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Electron paramagnetic resonance (EPR) spectroscopy has
been successfully employed to determine radiation dose using
alanine. The EPR signal intensity reflects the number of stable
free radicals produced, and provides a quantitative measure-
ment of the absorbed dose. The aim of the present study was to
explore whether this principle can be extended to provide in-
formation on spatial dose distribution using EPR imaging
(EPRI). Lithium formate was selected because irradiation in-
duces a single EPR line, a characteristic that is particularly
convenient for imaging purposes. 125I-brachytherapy seeds
were inserted in tablets made of lithium formate. Images were
acquired at 1.1 GHz. Monte Carlo (MC) calculations were used
for comparison. The dose gradient can be determined using
two-dimensional (2D) EPR images. Quantitative data correlated
with the dose estimated by the MC simulations, although dif-
ferences were observed. This study provides a first proof-of-
concept that EPRI can be used to estimate the gradient dose
distribution in phantoms after irradiation. Magn Reson Med
61:1225–1231, 2009. © 2009 Wiley-Liss, Inc.
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Low dose rate (LDR) brachytherapy via permanently im-
planted Iodine-125 or Palladium-103 seeds (�30 keV pho-
tons with a dose-reduction factor of about 10 for 1 cm of
tissue) is frequently used to treat tumors, prostate cancer
in particular, but also eye tumors. The advantages of low
energy are that radioprotection for medical workers is
easier and there is a confined volume of radiation dose
from the implant. When performing a clinical treatment, it
is mandatory to very precisely report various parameters
that can impact patient treatment outcome. These param-
eters include the prescribed dose, the doses received by
various organs, and the degree of dose uniformity that will

be achieved on the target and in the surrounding healthy
tissues. It is clear that to achieve good precision in the
treatment itself, the source dosimetry must be established
with a maximum of accuracy. As dosimetric characteris-
tics at these low energies are very dependent on the inter-
nal design of the implant, any new source design must
undergo detailed evaluation (1). Generally, dosimetric
characteristics are determined using Monte Carlo (MC)
simulations. However, such calculations can give different
results depending on the MC calculation codes used.
These can differ in their basic data or in the approxima-
tions made in the underlying physics (2). Experimentally,
dosimetry could be performed using thermoluminescent
(TLD) dosimeters. However, to obtain data with a high
spatial resolution is still challenging because of the large
gradient of dose and the very LDR. In this context, there is
still a need to develop experimental methods that allow
estimation of the dose deposited in the proximity of
brachytherapy seeds. The present study attempted to de-
velop a new method based on the reconstruction of dose
using electron paramagnetic resonance (EPR) imaging
(EPRI).

EPR dosimetry (3) is the determination of dose by mea-
suring radiation-induced free radicals in irradiated mate-
rials using EPR. The EPR signal intensity directly reflects
the number of stable free radicals produced in a solid
matrix, providing a quantitative measurement of the ab-
sorbed dose. The major advantages of an EPR dosimeter
are its small physical size and that no cables or auxiliary
equipment are required during the measurements. Further,
the nondestructive readout allows repeated calibration
and accumulated doses to be measured. Alanine is the best
known dosimeter material, already suggested for this pur-
pose more than 40 years ago and now formally accepted by
the International Atomic Energy Agency (IAEA) as a stan-
dard for high-dose (0.1–100 kGy) and transfer dosimetry.
The alanine response varies little with radiation energy,
dose rate, temperature, and time between irradiation and
readout. In brachytherapy, alanine pellets have been used
to determine the dose at discrete points around 192Ir and
137Cs sources (4–6).

Formates (salts of formic acid, HCOOH) were suggested
as alternatives to alanine a few years ago (7,8). Lithium
formate shows great potential for accurately determining
low radiation doses (9). Lithium formate is about six times
more sensitive than alanine, shows a linear dose response
up to 1 kGy, and is close to water in terms of absorption
properties and scattering of radiation. It also has a high
resistance to fading if it is kept in correct conditions (low
humidity and dark) after irradiation. Moreover, the EPR
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spectrum of irradiated polycrystalline lithium formate
consists of a single EPR line. This latter characteristic is
particularly useful for imaging purpose with EPRI.

