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A B S T R A C T

Purpose: The purpose of this study was to compare the delivered dose to the expected intraoperative radiation
therapy (IORT) dose with in vivo dosimetry. For IORT using electrons in accelerated partial breast irradiation,
this is especially relevant since a high dose is delivered in a single fraction.
Methods: For 47 of breast cancer patients, in vivo dosimetry was performed with MOSFETs and/or GAFCHROMIC
EBT2 films. A total dose of 23.33 Gy at dmax was given directly after completing the lumpectomy procedure with
electron beams generated with an IORT dedicated mobile accelerator. A protection disk was used to shield the
thoracic wall.
Results: The results of in vivo MOSFET dosimetry for 27 patients and GAFROMIC film dosimetry for 20 patients
were analysed. The entry dose for the breast tissue, measured with MOSFETs, (mean value 22.3 Gy, SD 3.4%)
agreed within 1.7% with the expected dose (mean value 21.9 Gy). The dose in breast tissue, measured with
GAFCHROMIC films (mean value 23.50 Gy) was on average within 0.7% (SD=3.7%, range −5.5% to 5.6%) of
the prescribed dose of 23.33 Gy.
Conclusions: The dose measured with MOSFETs and GAFROMIC EBT2 films agreed well with the expected dose.
For both methods, the dose to the thoracic wall, lungs and heart for left sided patents was lower than 2.5 Gy even
when 12MeV was applied. The positioning time of GAFCHROMIC films is negligible and based on our results we
recommend its use as a standard tool for patient quality assurance during breast cancer IORT.

1. Introduction

Since the publication of ASTRO [1] and ESTRO [2] guidelines, Ac-
celerated Partial Breast Irradiation (APBI) to irradiate the tumour bed
after lumpectomy is indicated as a standard of care for low risk breast
cancer patients. According to the adapted ASTRO guidelines [3], APBI
has been tested in a number of trials with several hundred patients over
the last 10 years and shown, in properly selected breast cancer patients,
similar outcomes as with whole breast radiotherapy.

Intraoperative radiotherapy, using electrons, as delivered by a
single dose was introduced by U. Veronesi et al. (ELIOT) [4] and is one
of the APBI techniques. ELIOT was delivered by mobile linear accel-
erators immediately after lumpectomy (and sentinel node procedure)
with a single dose of 21 Gy (prescribed at the 90% isodose). To protect

normal tissues during the ELIOT procedure, a protection disk was used
[5].

In vivo dosimetry is an important tool to check whether the deliv-
ered dose conforms to the expected dose. Only a few in vivo dosimetry
studies for electron IORT have been published until now [6–12]. For
single fraction IORT treatments like ELIOT, this is especially relevant
since a high dose is delivered in a single fraction. Ciocca et al. [6] de-
scribed in vivo dosimetry with MD-55-2 radiochromic films (GAF-
CHROMIC, International Specialty Products, USA) to measure entrance
dose during the ELIOT procedure with an estimated overall uncertainty
of 4%. In their breast protocol, Consorti et al. [7] applied MOSFETs
(metal-oxide semiconductor field-effect transistors) for real-time in vivo
dosimetry and concluded that the measured dose between the protec-
tion disk and mammary tissue was within± 5% of the predicted values.
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Ciocca et al. [8] achieved comparable results with micro-MOSFETs in
measuring entrance doses during ELIOT procedures. Some dis-
advantages of MOSFETs were found, such as limited lifetime and the
anisotropy with no build-up. Moreover, MOSFET dosimetry remains a
single-point measurement while the use of radiochromic films gives
detailed two-dimensional information on the dose distribution. López-
Tarjuelo et al. [11] used MD-55-2 radiochromic films and MOSFETs
simultaneously for in vivo measurements. They concluded that films are
less stable and showed a higher uncertainty (SD=9%) than MOSFETs
(SD=6.7%), but are useful and convenient if real-time treatment
monitoring is not necessary. The introduction of radiochromic EBT
(external beam therapy) films gave a new impetus to in vivo film do-
simetry as two-dimensional detectors due to improved film sensitivity
and uniformity. Robatjazi et al. [12] presented results of in vivo dosi-
metry with EBT2 films of the surface dose in ten patients with early
stage of breast cancer.

The aim of this work was to measure in vivo simultaneously the
breast tissue dose as well as the dose behind the protection disk with
MOSFETs and GAFCHROMIC films during a single fraction IORT pro-
cedure. Such measurements are important to estimate the dose to or-
gans at risk (OAR) such as ribs and lungs and, for patients with left
sided breast cancers, the heart. The measurements of the dose behind
the protection disk with MOSFETs and GAFCHROMIC films were not
performed in Refs. [6–12]. Additionally, with in vivo GAFCHROMIC
film dosimetry we monitor protection shield misalignment and display
the isodose lines in front and behind the protection disk for Accelerated
Partial Breast Irradiation.

2. Materials and methods

2.1. Patients

During the period May 2010–December 2015, 381 low-risk breast
cancer patients ≥60 years were treated with a single fraction IORT in
our institution. The following inclusion criteria were used: invasive
breast cancer or ductal carcinoma in situ (DCIS) in female patients aged
60 years or older, tumour size less than 3 cm, tumour-free resection
margins of at least 2 mm and absence of axillary lymph node metastases
[13]. Electron IORT was given directly after completing the lum-
pectomy and the sentinel node procedure (and confirmed absence of
axillary lymph node metastases). During the surgical procedure, the
presence of a tumour-free resection margin of at least 2mm was
checked by visual inspection of the lumpectomy specimen by the pa-
thologist in case of a palpable lesion, or was determined by specimen
radiology in case of a nonpalpable lesion. Written informed consent was
obtained in all cases.

