
Experimental determination of the radial dose distribution in high gradient
regions around 192Ir wires: Comparison of electron paramagnetic
resonance imaging, films, and Monte Carlo simulations

N. Kolbun and Ph. Levêque
Biomedical Magnetic Resonance Unit, Louvain Drug Research Institute, Université catholique de Louvain,
Avenue Mounier 73.40, B-1200 Brussels, Belgium

F. Abboud, A. Bol, and S. Vynckier
Molecular Imaging and Experimental Radiotherapy Unit, Institute of Experimental and Clinical Research,
Université catholique de Louvain, Avenue Hippocrate 55, B-1200 Brussels, Belgium

B. Galleza�

Biomedical Magnetic Resonance Unit, Louvain Drug Research Institute, Université catholique de Louvain,
Avenue Mounier 73.40, B-1200 Brussels, Belgium

�Received 22 February 2010; revised 7 August 2010; accepted for publication 17 August 2010;
published 28 September 2010�

Purpose: The experimental determination of doses at proximal distances from radioactive sources
is difficult because of the steepness of the dose gradient. The goal of this study was to determine the
relative radial dose distribution for a low dose rate 192Ir wire source using electron paramagnetic
resonance imaging �EPRI� and to compare the results to those obtained using Gafchromic EBT film
dosimetry and Monte Carlo �MC� simulations.
Methods: Lithium formate and ammonium formate were chosen as the EPR dosimetric materials
and were used to form cylindrical phantoms. The dose distribution of the stable radiation-induced
free radicals in the lithium formate and ammonium formate phantoms was assessed by EPRI. EBT
films were also inserted inside in ammonium formate phantoms for comparison. MC simulation was
performed using the MCNP4C2 software code.
Results: The radical signal in irradiated ammonium formate is contained in a single narrow EPR
line, with an EPR peak-to-peak linewidth narrower than that of lithium formate ��0.64 and 1.4 mT,
respectively�. The spatial resolution of EPR images was enhanced by a factor of 2.3 using ammo-
nium formate compared to lithium formate because its linewidth is about 0.75 mT narrower than
that of lithium formate. The EPRI results were consistent to within 1% with those of Gafchromic
EBT films and MC simulations at distances from 1.0 to 2.9 mm. The radial dose values obtained by
EPRI were about 4% lower at distances from 2.9 to 4.0 mm than those determined by MC simu-
lation and EBT film dosimetry.
Conclusions: Ammonium formate is a suitable material under certain conditions for use in brachy-
therapy dosimetry using EPRI. In this study, the authors demonstrated that the EPRI technique
allows the estimation of the relative radial dose distribution at short distances for a 192Ir wire
source. © 2010 American Association of Physicists in Medicine. �DOI: 10.1118/1.3488913�
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I. INTRODUCTION

Platinum encapsulated 0.3 mm diameter 192Ir wires have
been widely used as interstitial sources in low dose rate
�LDR� brachytherapy. Due to the steep dose gradient in the
millimeter distance range, it is difficult to perform accurate
dose measurements with a high spatial resolution. This limi-
tation has stimulated research for improved 2D and 3D do-
simetry techniques.1 The guidelines for dosimetry of brachy-
therapy sources in the centimeter distance range are
presented in a report published by the American Association
of Physicists in Medicine �AAPM� Radiation Therapy Com-
mittee Task Group 43 and can be extended to the millimeter
range using the report of the AAPM Task Group 60.2–4 Ana-

lytical Monte Carlo �MC� calculations provide reliable data
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on dose distribution.5–9 Dose distribution can also be mea-
sured using ionization chambers of different sizes or LiF
thermoluminescence dosimeters.10–12 Films offer a high spa-
tial resolution in a single 2D plane and provide relative dose
information and absolute dose measurements when appropri-
ately calibrated.13,14 Gafchromic EBT �EBT� films are be-
coming increasingly popular due to their advantageous prop-
erties: They are nearly tissue equivalent �the effective atomic
number of EBT film is Zeff=6.98, this value is close to the
Zeff of water, which is 7.3�; they have very low energy de-
pendency, with not more than 5% difference between MeV
and keV photons,15 and they can be used to record the inci-
dence of radiation at closely spaced points simultaneously