Using appropriate field gradients, EPRI can map the
distribution of free radicals inside samples in two or three
dimensions. This method is analogous to MRI, except that
the generated image represents the distribution of electron
spins instead of nuclear spins. EPRI has been used in vivo
to investigate the distribution of stable free radicals, or to
indirectly map important physiological parameters, such
as oxygen (10), nitric oxide (11), or redox status (12). In the
field of dosimetry, EPRI has been used to retrospectively
reconstruct the dose after bone irradiation (13). To our
knowledge, the present study is the first attempt to use
EPRI as a tool to experimentally evaluate the spatial dose
distribution and to apply proof-of-concept to the recon-
struction of the gradient of doses surrounding brachyther-
apy seeds. For this purpose, we developed large cylindri-
cal tablets of lithium formate, in which holes were drilled
to allow the insertion of brachytherapy 125I seeds. EPR
images of pellets were obtained after irradiation by one or
two seeds. Experimental data were compared to MC sim-
ulations using MCNP version 4 code (MCNP-4C) (14,15).
MC simulation is a statistical solution for complex math-
ematical problems that uses random sampling. MC simu-
lation of particle transport has become an essential tool for
dose calculation in complex medical physics situations, as
these calculations are a faithful simulation of physical
reality, particularly in situations where measurements are
difficult or impossible (16). MCNP, which stands for MC
N-Particles, and its precursors, were developed at Los
Alamos National Laboratory (Los Alamos, NM, USA) to
analyze problems related to nuclear reactors. MCNP-4C is
a general-purpose radiation transport code that can be
used for coupled neutron/photon/electron transport (17).
The code can handle any arbitrary three-dimensional (3D)
configuration.

The spatial resolution of EPR images was assessed with
a semiempiric method from the edge spread function
(ESF).

MATERIALS AND METHODS

Phantoms

Cylindrical tablets (diameter � 22 mm, height � 10 mm) of
polycrystalline lithium formate monohydrate (Aldrich,
Steinheim, Germany) were made using a tablet press (type
AC27, 50 kg/cm2; Ateliers Courtoy, Halle, Belgium). Lith-
ium formate forms strong pellets without need of addi-
tional binding material. For brachytherapy studies using
one seed, one hole (1.5-mm in diameter) was drilled in the
center of the tablet to introduce the radioactive source. For
studies with two brachytherapy seeds, two holes (8 mm
between centers) were drilled in the tablets.

Irradiation

Some tablets were externally irradiated using an X-ray
beam (Philips 250 RT, 250 kV) with a dose rate of 0.85
Gy/min. The samples were irradiated at different doses
(25, 50, 100, 200, and 300 Gy) to study the linearity of
response. Some of these samples were partially protected

with several layers of lead (triangular shape) to visualize
the different nonirradiated shapes. For brachytherapy
studies, Iodine-125 seeds (Oncoseed model; GE Health-
care) were used. These seeds consist of a welded titanium
capsule (diameter � 0.8 mm, length � 4.5 mm) containing
iodine-125 adsorbed onto a silver rod (diameter � 0.5 mm,
length � 3 mm). The tablets were irradiated for 2 weeks at
room temperature, protected from light and humidity, and
kept in the same conditions before being imaged.

EPR Imaging

Since we were interested in radial dosimetry in the phan-
tom, 2D images were acquired along the source perpendic-
ular axis. This allows to build radial dosimetry curves as is
commonly performed in similar studies using other meth-
odologies such as film dosimetry. No other 2D orientation
nor 3D images were necessary for this work.

The EPR images were acquired at room temperature
using an EPR Elexsys E540 System with three orthogonal
water-cooled cylindrical gradient coils. The irradiated pel-
lets were placed in the center of an L-Band EPR cylindrical
resonator (ER 6502 BC, 23-mm in diameter) operating at
1.1 GHz. The samples were positioned in the EPR resona-
tor with the symmetry axis along the central axis of the
cavity. The usual EPRI acquisition parameters were as
follows: modulation frequency � 100 kHz, microwave
power � 45 mW, modulation amplitude � 3.35 G, 512
points, 30 scans of 5.24 s each, pixel size � 0.5 mm, and
spatial window � 30 mm (field of view). The magnitude of
the magnetic field gradient was 300 mT/m. 2D images were
reconstructed on a 128 � 128 matrix by filtered back-
projection using a Shepp-Logan filter (18,19). Before re-
construction, each projection was deconvolved using fast
Fourier transform with the measured zero-gradient spec-
trum to improve image resolution. To reduce noise ampli-
fication and avoid possible division by zero at high fre-
quencies, a low-pass filter was used. The deconvolution
parameters, including the maximum cutoff 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
performed using the Xepr software package (Bruker).