After the breast resection, a protection disk (6mm of Al+ 3mm of
Cu) at least 2 cm larger than the applicator diameter was placed be-
tween the distal face of the residual breast and the pectoralis muscle. A
needle controlled the position of the protection disk during the opera-
tion. The composition of the protection disk was chosen to attenuate the
beam almost completely for both considered energies (0.3% and 0.6%
of residual dose for 9MeV for 12MeV, respectively) causing as little as
possible backscatter radiation according to Monte Carlo calculations
[14]. The authors reported that the results of ionization measurements
were higher, i.e. 1.2% for 9MeV and 2.0% for 12MeV.

IORT with a total dose of 23.33 Gy at 100% (21 Gy at 90%) was
given during the operation according to the method described in the
ELIOT study [4]. The Clinical Target Volume (CTV) was defined as the
tumour diameter plus 1 cm margin (minus the minimum surgical tu-
mour free margin). The applicator diameter (field border) was 2 cm
larger than the CTV with the minimal applicator diameter of 4 cm.
Complete skin sparing was verified in each case. Dose specification was
determined at the 100% (dmax) according to ICRU 71 [15] with the
requirement that the 90% isodose must enclose the target volume.

For 47 of these patients, in vivo dosimetry was performed with

MOSFETs (metal-oxide semiconductor field-effect transistors, TN-
502RD) or/and GAFCHROMIC EBT2 films. For each method, first fif-
teen patients were consecutively chosen while the rest was randomly
selected.

2.2. IORT accelerator

All patients were irradiated with electron beams generated with an
IORT dedicated mobile accelerator (Mobetron 1000, INTRAOP, USA).
This accelerator delivers only electrons and possesses a set of cylindrical
stainless steel applicators from 3 up to 10 cm in diameter, in increments
of 0.5 cm. For each field size, bevelled applicators of 15° and 30° are
also supplied. Commissioning measurements were performed according
to Mills et al. [16]. All measurements were carried out in a Wellhöfer
watertank and based on these measurements the dose in water could be
calculated for each energy and applicator combination. Additionally a
transmission through the protection disk was measured for each energy
with different applicators and found to be 0.5%, 1.0% and 10.9% for 6,
9 and 12MeV, respectively. The transmission values for 9 and 12MeV
are higher than reported by Martignano et al. [14], probably because of
a higher beam quality of the Mobetron in comparison with the energies
of a linac (Elekta Precise) used for the Monte Carlo dose calculation.
Before patient treatments, a quality control check with a dedicated
quality assurance applicator from IntraOp was performed for each en-
ergy, as described by Mills et al. and according to the AAPM TG72
Report [17] recommendations. In five and half years the output and
energy (ΔR50) stability relative to reference conditions were within 1%
and 2mm, respectively.

Out of 381 patients, 52%, 45% and 3% were irradiated with 12, 9
and 6MeV, respectively. R50 of these energies for a 10 cm in diameter
applicator are, respectively, equal to 4.88, 3.61 and 2.47 cm. R100
(dmax) of 12, 9 and 6MeV are, respectively, equal to 2.20, 1.83 and
1.24 cm. Source to surface distance using the Mobetron applicators is
approximately 50 cm. A needle at three or more points measured the
tissue thickness from the surface till the protection disk. The maximum
thickness was used to determine the energy used. A 0.5 cm or 1.0 cm
water equivalent acrylic bolus supplied by IntraOp was used to increase
the entrance dose to at least 90% and to create a more homogeneous
thickness of breast tissue. The most used (41%) applicator diameter was
5 cm (range: 4–6.5 cm). The angle of the applicator was equal to 0° in
most cases (76%), or bevelled (15° and 30° in 11% and 13%, respec-
tively).

The Mobetron has a soft-docking system to align the treatment head
to the applicator.

Formal beam calibration was performed on the treatment day for
quality control purposes. We applied the output factor measured with
the Roos chamber in a homemade acrylic plastic phantom to the patient
measurements because the measurements with the IntraOp quality as-
surance (QA) tool are relative.

2.3. MOSFET measurements

The MOSFET system in our institution consists of an online wireless
read-out system (for up to 5 detectors) and several MOSFET detectors
(Thomson Nielsen TN-502RD) based on a dual-MOSFET dual-bias de-
sign [18]. The dual-bias design uses the difference between the two
differently biased MOSFET readings as a measure for absorbed dose,
resulting in better characteristics for e.g. temperature dependence [19].
The lifespan of the MOSFET detectors is limited to ∼20,000mV, cor-
responding to a dose range of 20,000 cGy for a standard bias setting.
The basic evaluation of the MOSFETs consisted of measurement of
linearity with dose, reproducibility in time, dose rate and energy de-
pendence for electron beams of a conventional linear accelerator (Sy-
nergy, Elekta). The measurements of dose linearity, dependency on
field size, dose rate, energy and angular response for electron beams in
the range of 4–12MeV were also performed at the Mobetron in a

A. Petoukhova et al. Physica Medica 44 (2017) 26–33

27



homemade acrylic plastic (PMMA) phantom at the depth of dose
maximum.

2.4. MOSFET in vivo dosimetry

The in vivo dose measurements were executed by attaching the first
MOSFET detector under the bolus at the end of the applicator ap-
proximately in correspondence with the beam axis and the second de-
tector behind the protection disk, which was used to shield the thoracic
wall. Each MOSFET detector was packed in a sterile and transparent
plastic bag. The MOSFET detectors were oriented with their epoxy side
towards the radiation beam.