and close to the source.
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Electron paramagnetic resonance �EPR� spectroscopy rep-
resents a powerful tool for qualitative and quantitative analy-
sis of radiation-induced stable free radicals. Solid-state do-
simetry by means of EPR spectroscopy, usually with the
amino acid L-�-alanine as a dosimeter, has been shown to be
accurate at high doses �kGy region�.16,17 EPR measurements
using alanine as a dosimetric material is internationally rec-
ognized as a standard method for reliable dose
measurements.18 Despite its wide use in reference laborato-
ries, alanine is not routinely used in clinic where ionization
chambers and diode detectors are more often preferred.

Polycrystalline formates and dithionates have been pro-
posed recently as new materials for EPR dosimetry because
the irradiation produces a large yield of stable free radicals
with a linear dose response. Moreover, these compounds
give a single-lined EPR spectrum, resulting in a higher peak-
to-peak value of the central line as compared to the compli-
cated alanine spectra.19–22 The radiation energy dependency
of ammonium formate is low above �80 keV.22 While EPR
dosimetry can determine the concentration of free radicals,
which is a function of the absorbed dose in whole samples,
the distribution of radicals along two dimensions can be vi-
sualized by electron paramagnetic resonance imaging
�EPRI�. The first attempt to use EPRI in dosimetry was per-
formed using alanine irradiated with electrons from a 4 MeV
linear accelerator.23 Other 2D EPRI experiments have been
performed using alanine dosimeters irradiated with a 10
MeV electron beam or 10 MeV gamma photons.24 Alanine
dosimeters irradiated with beta ��� particles with high doses
�up to 6 kGy� have also been examined by EPRI.25 More
recently, the evaluation of the dose distribution was obtained
using potassium dithionate dosimeters irradiated by C6+ and
N7+ ions.26

In a previous study, we demonstrated for the first time that
2D EPRI could be useful to determine the dose distribution
around brachytherapy seeds using lithium formate �LiFo� as
a dosimetric material.27 Although we demonstrated that this
approach was feasible, we concluded that the spatial reso-
lution of the method was hampered by the large EPR line-
width of the lithium formate. The spatial resolution, which is
the ability to distinguish two points in space, depends on the
magnetic field gradient, the EPR linewidth of the material,
and the deconvolution processing.28 To overcome this pos-
sible limitation, we chose to study ammonium formate
�HCO2NH4, AmFo�. The radical signal in irradiated ammo-
nium formate is contained in a single narrow EPR line, with
an EPR linewidth narrower than that of lithium formate
��0.64 and 1.4 mT, respectively�. Although EPR spectros-
copy is a well established technology used for dosimetry
studies, EPR imaging is yet to be validated. In this validation
process, we explore the performances of EPR imaging,
which is not yet a quantitative technique, to study the relative
distribution of dose around brachytherapy sources �LDR
192Ir� using a better dosimetric material, ammonium formate,
compared to the previously used lithium formate. In the sec-
ond part of the study, we compare the experimental relative

EPRI dose distribution profiles for short distances, from 1.0
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to 4.0 mm from the center of the source, to a validated ex-
perimental method using Gafchromic EBT films and to a
theoretical method using MC simulations performed using
the MCNP4C2 software code.

II. MATERIALS AND METHODS

II.A. Iridium wire sources
192Ir wire source emits a spectrum of relatively low

gamma energies with an average value of 360 keV; its half-
life is 73.83 days.6 The beta component of the 192Ir spectrum
has 180 keV average energy; however, the contribution of
the beta particles was less than 0.01 �1%� even at the radial
distance of r=0.5 mm.9 Secondary electrons are also gener-
ated from platinum �Pt� encapsulation, but, at radial dis-
tances greater than about 1.0 mm, the dose rates including
and excluding secondary electrons from the Pt encapsulation
coincide with each other.29,30

The 192Ir wire source �air kerma at 1 m:
2.52 �Gy h−1 cm−1, BEBIG GmbH, Berlin, Germany� had a
length of 10.0 mm and a diameter of 0.3 mm. The central
core was 0.1 mm in diameter, composed of about 20% Ir and
80% Pt, encased in a 0.1 mm Pt sheath. A radioactive wire
was located at the center of the phantoms with its long axis
coinciding with the phantom’s central axis �cf. infra, EPR
imaging section, and Fig. 1�a��.