MC Simulations

MCNP-4C was used to calculate the dose distribution
around the source. The detailed photon physics option of
MCNP was used in this work. This option includes Comp-
ton scattering, Rayleigh scattering, and photoelectric effect
with emission of fluorescence photons. The cross-section
data and the form factors for coherent and incoherent
photon scattering were taken from Storm and Israel (14) or
from the Evaluated Nuclear Data File (ENDF) (15) while
the fluorescence data were taken from Everett and Cash-
well (20). A new library of photoelectric cross-sections
updated by Bohm et al. (21) was also used. Spheres with a
diameter of 0.1 mm defined the acquisition cells (22) at
different distances, from –1.1 cm to 1.1 cm. Dose calcula-
tions were obtained using the F6 tally card in the MCNP
(describing the mean energy deposition per cell in MeV/g),

1226 Vanea et al.



assuming that electron transport can be neglected at this
low photon energy and, consequently, that all electron
energy is deposited locally. We modeled the source using
data from the literature, and the dosimetric parameters
were compared to existing publications to validate our
model.

Finally, the number (one billion) of simulation histories
was chosen to reduce the maximum statistical uncertainty
in the MC calculations to about 2% for a volume element
situated at 1.1 cm from the source.

Resolution—ESF Determination

Two different methods were used to assess the resolution
of the imaging system.

In the first set of experiments, holes of different diame-
ters (ranging from 5 mm to 2 mm) were drilled in the
center of tablets that were subsequently irradiated at 300
Gy with a 6-MeV X-ray beam generated by an Elekta
SL75/5 Linac linear accelerator. Image acquisition was
performed using the same settings as described in the EPR
Imaging section above. The evaluation of the resolution
was carried out by visual estimation of images. More for-
mally, the signal falloff in the middle of each image was
also measured from the intensity curve using the Xepr
software from Bruker.

In the second experiment, the spatial resolution was
obtained in terms of the ESF. The ESF was determined
following a procedure modified from the classical method
used in MRI (23) and from the work of Ahn and Halpern
(24–26).

Briefly, a parallelepiped phantom was filled with irradi-
ated (300 Gy) lithium formate. The size of the phantom
was 1.0 cm � 1.0 cm � 4.0 cm. A 2D image of the phantom
was reconstructed. 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 . [1]

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

FWHM � 2.� �2.ln2. [2]

All calculations and fitting were carried out using Prism
4 (GraphPad Software, Inc., La Jolla, CA, USA).

RESULTS

The EPR spectrum of irradiated HCO2Li � H2O presented
a single-line that was attributed to CO2

– radicals (Fig. 1a).
The EPR signal intensity increased linearly with the dose
of external beam irradiation (Fig. 1b), as previously shown
(8,9), making this material suitable for dosimetry pur-
poses. Using appropriate field gradients, it was possible to
map the distribution of the radiation-induced free radicals

in the tablets of lithium formate. The amplitude maps
(reflecting the EPR signal intensity) of tablets irradiated by
an external source of X-rays are shown in Fig. 1c and d,
corresponding to tablets irradiated without lead protection
and with a triangular lead protection, respectively. The
irradiated zones can be easily visualized in the EPR im-
ages, which clearly reflect the known shape and dimen-
sions of the object. The signal is homogenous in each
considered zone.

Figure 2a shows the 2D projection of EPR signal inten-
sity surrounding one 125I brachytherapy seed. The shape of
the lithium formate tablet is indicated by the black circle.
As the EPR signal is proportional to the radiation dose, its
variation, depicted by the color code, also reflects the
variation of the dose distribution around the seed. Figure
2b is the corresponding wire-frame plot. This is a perspec-
tive view of the signal intensity variation inside the phan-
tom. The intensity of the EPR signal reaches its maximum
in the middle of the sample, where the seed was inserted,
and decreases with distance toward the edges. The radial
dose profile, normalized to its maximum, was obtained
along the source perpendicular axis and is shown in Fig.
2c. The dose was measured approximately every 1 mm
along the axis passing through the center of the tablet.