The field perturbation by the MOSFET was assessed using by film
dosimetry (KODAK X-Omat V) with a 6 cm applicator at the dose
maximum in the custom made PMMA phantom. Additionally, the in-
fluence of the sterile bag as a difference in MOSFET readings with and
without this bag was measured.

Calibration of the MOSFET detectors was done by measuring the
absolute dose with a Roos plane-parallel ionization chamber on the
same day. The calibration measurements were performed with the
electron beams of the Mobetron in a homemade PMMA phantom
(30× 30×20 cm3) at the depth of dose maximum for each energy.
This calibration of the MOSFETs in the PMMA phantom was cross-
correlated to the absolute dosimetry in a water phantom.

The expected dose was calculated under the water equivalent bolus
and behind the protection disk based on the thickness of the breast
tissue and the transmission of this disk. These calculations were made
on basis of water measurements and taking the geometry of the beam
into account.

2.5. GAFCHROMIC EBT2 film, scanning procedure

The structure of the EBT2 GAFCHROMIC (International Specialty
Products, USA) film model is made by combining clear polyester over-
laminate with the active film coating. The substrate of the active film is
clear (175 µm) polyester coated with an active layer film (nominally
30 µm thick) over which a topcoat (nominally 5 µm) is applied. The
over-laminate (50 µm) polyester with approximately 25 µm of pressure-
sensitive adhesive is bound to the coated side of the active film. The
EBT2 films (8× 10 inch sheets, from one batch) used in this study were
handled according to manufacturer recommendations [20] and those
outlined in the American Association of Physicists in Medicine (AAPM)
Task Group Report 55 [21]. According to these recommendations all
colour corrections and image enhancement options were disabled to get
the raw data without pre-processing. The EBT2 films were scanned with
EPSON V750 PRO colour scanner 24 h after irradiation to reduce time-
after-exposure differences in 48-bit RGB mode. The images were ac-
quired in transmission mode. The spatial resolution of the scans was 72
dots per inch. For calibration purposes, a film was cut in strips of
10×8 cm2. For in vivo dosimetry, the strips of 8 cm in diameter were
used to be of the same size as the most used protection disk. During the
cutting of the films, all strips of the films were scanned in the same
direction according to labelling in respect to the original sheet. More-
over, each piece of the film was placed in the centre of the available
scan area to reduce the lateral artefacts [22,23]. The optical density is
greater at the lateral edges of the scanner’s field of view and this effect
is also dose-dependent, being smaller at low doses, but becoming more
substantial at higher doses. An unexposed film representative for this
batch was scanned as well.

2.6. GAFCHROMIC EBT2 film in vivo dosimetry

During the dose measurements with GAFROMIC films, the first and
the second films were placed before and after the protection disk, re-
spectively. For sterilization purposes, the protection disk together with
the GAFCHROMIC films was packed in a sterile foil (OpSite Flexifix).

According to Baghani et al. [24], the EBT2 film response is in-
dependent of physical parameters of intraoperative electron beam in-
cluding energy, field size, dose rate, and incidence angle. Our calibra-
tion measurements of the GAFCHROMIC films were performed with the
electron beams of the Mobetron with an applicator of 6 cm in diameter
in the same custom made PMMA phantom at the depth of approximate
dose maximum for each energy (9 and 12MeV). Cross-calibration of the
GAFCHROMIC films was performed by measuring the absolute dose
with a Roos plane-parallel ionization chamber in the same PMMA
phantom. Additionally, the calibration measurements were performed
for each film placed at the depth of approximate dose maximum on the
aluminium part of the protection disk in the same PMMA phantom. This
was done to determine the degree of backscattering due to the pro-
tection disk (6 mm of Al+ 3mm of Cu) and to be able to account for
this.

2.7. Image processing and dose response curve

According to the manufacturer, in principle any of the colour
channels of GAFCHROMIC films could be used for measurements.
However, it is preferable to use the colour channel that has the greatest
response gradient, i.e. the highest change in response per unit change in
dose. Using this criterion it is clear that for doses> 10 Gy the response
gradient is the greatest in the green colour channel. At doses in the
range 5–10 Gy the response gradients are similar in the red and green
channels. The response in the blue channel has a substantially lower
response gradient because of the influence of the marker dye.

A MATLAB 7.5.0 program (Math Works, US) was written to stan-
dardize processing of GAFCHROMIC film images based on the work-
around proposed by A. Micke [22] and Lewis [23] for single channel
dosimetry. The main steps of this workaround are:

1. Scan all films in the RGB (red, green and blue) mode on a colour
scanner.

2. Convert the red, green and blue response from raw scanner values to
transmittance (T):

3. T= scanner value/65535
4. Measure the average transmittance in the centre (1.5 cm in dia-

meter) of the calibration films to get responses in the red, green and
blue colour channels and fit it to the function:

= + +T(D) (A· D B)/( D C)

where D is the dose and A, B, C are constants.

5. Plot each channel optical density (−log10(T)) versus dose.
6. Use the function in Step 3 to convert the measurement films, from

transmittance values to dose values for green and red channels for
the energy used.

Based on measurements with 6MV photons, Devic et al. [25] re-
commended using the red channel of EBT (external beam therapy)
GAFCHROMIC films in the dose range from 0 to 4 Gy, the green channel
from 4 to 50 Gy and the blue channel for doses above 50 Gy to get both
precision and accuracy below 1.5%. For electron IORT, Robatjazi et al.
[12] used a calibration of the EBT2 film at 0–8 Gy for machine quality
assurance by analysis of the red channel and 8–24 Gy for patient-spe-
cific QA by an analysis of the green channel. According to
[12,22,25,26] the green and red colour channel were used in this work
for the dose evaluation in front of and behind the protection disk, re-
spectively.