II.B. Phantoms

The phantoms were made of polycrystalline lithium for-
mate monohydrate or ammonium formate �Aldrich, Stein-
heim, Germany� powder pressed into small cylinders with a
diameter of 22.0 mm and a height of 10.0 mm using a tablet
press �Ateliers Courtoy, type AC27, Halle, Belgium,
50 kg /cm2�. For brachytherapy dosimetry, a hole �0.4 mm in
diameter� was drilled at the center of all cylindrical phan-
toms. 192Ir wires were inserted in the phantoms and were
removed after 2 weeks of irradiation. Imaging was per-

FIG. 1. Experimental setups used in the present study. �a� The setup for 2D
EPR image reconstruction and the geometry used in the MC simulations. �b�
The setup used for EBT film measurements and the geometry of the MC
simulations including the film. �c� 2D reconstructed EPR image of the am-
monium formate phantom irradiated by a 192Ir wire source. Image directions
relative to the EPR magnet are shown. Intensity integral is along the
X-direction.
formed as soon as possible after the irradiation. As ammo-
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nium formate is very hygroscopic, all samples were kept dry
during the imaging process with a continuous flow of dry
argon gas through the EPR cavity.

II.C. EPR Imaging

EPR spectra were collected using an L-band bridge Elex-
sys 540 spectrometer with a cylindrical cavity �ER 6502 BC,
25 mm in diameter� operating at 1.1 GHz and with 100 kHz
magnetic field modulation. The signal intensity �measured as
the peak-to-peak height� of the EPR spectra reflects the num-
ber of stable free radicals produced in the irradiated phan-
toms and provides a quantitative measurement of the ab-
sorbed dose.

2D EPR images were obtained using the same system.
Planar �ZY plane� spatial images were acquired, where each
pixel is the intensity integral of the spin density along the x
dimension. The coordinate system has the longitudinal and
transverse axes of the source as the z and y axes, respectively
�Fig. 1�a��.

The applied magnetic field gradient was 450 mT/m and
was generated by three orthogonal water-cooled cylindrical
gradient coils. Other EPRI acquisition parameters were as
follows: Applied modulation frequency of 100 kHz, micro-
wave power of 28.6 or 57.6 mW, modulation amplitude of
0.25 mT, field of view of 25 mm, pixel size of 0.7 mm, and
the number of pixels is 35. All imaging parameters were kept
constant for all the irradiated phantoms.

II.C.1. Deconvolution: Image reconstruction

2D images were reconstructed on a 128�128 matrix by
filtered backprojection using a Shepp–Logan filter. Before
reconstruction, each projection was deconvolved using fast
Fourier transform with the measured zero-gradient spectrum
in order to improve image resolution.31–34 To reduce noise
amplification and avoid possible division by zero at high
frequencies, a low pass filter was used. The deconvolution
parameters, including the maximum cut-off frequency and
the width of the window in the Fourier space, were set up
after viewing the shape of all projections. Data were
smoothed using either a Fermi–Dirac or a Gaussian filter.
Spectral deconvolution and filtered backprojection were per-
formed using the XEPR software package �Bruker GmbH,
Rheinstetten, Germany�.

Three 2D EPRI data sets were collected for each phantom
and used to numerically analyze the relative radial dose dis-
tributions. All the relative radiation doses were doses to am-
monium formate since ammonium formate was chosen as the
reference material in this work. The dose measurements were
made across the radial line profile from the center of the
tablet in 0.35 mm steps. When the signal-to-noise ratio was
greater than 2, the measured signal intensity was considered
to be significant. The noise was measured in regions outside
the area of the phantoms of 22 mm in diameter, where there

were no signal sources.
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The radial intensity profile extracted from each image was
normalized to 100% at 1 mm from the center of the source as
for other dosimetric methods. The results are given as the
mean of three independent measurements.