Figure 3a shows the dose distribution, estimated by the
EPR signal intensity, around two 125I radioactive seeds
with the same activity, inserted in the phantom lithium
formate dosimeter. The distance between two seeds, as
measured on the image, is 10 mm. Figure 3b and c present
perspective volumes of the doses, and estimated dose dis-
tributions (from EPR data) around the seeds.

In Fig. 4, the results of the MC calculations for one seed
(Fig. 4a) and two seeds (Fig. 4b) are compared to the
experimental data obtained by EPRI. For convenient com-
parison of EPR and MC curves, data were normalized to
the values observed at 1 mm from the center. The first data
point of the MC simulation was calculated at 1 mm from
the center of the source because: 1) the seed itself was

FIG. 1. EPR spectroscopy and imaging on lithium formate samples.
a: EPR spectrum of externally irradiated lithium formate recorded at
9 GHz. b: Dose-response relationship. c: EPR image of an externally
irradiated tablet of lithium formate. d: EPR image of an externally
irradiated pellet partly protected by a triangle lead shielding.
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0.8 mm wide, so it would not have made sense to compute
a dose inside the source itself; and 2) the hole drilled to
allow the insertion of the seed was 1.5 mm wide, so (in our
model) the first meaningful dose was expected at 1 mm
from the center of the phantom.

Although EPRI data generally correlated with MC sim-
ulation, several differences between these two curves can
be observed.

First, the shape of the curves is different, the MC curve
being narrower than the EPRI one, with a FWHM of
3.5 mm (vs. 7.2 mm for EPRI). The slope of the MC curve
is very steep in the immediate vicinity of the radioactive
source, becoming flatter with distance. According to the
MC curve, the dose deposition at 1.7 mm is 50% and at
5.2 mm it is 90%. EPRI is a symmetric Gaussian-like curve,
with 50% of dose deposition at about 3.9 mm and 90% at
5.8 mm (Fig. 4a).

Second, on the EPRI curve (Fig. 4b) it can be seen that
the two maxima values are positioned at –5 mm and

5 mm (total distance between maxima is 10 mm) whereas
the true location is –4 mm and 
4 mm, respectively (real
physical distance is 8.0 mm). This results in a shift of the
two maxima points between the experimental and calcu-
lated curves.

Third, EPRI data are present even in areas where no
signal would be expected, for example between –0.75 mm
and 
 0.75 mm (Fig. 4a); these areas correspond to the
holes drilled to insert the radioactive sources, and conse-

quently they do not contain any radiosensitive material
(see Discussion).

Figure 5 shows the variation of the signal in externally
irradiated phantoms with a central hole of decreasing size.
This allows a semiquantitative estimation of the resolution
based on a visual estimation of images. Calculation of
signal intensity falloff in the center of the image gives a
more formal approach. For a hole of 5 mm in diameter, the
signal dip on the corresponding image is 93%, the two
edges of the hole being almost perfectly separated. When
the size of the hole decreases, the dip decreases accord-
ingly and falls to 46% for a 2-mm hole.

Figure 6 shows the signal intensity response along a line
perpendicular to the edge of the parallelepipedic phantom
used for ESF measurement (black boxes, Fig. 6b), and its
derivative (black curve, Fig. 6b and c). The first half of the
curve was used for the Gaussian fitting (Fig. 6d) The �
value computed for the Gaussian fit of ESF was 1.879 �
0.019. The goodness of fit (r2) was 0.993. The correspond-
ing calculated FWHM was 4.4 mm.

DISCUSSION

Each radiation therapy intervention requires an accurate a
priori estimation of the dose that will be delivered to the
tumor and to the surrounding healthy tissues. In brachy-
therapy, estimation of the dose near the radioactive source
is not easy. Estimation of the dose using MC calculations

FIG. 3. EPR data obtained from a tablet of lithium formate irradiated by the insertion of two 125-iodine brachytherapy seeds. a: 2D EPR
image of the signal intensity. The color code directly reflects the gradient of dose received by this radiosensitive material. b: Wire-frame plot
(or perspective view) of the signal intensity variation around the seed. c: Distribution of dose in the plane perpendicular to the long axis of
the seed, crossing the seeds in their center. The distance between the two maxima is 10 mm.