3. Results

3.1. Basic evaluation of MOSFETs

Basic evaluation of MOSFETs at a conventional linear accelerator
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led to the following results: good dose linearity in the range of
0.1–10 Gy, with variations less than 3% in successive measurements; no
dose rate dependence (100–400MU/min); and small (within 3%) en-
ergy dependence. The results of basic evaluation of the IORT dedicated
mobile accelerator were: good dose linearity in the range 2–20 Gy; no
or only small (within 3%) energy dependence (4, 6, 9 and 12MeV); no
or only small (within 3%) field size dependence (3, 6 and 10 cm in
diameter); no temperature dependence (21–41 °C); no or only small
(within 3%) angular dependence (0–180°). The calibration factors de-
pend on threshold voltage (see Fig. 1).

For the IORT dedicated mobile accelerator, the inherent uncertainty
of MOSFETs in the measurement under reference conditions was 2.5%.

3.2. MOSFET in vivo dosimetry

The results of in vivo MOSFET dosimetry for 27 patients are shown
in Fig. 2. The dose measured with MOSFETs under the bolus at the
breast tissue surface (mean value 22.3 Gy, position 1, see Fig. 3) agrees
within 1.7% (1 SD=3.4%, range: from −9.1% to 5.9%) with the ex-
pected dose (mean value 21.9 Gy). For a single patient measurement
with MOSFETs, the inherent uncertainty was 3.5% for position 1 and
about 5% for position 2, even for bevelled applicators. In 3 and 8 of 27
patients the applicators of 15° and 30° were used, respectively, and the
results were also very good even for these applicators. The maximum
deviation of -9.1% from the expected dose was registered because of a
displacement in the position of the MOSFET.

The influence of the sterile bag on the MOSFET was measured with
6MeV electrons and resulted in a difference of MOSFET readings of
0.8%, i.e. within the uncertainty of the MOSFET measurements. The
dose perturbation by the MOSFET resulted in the maximum decrease in
dose in the underlying tissue of 2%.

The dose measured with MOSFETs under the protection disk was
less than 2.1 Gy (mean dose 0.2 Gy, range: 0.05 Gy to 2.05 Gy) even for
12MeV. For 6 and 9MeV the measured dose was less than 0.2 Gy. The
expected dose averaged over 27 patients was 0.6 Gy (range: 0.1 Gy to
2.33 Gy).

3.3. GAFCHROMIC EBT2 film in vivo dosimetry

The calibration curves for the red, green and blue colour channels
are presented in Fig. 4 for EBT2 GAFCHROMIC films placed at the same
depth in the PMMA phantom (a, b) and on top of the aluminium part of
the protection disk (c, d) in the same PMMA phantom for 9 and 12MeV.
In the case of measurements on the protection disk, the dose was taken
without correction for backscattering. For each colour channel and each
energy, a difference was clearly seen. Afterwards, this difference was
minimized by correcting for a backscatter effect of 9% for 9MeV and
12MeV (see Fig. 4).

For a measurement under reference conditions and a single patient
measurement with GAFCHROMIC films, the inherent uncertainty was
approximately 2% and 3% for position 1 (approximately 4% for posi-
tion 2), respectively. The dose measured with GAFCHROMIC films at

Fig. 1. Calibration factor (CF) for MOSFET readings (mV/
cGy) versus threshold voltage for two out of six MOSFET
detectors used. All measurements were done on the
Mobetron accelerator, using an applicator of 10 cm in dia-
meter. The error bars indicate the standard deviation of 3 or
4 measurements.

Fig. 2. Results of MOSFET in vivo measurements for 27
patients under the water equivalent bolus at the breast
tissue surface (position 1) and behind the protection disk
(position 2) in comparison with the expected dose for 6
(green), 9 (red) and 12MeV (blue). (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the centre of the irradiated area in depth of breast tissue (in front of the
protection disk, green channel, without backscattering correction)
(mean value 23.61 Gy) was on average for 15 patients within 1.2%
(SD=3.6%, range −4.7% to 5.8%) of the prescribed dose of 23.33 Gy
(see Fig. 5). The average breast tissue depth for these measurements
was 1.87 cm (range: 1.1 to 3.0 cm). The results of GAFCHROMIC film in
vivo dosimetry using the calibration in PMMA are, after correction for
backscattering, also in a good agreement (mean value 23.50 Gy, mean
value difference= 0.7%, SD=3.7%, range −5.5% to 5.6%) with the

prescribed dose. In 2 and 4 of the 15 patients bevelled applicators of 15°
and 30° were, respectively, used and the deviations of the results were
larger for these applicators than for the applicators of 0°.

The dose measured at the highest dose area behind the protection
disk averaged over 20 patients was 0.62 Gy, 0.21 Gy for 9MeV and
1.38 Gy for 12MeV (see Fig. 5). For three out of 20 patients, the dose
behind the protection disk was also measured with MOSFETs and these
results were in a good agreement with GAFCHROMIC film measure-
ments: MOSFETS dose 0.04, 0.23, 0.05 Gy and GAFCHROMIC dose 0.2,

Fig. 3. The first MOSFET detector was taped under the bolus at the end of the applicator, and then the bolus with the detector was packed in a sterile bag (position 1, a). The second
detector was attached behind the protection disk and then the disk with the detector packed in a sterile bag (position 2, b). The placement of the protection disk with EBT2 GAFCHROMIC
films packed in a sterile bag in the breast tissue (c).