II.D. EPRI resolution: Determination of the edge
spread function

The theoretical spatial resolution, which represents the
shortest distance �d� between two points that can be resolved
in an EPR image, was calculated as follows:

d = LW/G , �1�

where LW �mT� is the linewidth of an EPR signal and G
�mT/m� is the magnitude of the magnetic field gradient. The
linewidths of the signal were 1.4 mT �LiFo� and 0.64 mT
�AmFo�, the magnetic field gradient was 450 mT/m, and the
theoretical spatial resolutions were calculated as 3.1 and 1.4
mm, respectively.

The spatial resolution was also experimentally evaluated
in terms of the edge spread function �ESF�. ESF was deter-
mined following a procedure modified from the classical
method used in MRI 35 and from the work of Halpern’s
group,36–38 as previously published by our laboratory.27,39

Briefly, a parallelepiped phantom made of AmFo or LiFo
was homogeneously irradiated �300 Gy� with an external 250
kVp x-ray beam. The size of the phantom was 1.0 � 1.0 �
4.0 �cm�. A 2D image of the phantom was reconstructed. The
image was acquired at 300 mT/m. The signal along a line
perpendicular to the edge of the phantom was extracted from
the image and the derivative was calculated. A nine-point
smoothing algorithm was used to obtain the derivative curve,
which was then fitted by a Gaussian function,

f�x� =
1

��2�
e−�x − ��2/2�2

. �2�

From the computed � values, the full width at half maxi-
mum �FWHM� of the Gaussian curve was calculated from
the following equation:

FWHM = 2 · ��2 · ln 2. �3�

All calculations and fitting were carried out using Prism 4
from GraphPad Software, Inc. �La Jolla, CA�.

II.E. Gafchromic film dosimetry

Additional experimental measurements were performed
using Gafchromic EBT films. Gafchromic EBT film �Inter-
national Specialty Products, Wayne, NJ� sheets were cut into
2.2�2.2 �cm� squares. The calibration data set was obtained
by exposing films at the following dose levels: 0, 1, 2, 4, 6,
and 8 Gy with a 250 kVp x-ray beam using a 7�7 �cm�
field size at a source surface distance of 33.5 mm.15,40,41 EBT
film was placed on top of a Plexiglas phantom during irra-
diations in full scatter conditions �phantom size of
30�3�30 �cm��. The effective measurement points were
assumed to be at the center of the active emulsion layer,

hence at 0.02 mm �half thickness of the active layer�. EBT
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films were selected because of their weak energy dependence
dose response in the 50 kVp–10 MVp x-ray range.40

One set of EBT films was not irradiated to provide a
background reading. EBT films were scanned in the portrait
direction using a Vidar film scanner 2 h after irradiation to
allow the saturation of color growth, according to the recom-
mendations of the manufacturer, and processed using a do-
simetry film software VXR-16 Dosimetry Pro. The pixel in-
tensity �gray level� of exposed films was acquired with the
software. The radial dose profiles were expressed as doses to
the film and determined from EBT film data in 0.36 mm
steps �the spatial resolution of the Vidar scanner�. The films
were also scanned at 7 days to verify postirradiation color
stability over time. No significant variation was observed
between both readings, a result that is consistent with that
previously published data.42

For brachytherapy dosimetry, EBT films were placed be-
tween two ammonium formate phantoms of equal size �22.0
mm in diameter, 4.9 mm thick� and stacked together to pre-
vent any air gap between them. A hole �0.4 mm in diameter�
was drilled at the center of the films for the insertion of 192Ir
wires. A scheme of the experimental setup is shown in Fig.
1�b�. Different exposure times �5, 20, and 30 min; 1, 2, and
18 h� were used in our experiments to prevent saturation at
short radial distances. Each exposure was designed to mea-
sure the radial dose distribution for distances between 1.0
and 4.0 mm from the center of the source. The exposed films
were digitized and analyzed as described above. The films
were always digitized in the same orientation and read at the
same time.

