (k = 2)   

±10.4    
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radius of the spherical “balloon” in the patients measured is 2.0 ± 0.1 
cm). From there, curves were plotted for the depths of 1.5, 3.5, and 6 cm 
of solid water, representing depths of 3.5, 5.5, and 8 cm in the clinical 
environment. HVL values were obtained in accordance with those of 
Devic et al. [25]. 

The films were calibrated to reproduce the clinical conditions of 
beam hardening. The configurations chosen for each of the selected 
areas did not exactly reproduce the conditions of the beam in each sit
uation. It would be impossible to have a calibration for each of the 
measurements, since, in addition, the distance of the pieces of film to the 
source placed on the patient, could not be measured with the same 
precision as the depth in water of the measurement in phantom. 

The configurations outlined above were chosen to improve the re
sults of the in vivo dose measurements. 

The objective of in vivo measurements was to know if the dose 
calculated by the TPS in the different areas (clinically noteworthy) are 
reliable. According to the TG 186 report, for treatments with low energy 
in areas of breast tissue and near the surface (atomic number gradient 
border) the TG 43 overweighs the dose values, as shown by the present 
results. Farah et al. [19] reported that XR-RV3 films showed large var
iations (up to 15%) in radiation quality in both standard laboratory and 
clinical conditions and considered it mandatory to choose the appro
priate calibration beam quality depending on the characteristics of the 
X-ray systems to be used in clinical practice. The energy dependence of 
radiochromic films lies mainly in their chemical composition, which 
changes from batch to batch [19]. Therefore, the film response must be 
checked for each batch. In this work, all the measurements were made 
with the same batch, with the result that uncertainty was reduced. Each 
of the films irradiated was calibrated with its corresponding calibration 
curve adjusted for beam hardening, with a gain in the accuracy of the 
results. Measurements at more distant areas of the skin were taken with 
a calibration curve of 0–5 Gy to increase accuracy owing to the low doses 
expected in this area. 

The films used for calibration were previously sterilized, as were 
those used for in vivo measurement, so that uncertainty was reduced. 
Although the values of the sterilized and non-sterilized film were close 
for 0 Gy, in the case of 3.5 Gy, they were 1.6% for the red channel and 

1.8% for the green channel. 
The multichannel algorithm was used [33], thus optimizing each of 

the channels in the corresponding dose range. The algorithm gives more 
weight to the red channel in the initial intervals and to the green channel 
from 10 Gy onwards. 

In the case of the Epson 12000XL scanner, the multichannel algo
rithms generated less uncertainty in the estimations for doses lower than 
4 Gy [43] than for those obtained for skin measurements. 

In clinical practice, the absorbed dose prescribed was 20 Gy on the 
surface of the “balloon” at the measurement points. Therefore, absorbed 
doses of around 20 Gy on the surface of the “balloon” and lower 
absorbed doses of around 0–5 Gy at the different points on the skin and 
behind the pectoral muscle were expected. 

In addition to using the multichannel algorithm, 2 different sensi
tometric curves were plotted to obtain greater accuracy in each of the 
readings in such a way that there was a calibration of 0–5 Gy for the 
measurements expected for lower doses and another for the measure
ments expected for higher doses that cover up to 25 Gy. 

The results showed that the absorbed dose ranges were clearly 
divided into low-dose and high-dose ranges, although when the readings 
of the film were taken with the expected doses below 5 Gy and a 
sensitometric curve of 0–25 Gy, the results differed by less than 2%. 

Based on the TARGIT study, XR-RV3 radiochromic films were char
acterized by an energy response, dynamic dose range, and temperature 
independence that make them appropriate for in vivo dosimetry in IORT 
delivered to the breast. 

Integration of the in vivo dose measurement procedure in the oper
ating room was fast and did not interfere with any of the clinical stages. 
The surgeons quickly learned to manage the films, which arrived in 
opaque envelopes as numbered strips. The presence of the films in the 
surgical bed does not deform breast tissue or modify the dose absorbed 
around the tumor. 

The absorbed dose values in the area of the tumor were as expected; 
the film was in direct contact with the “balloon”. 

The absorbed dose in the skin depends on the closeness to the radi
ation source. A minimum distance of 1 cm to any point on the skin was 
always maintained; this distance is measured and verified using ultra
sound in the operating room by the surgeons. 

Other detectors, such as thermoluminescence dosimeters (TLDs), 
have been used to measure doses in the skin. Fogg et al. [49] placed the 
TLDs at 8 points ranging from 5 to 15 mm from the incision in 57 pa
tients and reported delivering the maximum dose in all 8 TLDs. The 
mean (SD) dose in the 57 patients was 2.93 (1.46) Gy. Avanzo et al. [23] 
placed the films in such a way that the closest were 1–2 cm from the 
applicator. The highest absorbed dose was 4.7 Gy, with a mean of 2.22 
Gy in the closest area, which was similar to the average absorbed dose in 
the skin obtained in the study by Fogg et al. 

Similarly, Ciocca et al. [14] found a mean deviation of 1.8% ± 4.7% 
between the expected dose and in vivo measurement with radiochromic 
films. 

Other radiochromic film models have been used in IORT procedures 
[22,50]. 

Petoukhova et al. [22] measured the in vivo dose for electron IORT 
with MOSFET dosimetry for 27 patients and GafchromicTM film dosim
etry for 20 patients. The entry dose for the breast tissue, as measured 
with MOSFETs (mean value 22.3 Gy, SD 3.4%), agreed with the 

Table 6 
Results of in vivo dosimetry measurements grouped by organ (skin and pectoral muscle) and by distance from the applicator (tumor bed) in the case of skin.  