Fig. 4. Calibration curves for the red, green and blue colour channels for EBT2 GAFCHROMIC films placed at the same depth in the PMMA phantom and on top of the aluminium part of
the protection disk in the same PMMA phantom for 9MeV (a) and 12MeV (b). Calibration curves for the red, green and blue colour channels after correction for a backscatter effect of 9%
for 9MeV (c) and for 12MeV (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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0.2, 0.1 Gy, respectively.
Some examples of the GAFCHROMIC EBT2 films are presented in

Figs. 6 and 7, showing the isodose lines. In these examples, the dose
behind the protection disk is about 8% of the prescribed dose for
12MeV and less than 1% for 9MeV, which is representative for all
other patients. In two cases with an applicator with a bevel angle of 30°
and 15°, presented in Fig. 6, there was no misalignment of the protec-
tion disk relative to the applicator. It can also be seen that isodose lines
before the protection disk are quite symmetrical, which confirms our
hypothesis that the applied bolus homogenizes tissue thickness, leading
to a uniformly applied dose in the glandular breast tissue.

In 2 out of 4 patients with a protection disk of 7 cm in diameter, a
misalignment of the protection disk relative to the applicator occurred
whereas this occurred in only 1 of 11 patients with a larger protection
disk of 8 cm. Two examples of such misalignment are given in Fig. 7.

4. Discussion

A high accuracy in dose delivery during single fraction IORT is re-
quired to observe any effect of dose on local control of the tumour or
normal tissue complications. Unfortunately, there is no reliable image-
based treatment planning system for IORT until now. Therefore, in vivo
dosimetry is an important tool to check whether the delivered dose

conforms to the expected dose. For IORT in accelerated partial breast
irradiation, this is especially relevant since the high dose is delivered in
a single fraction. The aim of this work was to measure simultaneously in
vivo the breast tissue dose and the dose behind the protection disk with
MOSFETs and GAFCHROMIC films during single fraction IORT proce-
dures. Such measurements are important to estimate the dose to organs
at risk (OAR) such as ribs, lungs and, for patients with left sided breast
cancer, heart, during a single dose treatment of 23.33 Gy at dmax (21 Gy
at 90%) to the target.

The results of our in vivo MOSFET measurements for 27 breast
cancer patients are in good agreement with the results by Consorti et al.
[7] and Ciocca et al. [8] for entrance dose measurements. The deviation
from the expected dose of our patient measurements of± 3.7% under
the bolus at the breast tissue is comparable to their results. The results
were even very good for the applicators of 15° and 30°. This result is in
accordance with our angular dependence within 3% and comparable
with the angular dependence of Ciocca et al. (less than 4%), corre-
sponding to the epoxy side facing the beam. For the same model of
MOSFET detectors, a larger angular dependence (5% or 8.8%) was re-
ported by Bharanidharan et al. [27] for photon beams and by Phur-
ailatpam et al. [28] for Ir-192 HDR brachytherapy. The slightly lower
average dose measured by MOSFETs than the expected dose can
probably be explained by the influence of the sterile bag of the MOSFET

Fig. 5. Results of GAFCHROMIC EBT2 film in vivo mea-
surements for 20 patients in breast tissue in front of the
protection disk (position 1) and behind the protection disk
(position 2) for 9 (red) and 12MeV (blue). The prescribed
dose is given as a dark blue line. In the first five patients, the
measurements with GAFCHROMIC films were not per-
formed in position 1. For three of the 20 patients, the dose
behind the protection disk was also measured with
MOSFETs. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version
of this article.)

Fig. 6. Two representative examples of GAFCHROMIC EBT2 films with the isodose distribution in front of the protection disk (a, c) and behind the protection disk (b, d). For patient 12
who was treated with 12MeV, an applicator of 4 cm with a bevel angle of 30° and a protection disk of 7 cm was used (a, b). For patient 14 who was treated with 9MeV, an applicator of
4.5 cm with a bevel angle of 15° and a protection disk of 8 cm was used (a, b).
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of about 0.8%, i.e. within the uncertainty of the MOSFET measure-
ments. A dose perturbation by the MOSFET of less than 2% was found
for 6MeV. Consorti, describing this effect for the same type of MOSFETs
in a plastic catheter as negligible, observed that the perturbation ranged
from 1.5% to 20% at the lowest electron energies (4 MeV). Our results
showed that the accuracy of in vivo MOSFET dosimetry for electron
IORT is according to 1.5–5% uncertainties which Hensley described in
his review [29].

We attempted to define a real-time action level as ± 6% proposed
by Ciocca however all our measurements were inside this action level
except the one caused by a displacement in the position of the MOSFET.

Additionally, we measured the dose under the protection disk with
MOSFETs and found values up to 0.2 Gy for 6 and 9MeV and up to
2.1 Gy for 12MeV.

A backscatter effect of 9% for 9MeV and for 12MeV due to a pro-
tection disk of 6mm of aluminium and 3mm of copper was measured
with GAFCHROMIC films. These backscattering values are slightly
higher than the backscatter factors of 7% and 8% for 9 and 12MeV,
respectively, calculated by Martignano et al. [14]. The reason for this
difference could be a slightly higher beam quality of the Mobetron in
comparison with the energies of a linac (Elekta Precise) used for the
Monte Carlo dose calculations by Martignano. This factor can also be a
reason of higher attenuation factors measured with ionization chamber
and in vivo film dosimetry relative to the Monte Carlo dose calculations
by Martignano.