II.F. Monte Carlo calculations

The MCNP4C2 Monte Carlo code �Los Alamos, National
Laboratory, USA�was used in this work. The code is utilized
to model 192Ir wires with surrounding geometry,43 and the
materials used in the MC calculations and their composition,
density, and effective atomic number are presented in Table
I. The photon interaction cross-section file used in this study
was the DLC-200 library. The dose distribution �expressed as
dose to ammonium formate� was calculated for short radial
distances using the MC software code. A total of three dif-
ferent simulations was performed to provide comparisons
with real measurements.

A first calculation was made for comparison with the
EPRI results. The 192Ir wires were modeled as cylinders with
an inner cylindrical core of 0.1 mm in diameter encased in a
0.1 mm Pt cylindrical sheath with the same height. Cylindri-
cal cells in the phantom were modeled with the same geom-
etry as that used in the EPRI postprocessing. The radial dose
distributions were modeled by placing concentric cylinders
around the 192Ir core and Pt encapsulation in 0.1 mm radial
increments up to the 11 mm radius phantom.

The second simulation was performed for comparison
with EBT film experimental data, including modeling of
Gafchromic EBT films, placed between two cylindrical am-
monium formate phantoms of equal size. Gafchromic EBT

films were modeled for radial symmetry by placing concen-
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tric rings �0.234 mm high and with a thickness of 0.1 mm�
around the wire source in the middle of phantoms. The en-
ergy deposition of the particles was scored within all films.
We calculated the dose deposition using MC simulations for
phantoms with or without insertion of Gafchromic EBT film.
The insertion of EBT film did not affect the radial dose dis-
tribution.

Finally, the third simulation was implemented, where the
energy deposited in the medium was scored within the cylin-
drical rings with a thickness of 0.1 mm and a height of 1.0
mm along the longitudinal axis of the source. Photon doses
were calculated from 0.3 to 11.0 mm from the source center
in the radial direction, in 0.1 mm increments. In the longitu-
dinal direction, 1 mm intervals were scored from the center
of the source to 5.0 mm. It was observed that the dose gra-
dients obtained from the two planes of different thicknesses
were almost superimposed.

F6 tallies were employed for gamma calculations, mea-
suring the photon track length traversing a voxel. The cutoff
energy for photons was set at 10 keV 5 and used a minimum
of 1�108 histories, which yielded the average standard error
of 1% for all radial distances for the cases with and without
the secondary electrons from Pt encapsulation.

III. RESULTS

Each reconstructed 2D EPR image reflected the known
shape of phantoms. The color code directly depicts the radial
dose distribution around the radioactive wire source, as
shown in Fig. 1�c�. The EPR signal intensity increased lin-
early with the delivered dose, as previously observed by

20,22

TABLE I. The materials used in the Monte Carlo calculations and their com-
position, density, and effective atomic number.

Material Element
Composition

�% by weight�
Density
�g /cm3� Zeff

Ir ¯ ¯ 22.39 77
Pt ¯ ¯ 21.41 78
Ir�20%� Ir 20 21.613 78
Pt�80%� Pt 80 ¯ ¯

Air �dry� 0.001205 8
C 0.0124 ¯ ¯

N 75.5267 ¯ ¯

O 23.1781 ¯ ¯

Ar 1.2827 ¯ ¯

Ammonium formate 1.26 7.03
N 22.21 ¯ ¯

C 19.05 ¯ ¯

H5 7.99 ¯ ¯

O2 50.75 ¯ ¯

EBT film 1.1 6.98
H 39.7 ¯ ¯

C 42.3 ¯ ¯

O 16.2 ¯ ¯

N 1.1 ¯ ¯

Li 0.3 ¯ ¯

Cl 0.3 ¯ ¯
others.
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Figure 2 shows the spatial resolution improvement due to
ammonium formate at 300 mT/m. For lithium formate, the �
value computed from the Gaussian fit of ESF was
1.86�0.03 with a corresponding resolution �FWHM� of 4.4
mm. The � value for ammonium formate was 0.81�0.02
and the computed resolution �FWHM� was 1.9 mm. The the-
oretical values were 4.6 mm �AmFo� and 2.1 mm �LiFo�,
respectively. In other words, the experimental resolution was
increased by a factor of 2.3 when using AmFo vs LiFo at a
gradient of field of 300 mT/m. When ammonium formate
was used at a higher value of gradient �450 mT/m�, the res-
olution was further increased up to 1.4 mm.