Site of measurement Average dose (Gy) Dose range (Gy) SD (Gy) TPS Average dose (Gy) “Balloon” volume (30/35/40) cm3 No. of measurements 

“Balloon” surface  19.8 18.8–20.7  0.9  20.0 (15/10/5) 30 
1–2 cm from “balloon”  1.86 0.9–3.8  0.77  2.1 (35/20/5) 60 
2–5 cm from “balloon”  0.73 0.4–0.9  0.14  1.0 (20/15/5) 40 
>5 cm from “balloon”  0.28 0.03–0.4  0.17  0.4 (10/5/5) 20 
Pectoral muscle  0.51 0.3–0.9  0.27  (9/5/2) 16  

Fig 8. Dose values obtained for the target and the skin compared with those 
given by the TPS at these distances. 
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expected dose (mean value 21.9 Gy) to within 1.7%. The dose in breast 
tissue, as measured with radiochromic films (mean value 23.50 Gy), was 
on average within 0.7% (SD = 3.7%, range –5.5% to 5.6%) of the pre
scribed dose of 23.33 Gy. 

Also in electron IORT, Avanzo et al. [50] reported that the in vivo 
dose was 3.1% larger (one-sample t test, p ≪ 0.001) than the prescribed 
dose, with a standard deviation of 4.7% and 95% confidence intervals of 
–6.4% and 12.4% measured using MOSFET detectors. 

The absorbed doses measured in the skin of the study patients were 
lower on average (1.93 Gy), although very close to those of Avanzo et al. 
[23]. The maximum absorbed dose was 3.8 Gy, which was always below 
the threshold of 6 Gy, the limit for skin damage after a single exposure to 
X-rays [51]. Dose measurements in the skin at greater distances from the 
applicator revealed a rapid decrease, to a few cGy at >5 cm from the 
applicator, as was expected. 

Therefore, this procedure, which combines surgery with radio
therapy, involves no significant problems in terms of risk of cutaneous 
adverse effects, providing that some distance is maintained between the 
borders and the applicator during irradiation (at least 1 cm according to 
the protocol). 

Measurements in the pectoral muscle (shielded by tungsten), which 
were taken in the left breast, reveal that doses are sufficiently low not to 
expect damage to the heart as administered during the procedure. 

The doses measured for the skin were markedly lower than those 
obtained in the TPS. 

For low-energy sources, the photoelectric process is dominant; dif
ferences in mass-energy absorption coefficients between various tissues 
and water [52] could result in significant dose differences depending on 
the medium chosen for radiation transport and energy deposition. 

Taylor demonstrated differences of up to 25% between dose to local 
medium and dose to water for breast tissue for the Xoft electronic 
miniature X-ray source with the dose ratio changing by nearly 25% over 
5 cm [53]. 

The TG-43 parameters of a brachytherapy source were obtained in a 
homogeneous water phantom; however, in clinical practice, the 
brachytherapy sources are located inside the patient’s tissues. The 
different mass absorption coefficients, radiation scattering, and attenu
ations in materials with different compositions would alter the dose 
distribution in comparison with water. There are also other tissues in
side the human body with more differences in density, atomic number, 
and chemical compositions (e.g. bone, breast, lung), for which many 
more discrepancies are observed in TG-43 parameters than in the water 
phantom [54]. 

Duque et al. [55] reported the dosimetric impact of replacing the TG- 
43 algorithm with a model-based dose calculation for liver brachy
therapy and found that the dose calculated with TG-186 was on average 
lower than that calculated with TG-43. 

White et al. [56] compared TG-43 and TG-186 in breast irradiation 
using Axxent® and reported that all simulated heterogeneous models 
yielded a dose that was smaller than the dose-volume-histogram metrics, 
which was dependent on the method of dose reporting and patient ge
ometry. Based on a prescribed dose of 34 Gy, the average D90 to PTV 
was reduced by between ~4% and ~40%, depending on the scoring 
method, compared with the TG-43 result. The peak skin dose was also 
reduced by 10%-15% owing to the absence of backscatter not accounted 
for in TG-43. Therefore, the results obtained on skin were expected to be 
lower than those obtained with the TPS. 

The discrepancies between the in vivo dosimetry measurement re
sults and those given by the TPS were larger than expected according to 
the estimated uncertainty which is explained considering the hetero
geneous media influence in the case of low energies. 

5. Conclusions 

This study demonstrates the viability of in vivo dosimetry using 
radiochromic film and the appropriateness of the XR-RV3 model for 

IORT, in terms of dosing range and energy response. Although one 
should be careful in the film calibration procedure because the uncer
tainty was high and might be higher depending on the calibration 
scenario. 

The radiotherapy procedure used is difficult to verify in any other 
way. The approach used in the present study guarantees the quality of 
treatment, since the dose was verified directly. 

The model used shows that the features and versatility of the radi
ochromic film model studied are suitable for this procedure, since the 
film is specifically designed for the dose and energy ranges applied. 

In addition, the doses delivered to the surgical bed were confirmed to 
be appropriate and those delivered to the organs at risk were sufficiently 
low the results measured on skin were lower than those calculated by the 
TPS. 

The results for and the simple implementation of the procedure in the 
operating room suggest that this approach should continue to be used 
owing to the associated increase in quality. 
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