The results of in vivo dosimetry with GAFCHROMIC EBT2 films
presented in this work are in good agreement with the results of Ciocca
et al. [6] and Robatjazi et al. [12] although they measured the surface
dose whereas in this work the dose measured behind the glandular
breast tissue, before the protection disk (exit dose) is reported. Se-
vernigni et al. [30] reported that in 95% of the cases of in vivo dosi-
metry with EBT3 films a good agreement of the exit dose with the
prescribed dose has been obtained with an average difference of less
than 4%. Our results of 0.7% ± 3.7% deviation from the prescribed
dose showed that the accuracy of in vivo dosimetry with GAFCHROMIC
EBT2 films for electron IORT is comparable or better than standard
deviations for electron beam measurements from conventional units.
Hensley [24] has shown these deviations range between 3.5% and 9.9%
with the mean deviations typically shifted by a few per cent from ex-
pected dose.

As stated by Ciocca et al. [31], the most critical failure mode in
IORT consisted of internal shield misalignment and it can be monitored
by in vivo GAFCHROMIC film dosimetry. As we showed in this study,
using a larger protection disk results in a smaller chance of misalign-
ment than for smaller protection disks. As a result of this work, we
improved our IORT procedure for APBI by using a protection disk of
8 cm as a standard and our surgeons became better aware of a possible
protection shield displacement. Unfortunately, it is not possible to use a
protection disk of 8 cm for all patients, for example patients with
smaller breast. Dries et al. [32] proposed a fixed alignment of the
protection disk using a spacer to reduce accidental radiation dose to the
thoracic wall. The fixed alignment of the disk allows a reduction of the
diameter of the disk and, consequently, reduces the incision length.
They concluded that disk backscatter, tissue density variations and air
gaps can influence dose uniformity significantly.

5. Conclusions

Results of in vivo MOSFET and GAFROMIC EBT2 film dosimetry
during electron IORT were assessed. The results of both methods are in
a good agreement. The dose measured with MOSFETs under the water
equivalent bolus at the breast tissue agreed within 1.7%±3.7% with
the expected dose. The exit breast dose of in vivo dosimetry with
GAFCHROMIC EBT2 films for electron IORT was found within
0.7%±3.7% relative to the prescribed dose, which is comparable or
better than described in literature. For both methods, the dose to the
thoracic wall, lungs and heart in patients with breast cancer was lower
than 2.5 Gy even when 12MeV was applied. Additionally, in vivo
GAFCHROMIC film dosimetry can monitor protection shield misalign-
ment and display the isodose lines in front and behind the protection
disk as has been demonstrated in this work. As a result, we improved
our IORT procedure for APBI by using as a standard a protection disk of
8 cm and our surgeons became better aware of a possible protection
shield displacement. Although using GAFCHROMIC film as a QA tool
has the disadvantage of producing results after the treatment and not in
real time, we still prefer the film to MOSFET because of at least four
reasons: one measures the dose at the distal region to test the adequacy
of the penetration; one can look at isodoses to confirm uniformity; one
can see if the shield was well placed and the calibration factors of
MOSFETs depend on threshold voltage. Moreover, the positioning time

Fig. 7. Two examples of GAFCHROMIC EBT2 films with the isodose distribution in front of the protection disk (a, c) and behind the protection disk (b, d). For patient 17 who was treated
with 12MeV, an applicator of 4 cm and a bevel angle of 0°, a protection disk of 7 cm was used (a, b). For patient 7 who was treated with 9MeV, an applicator of 4 cm and a bevel angle of
0°, a protection disk of 8 cm was used (a, b).
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of GAFCHROMIC films is negligible and based on our results we re-
commend to use it as standard tool for patient quality assurance during
breast cancer IORT.

Acknowledgments

The authors are grateful to Mohamed El Kadaoui, Mariet Peeters
and Jeffrey Tan for their assistance during IORT procedures, Dr Joan
Penninkhof for introduction of MOSFETs at our department, Dr Erik
Kouwenhoven for help with MATLAB, Dr Sebastian Adamczyk for
helpful remarks concerning the manuscript. DJ acknowledges financial
support of IntraOp Medical.

References

[1] Smith BD, Arthur DW, Buchholz TA, Haffty BG, Hahn CA, Hardenbergh PH, et al.
Accelerated Partial Breast Irradiation Consensus Statement From the American
Society for Radiation Oncology (ASTRO). Int J Radiat Oncol Biol Phys
2009;74:987–1001. http://dx.doi.org/10.1016/j.ijrobp.2009.02.031.

[2] Polgár C, Van Limbergen E, Pötter R, Kovács G, Polo A, Lyczek J, et al. Patient
selection for accelerated partial-breast irradiation (APBI) after breast-conserving
surgery: recommendations of the Groupe Europeen de Curietherapie-European
Society for Therapeutic Radiology and Oncology (GEC-ESTRO) breast cancer
working group. Radiother Oncol 2010;94:264–73. http://dx.doi.org/10.1016/j.
radonc.2010.01.014.

[3] Correa C, Harris EE, Leonardi MC, Smith BD, Taghian AG, Thompson AM, et al.
Accelerated partial breast irradiation: executive summary for the update of an
ASTRO evidence-based consensus statement. Pract Radiat Oncol 2017;7:73–9.
http://dx.doi.org/10.1016/j.prro.2016.09.007.

[4] Veronesi U, Orecchia R, Luini A, Gatti G, Intra M, Zurrida S, et al. A preliminary
report of intraoperative radiotherapy in limited stage breast cancers that are con-
servatively treated. Eur J Cancer 2001;37:2178–83. http://dx.doi.org/10.1016/
S0959-8049(01)00285-4.

[5] Intra M, Luini A, Gatti G, Ciocca M, Gentilini OD, Viana AAC, et al. Surgical tech-
nique of intraoperative radiation therapy with electrons (ELIOT) in breast cancer: a
lesson learned by over 1000 procedures. Surgery 2006;140:467–71. http://dx.doi.
org/10.1016/j.surg.2006.03.019.