Figure 3�a� shows the radial dose profile measured with
Gafchromic EBT films, as the average of three sets of data
taken across a radial line from the center of the source. The
comparison with MC calculations is shown in Fig. 3�b�.

FIG. 2. Calculation of the edge spread function for the determination of the
spatial resolution. �a� 2D EPR image of a square phantom made of LiFo and
�b� ESF �diamonds� derived from the image and the fitted Gaussian curve.
�c� 2D EPRI image for AmFo phantom. �d� ESF �boxes� and the correspond-
ing fitted Gaussian curve.

FIG. 3. �a� EBT film dosimetry profile using the setup presented in Fig. 1. T
mm from the center of the iridium wire. �b� Comparison of EBT film �black

192
ammonium formate phantom irradiated by a Ir wire source.
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The comparison of EPRI results using different types of
deconvolution �Gaussian or Fermi–Dirac� with MC simula-
tions is presented in Fig. 4. It can be observed that the dose
profile obtained with Gaussian filtered deconvolution is
closer to the MC profile than the Fermi–Dirac filtered curve.

With a cylindrical 192Ir wire source, the radioactive mate-
rial is uniformly distributed throughout the wire, and the
relative dose distribution in-plane is comparable to the aver-
age relative dose distribution from all planes in a full phan-
tom. The relative radial dose values in-plane and for full
phantoms, using the MCNP4C2 software code, were almost
superimposed, and the insertion of EBT film did not affect
the radial dose distribution from Gafchromic EBT films �data
not shown�.

Figure 5 shows the comparisons of the radial dose profiles
obtained with the three different methodologies �film, EPRI,
and MC�. At distances ranging from 1.0 to 2.9 mm from the
center of the phantom, the results of the EPRI data were
consistent to within 1% with those of Gafchromic EBT films
and MC simulations. At distances from 2.9 to 4.0 mm, the
radial dose values obtained by EPRI were about 4% lower
than those determined by MC simulations and EBT film do-
simetry.

IV. DISCUSSION

The present study explores the ability of EPRI to estimate
the relative dose distribution from low dose rate brachy-
therapy 192Ir wire sources. The dosimetric properties of am-
monium formate were previously described by Lund, Vestad,
and co-workers using EPR spectroscopy.20–22,44 They pointed
out a linear dose-response relationship and a low radiation
energy dependence, which are very desirable properties.
Moreover, the lineshape of the EPR spectrum was simple
and narrow, a very favorable feature for EPR imaging.

We ourselves previously demonstrated that 2D EPRI
could be useful to determine the steep dose gradient around
the brachytherapy 125I seeds.27 In that previous study, LiFo
was used as the dosimetric material. The main limitation of
the method was a poor spatial resolution because of the large

sults are the average of three different data sets. Values are normalized at 1
les� and Monte Carlo simulation �open squares� radial dose distributions for
he re
triang
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linewidth �LW=1.4 mT� of LiFo. As the spatial resolution is
inversely proportional to the EPR linewidth, in the present
study, we investigated the possible usefulness of ammonium
formate �LW=0.64 mT� as a dosimetric material in EPR
imaging. The ultimate goal is to get reliable spatial dosimet-
ric information, which is not achievable using EPR spectros-
copy.

In the present work, we have demonstrated that it is pos-
sible to improve the spatial resolution by a factor of 2.3
using ammonium formate instead of lithium formate. We are
now approaching a spatial resolution compatible with the
range of dose distribution observed with brachytherapy
sources.