[6] Ciocca M, Orecchia R, Garibaldi C, Rondi E, Luini A, Gatti G, et al. In vivo dosimetry
using radiochromic films during intraoperative electron beam radiation therapy in
early-stage breast cancer. Radiother Oncol 2003;69:285–9. http://dx.doi.org/10.
1016/j.radonc.2003.09.001.

[7] Consorti R, Petrucci A, Fortunato F, Soriani A, Marzi S, Iaccarino G, et al. In vivo
dosimetry with MOSFETs: dosimetric characterization and first clinical results in
intraoperative radiotherapy. Int J Radiat Oncol Biol Phys 2005;63:952–60. http://
dx.doi.org/10.1016/j.ijrobp.2005.02.049.

[8] Ciocca M, Piazzi V, Lazzari R, Vavassori A, Luini A, Veronesi P, et al. Real-time in
vivo dosimetry using micro-MOSFET detectors during intraoperative electron beam
radiation therapy in early-stage breast cancer. Radiother Oncol 2006;78:213–6.
http://dx.doi.org/10.1016/j.radonc.2005.11.011.

[9] Soriani A, Landoni V, Marzi S, Iaccarino G, Benassi M. Setup verification and in vivo
dosimetry during intraoperative radiation therapy (IORT) for prostate cancer. Med
Phys 2007;3205:3205–10. http://dx.doi.org/10.1118/1.2750965.

[10] Lemanski C, Azria D, Gourgou-Bourgade S, Ailleres N, Pastant A, Rouanet P, et al.
Electrons for intraoperative radiotherapy in selected breast-cancer patients: late
results of the Montpellier phase II trial. Radiat Oncol 2013;8:191. http://dx.doi.
org/10.1186/1748-717X-8-191.

[11] López-Tarjuelo J, Morillo-Macías V, Bouché-Babiloni A, Boldó-Roda E, Lozoya-
Albacar R, Ferrer-Albiach C. Implementation of an intraoperative electron radio-
therapy in vivo dosimetry program. Radiat Oncol 2016;11:41. http://dx.doi.org/
10.1186/s13014-016-0621-y.

[12] Robatjazi M, Mahdavi SR, Takavr A, Baghani HR. Application of Gafchromic EBT2
film for intraoperative radiation therapy quality assurance. Phys Medica
2015;31:314–9. http://dx.doi.org/10.1016/j.ejmp.2015.01.020.

[13] Struikmans H, Snijders M, Mast ME, Fisscher U, Franssen J-H, Immink MJ, et al.
Single dose IOERT versus whole breast irradiation: cosmetic results in breast-con-
serving therapy. Strahlentherapie Und Onkol 2016;192. http://dx.doi.org/10.
1007/s00066-016-1029-1.

[14] Martignano A, Menegotti L, Valentini A. Monte Carlo investigation of breast in-
traoperative radiation therapy with metal attenuator plates. Med Phys
2007;34:4578–84. http://dx.doi.org/10.1118/1.2805089.

[15] ICRU. Prescribing, recording, and reporting electron beam therapy – ICRU Report
71. vol. 4. 2004, https://doi.org/10.1093/jicru/ndh001.

[16] Mills MD, Fajardo LC, Wilson DL, Daves JL, Spanos WJ. Commissioning of a mobile
electron accelerator for intraoperative radiotherapy. J Appl Clin Med Phys
2001;2:121–30. http://dx.doi.org/10.1120/1.1385128.

[17] Beddar AS, Biggs PJ, Chang S, Ezzell GA, Faddegon BA, Hensley FW, et al.
Intraoperative radiation therapy using mobile electron linear accelerators: Report of
AAPM Radiation Therapy Committee Task Group No. 72. Med Phys
2006;33:1476–89. http://dx.doi.org/10.1118/1.2194447.

[18] Thomson and Nielsen Electronics Ltd (Ottawa). Technical Note no: 4 Introduction
to the MOSFET Dosimeter 1996:1–2.

[19] Soubra M, Cygler J, Mackay G. Evaluation of a dual bias dual metal-oxide-silicon
semiconductor field-effect transistor detector as radiation dosimeter. Med Phys
1994;21:567–72. http://dx.doi.org/10.1118/1.597314.

[20] GAFCHROMIC® EBT2 Self-developing film for radiotherapy dosimetry, 2009.
[21] Niroomand-Rad A, Blackwell CR, Coursey BM, Gall KP, Galvin JM, McLaughlin WL,

et al. Radiochromic film dosimetry: Recommendations of AAPM Radiation Therapy
Committee Task Group 55. Med Phys 1998;25:2093–115. http://dx.doi.org/10.
1118/1.598407.

[22] Micke A, Lewis DF, Yu X. Multichannel film dosimetry with nonuniformity cor-
rection. Med Phys 2011;38:2523–34. http://dx.doi.org/10.1118/1.3576105.

[23] Lewis D, Micke A, Yu X, Chan MF. An efficient protocol for radiochromic film do-
simetry combining calibration and measurement in a single scan. Med Phys
2012;39:6339–50. http://dx.doi.org/10.1118/1.4754797.

[24] Baghani HR, Aghamiri SMR, Mahdavi SR, Robatjazi M, Zadeh AR, Akbari ME, et al.
Dosimetric evaluation of Gafchromic EBT2 film for breast intraoperative electron
radiotherapy verification. Phys Medica 2015;31:37–42. http://dx.doi.org/10.1016/
j.ejmp.2014.08.005.

[25] Devic S, Tomic N, Soares CG, Podgorsak EB. Optimizing the dynamic range ex-
tension of a radiochromic film dosimetry system. Med Phys 2009;36:429–37.
http://dx.doi.org/10.1118/1.3049597.