Because of the relatively low signal-to-noise ratio in our
EPR images, we found that a Gaussian filter was more ad-
equate for the deconvolution process and gave results closer
to the MC or film data than those obtained with Fermi–Dirac
filtering. FD filtering uses a sharp cut-off frequency in the
Fourier space, leading to theoretically sharper images, but it
requires a very good signal with low noise. Gaussian filter is
smoother and avoid high frequency artifacts with noisy data.

To verify the potential of EPRI as a tool to measure the
dose distribution around brachytherapy 192Ir wires, we com-
pared this method to the theoretical Monte Carlo simulations
and to the experimental data obtained with a standard refer-
ence method �film dosimetry�. Our final results from the
EPRI data were consistent within 1% with those from
Gafchromic EBT films and MC simulations at short dis-
tances ranging from 1.0 to 2.9 mm from the center of the
source. The radial dose values obtained by EPRI were lower
by about 4% at distances from 2.9 to 4.0 mm than those
determined by MC simulations and EBT film dosimetry.
These differences can partially be explained by the presence
of noise in the reconstructed 2D EPR images and by the still
somewhat limited spatial resolution.

Because our data are normalized and expressed as relative
doses, we can compare the profiles obtained with the three
methodologies. The energy dependence of the dosimeters

FIG. 4. Comparison of the Monte Carlo �open squares� and EPRI radial dose
distributions obtained after Fermi–Dirac �black circles� or Gaussian �gray
circles� deconvolution. EPR images were acquired with a gradient of field of
450 mT/m.
used can be quite different, but as our data are normalized,
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the effect of the energy dependence vanishes and compari-
sons are possible without further correction. Nevertheless, it
must be mentioned that this energy effect will be of major
importance for absolute dosimetry. Films and EPR dosim-
eters are calibrated according to the NCS dosimetry
protocol45 and are consequently expressed as dose to water.
Monte Carlo simulations are computed as doses to dosimeter.
For kV photons, a correction should be applied for the en-
ergy dependence of the dosimeter material. For high energy
photons and electrons, the energy dependence is very low
both for alanine and lithium formate.46–50 Nevertheless, in
the kV energy range, a substantial energy dependence has
been demonstrated for alanine. A smaller dependence is ob-
served for lithium formate51 and ammonium formate,22 so
this point should be carefully investigated for future accurate
absolute dosimetry.

We performed Monte Carlo simulations including differ-
ent geometries. With a cylindrical 192Ir wire source, the ra-
dioactive material is uniformly distributed throughout, and
the relative dose distribution in-plane is comparable to the
average relative dose distribution from all planes in a full
phantom. The relative radial dose values in-plane and for full
phantoms, using the MCNP4C2 software code, were almost
superimposed, and the insertion of EBT film did not affect
the radial dose distribution from Gafchromic EBT films.

This work provides a new experimental approach that
completes the available range of techniques commonly used
for dosimetry of low dose rate brachytherapy sources. They
encompass theoretical Monte Carlo simulations5,52 or experi-
mental procedure such as MR Imaging using gel
dosimeters,53 optical detection with plastic scintillator54 or
solid polyurethane,55 or even MOSFET dosimeter.56

V. CONCLUSIONS

Overall, ammonium formate is a suitable material, under
certain conditions, for use in brachytherapy dosimetry and
allows a marked improvement of the true spatial resolution
achievable using EPRI. Nevertheless, it should be reminded

FIG. 5. Comparison of Monte Carlo �open squares�, Gafchromic film �black
triangles�, and EPRI �gray circles� radial dose distributions for ammonium
formate phantom irradiated by a 192Ir wire source. Error bars for Gafchromic
film are not plotted for more clarity but are available in Fig. 3�a�.
that ammonium formate is a very hygroscopic material,
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which limits its practical day-to-day use. In this study, we
developed 2D EPRI dosimetry but 3D dosimetry is likely to
be achieved with the EPRI approach in the future. Another
interesting future perspective of the present study will be the
development of absolute 2D and 3D quantification of the
deposited absorbed doses.
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