[26] Devic S. Radiochromic film dosimetry: past, present, and future. Phys Medica
2011;27:122–34. http://dx.doi.org/10.1016/j.ejmp.2010.10.001.

[27] Bharanidharan G, Manigandan D, Devan K, Subramani V, Gopishankar N, Ganesh T,
et al. Characterization of responses and comparison of calibration factor for com-
mercial MOSFET detectors. Med Dosim 2005;30:213–8. http://dx.doi.org/10.1016/
j.meddos.2005.08.004.

[28] Phurailatpam R, Upreti R, Nojin Paul S, Jamema SV, Deshpande DD.
Characterization of commercial MOSFET detectors and their feasibility for in-vivo
HDR brachytherapy. Phys Medica 2016;32:208–12. http://dx.doi.org/10.1016/j.
ejmp.2015.08.009.

[29] Hensley FW. Present state and issues in IORT Physics. Radiat Oncol 2017;12:37.
http://dx.doi.org/10.1186/s13014-016-0754-z.

[30] Severgnini M, de Denaro M, Bortul M, Vidali C, Beorchia A. In vivo dosimetry and
shielding disk alignment verification by EBT3 GAFCHROMIC film in breast IOERT
treatment. J Appl Clin Med Phys 2015;16:112–20. http://dx.doi.org/10.1120/
jacmp.v16i1.5065.

[31] Ciocca M, Cantone M-C, Veronese I, Cattani F, Pedroli G, Molinelli S, et al.
Application of failure mode and effects analysis to intraoperative radiation therapy
using mobile electron linear accelerators. Int J Radiat Oncol 2012;82:e305–11.
http://dx.doi.org/10.1016/j.ijrobp.2011.05.010.

[32] Dries W, Koiter E, van ‘t Schip S, van den Berg H, van Riet YGN. The Eindhoven
Intra Operative Radiotherapy Applicator System for breast carcinoma n.d.:http://
www.isiort.org/fileadmin/templates/pdf/p2/d.

A. Petoukhova et al. Physica Medica 44 (2017) 26–33

33

http://dx.doi.org/10.1016/j.ijrobp.2009.02.031
http://dx.doi.org/10.1016/j.radonc.2010.01.014
http://dx.doi.org/10.1016/j.radonc.2010.01.014
http://dx.doi.org/10.1016/j.prro.2016.09.007
http://dx.doi.org/10.1016/S0959-8049(01)00285-4
http://dx.doi.org/10.1016/S0959-8049(01)00285-4
http://dx.doi.org/10.1016/j.surg.2006.03.019
http://dx.doi.org/10.1016/j.surg.2006.03.019
http://dx.doi.org/10.1016/j.radonc.2003.09.001
http://dx.doi.org/10.1016/j.radonc.2003.09.001
http://dx.doi.org/10.1016/j.ijrobp.2005.02.049
http://dx.doi.org/10.1016/j.ijrobp.2005.02.049
http://dx.doi.org/10.1016/j.radonc.2005.11.011
http://dx.doi.org/10.1118/1.2750965
http://dx.doi.org/10.1186/1748-717X-8-191
http://dx.doi.org/10.1186/1748-717X-8-191
http://dx.doi.org/10.1186/s13014-016-0621-y
http://dx.doi.org/10.1186/s13014-016-0621-y
http://dx.doi.org/10.1016/j.ejmp.2015.01.020
http://dx.doi.org/10.1007/s00066-016-1029-1
http://dx.doi.org/10.1007/s00066-016-1029-1
http://dx.doi.org/10.1118/1.2805089
https://doi.org/10.1093/jicru/ndh001
http://dx.doi.org/10.1120/1.1385128
http://dx.doi.org/10.1118/1.2194447
http://dx.doi.org/10.1118/1.597314
http://dx.doi.org/10.1118/1.598407
http://dx.doi.org/10.1118/1.598407
http://dx.doi.org/10.1118/1.3576105
http://dx.doi.org/10.1118/1.4754797
http://dx.doi.org/10.1016/j.ejmp.2014.08.005
http://dx.doi.org/10.1016/j.ejmp.2014.08.005
http://dx.doi.org/10.1118/1.3049597
http://dx.doi.org/10.1016/j.ejmp.2010.10.001
http://dx.doi.org/10.1016/j.meddos.2005.08.004
http://dx.doi.org/10.1016/j.meddos.2005.08.004
http://dx.doi.org/10.1016/j.ejmp.2015.08.009
http://dx.doi.org/10.1016/j.ejmp.2015.08.009
http://dx.doi.org/10.1186/s13014-016-0754-z
http://dx.doi.org/10.1120/jacmp.v16i1.5065
http://dx.doi.org/10.1120/jacmp.v16i1.5065
http://dx.doi.org/10.1016/j.ijrobp.2011.05.010
http://www.isiort.org/fileadmin/templates/pdf/p2/d
http://www.isiort.org/fileadmin/templates/pdf/p2/d

	In vivo dosimetry with MOSFETs and GAFCHROMIC films during electron IORT for Accelerated Partial Breast Irradiation
	Introduction
	Materials and methods
	Patients
	IORT accelerator
	MOSFET measurements
	MOSFET in vivo dosimetry
	GAFCHROMIC EBT2 film, scanning procedure
	GAFCHROMIC EBT2 film in vivo dosimetry
	Image processing and dose response curve

	Results
	Basic evaluation of MOSFETs
	MOSFET in vivo dosimetry
	GAFCHROMIC EBT2 film in vivo dosimetry

	Discussion
	Conclusions
	Acknowledgments
	References