FIG. 2. EPR data obtained from a tablet of lithium formate irradiated by the insertion of one 125-iodine brachytherapy seed in the center
of the tablet. a: 2D EPR image of the signal intensity. The color code directly reflects the gradient of dose received by this radiosensitive
material. b: Wire-frame plot (or perspective view) of the signal intensity variation around the seed. c: Dose profile along the source
perpendicular axis (error bars indicate mean � standard deviation, N � 3).
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in the close vicinity of the seeds (�1 cm) is dependent on
the codes used and the underlying physics approxima-
tions. However, these estimations are particularly impor-
tant for treatment planning and clinical outcome. More-
over, recent data showed that the evolution of the tumor
microenvironment during brachytherapy is strongly de-
pendent on the distance (in the first millimeters) between
the irradiation seeds and the tumor tissue (27). In this
work, we suggest a new experimental method based on the
EPR imaging of free radicals induced by the irradiation in
a solid matrix made of a radiosensitive material. Overall,
the method offers linearity of response with increasing
doses, high sensitivity, and reproducible homogeneity of
signal in areas irradiated at the same dose.

Nevertheless, several differences are observed between
EPRI experimental and MC simulated data. EPRI and MC
intensity profiles have different shapes, the EPRI curve
being broader than the MC curve. It is likely that the profile
observed with the MC simulation is in closer agreement to
the reality than the EPRI data. 125I emits low-energy pho-
tons that are readily absorbed in tissue, and the dose

distribution pattern is expected to present a strong dose
gradient. The data from the MC curve are more in agree-
ment with this situation than those from the EPRI curve.
Nevertheless, MC simulations are currently not fully vali-
dated for small distances (i.e., �5 mm).

It must also be remembered that the resolution reached
with EPRI using lithium formate is definitely limited be-
cause of the rather large signal linewidth given by this
particular material (�14 Gauss). Theoretically, the shortest
distance (d) between two points that can be resolved in the
EPR image is given by the equation

d � LW/G, [3]

where LW (mT) is the linewidth of the EPR signal and G
(mT/m) is the magnitude of the gradient field. In our study,
the linewidth of the signal is 1.4 mT, gradient magnitude is
300 mT/m and applying Eq. [3] gives a theoretical resolu-
tion d of 1.4/300 � 4.7 10–3 m (4.7 mm). The resolution
calculated in terms of the ESF is 4.4 mm, and in close
agreement with the theoretical value. However, it can be
intuitively observed from Fig. 5 that resolution might be
better. More quantitatively, the decrease in signal intensity
in the dip reaches 35% for a 1-mm hole. Based on the
Rayleigh’s criterion used in the field of optics, Eaton et al.
(28) have proposed as a working definition that two points
are resolved if there is a 17% decrease in EPR signal
intensity between them.

Whatever it may be, because of this finite resolution, the
experimental curve is smoothed to some extent, and glo-
bally presents a different profile. This limited resolution
could also explain some other features. In the “two-seed”
experiment, the distance separating the sources was
8.0 mm, whereas the distance measured on the EPR image
is 10 mm. This imprecision (around 1 mm for each peak
position) is most probably due to the limited resolution
imposed by the signal linewidth. Another unexpected re-
sult of the EPRI data is the presence of data even for points
located immediately around the seeds; for example, be-
tween –0.75 and 
0.75 mm around the zero position (Fig.
4a). A hole was drilled in that position in order to place the
seed, so that there was no radiosensitive material (lithium

FIG. 5. 2D EPRI images of externally irradiated lithium formate
phantoms. The size of the central hole is 5 mm (upper left), 4 mm
(upper right), 3 mm (lower left), and 2 mm (lower right). Each image
is normalized to its own maximum intensity.

FIG. 4. a: Comparison of the dose distribution profiles in a tablet irradiated by one 125I seed. EPRI data (black boxes) vs. Monte Carlo
simulation (open boxes). b: Comparison of the dose distribution profiles in a tablet irradiated by two 125I seeds. EPRI data (black boxes) vs.
Monte Carlo simulation (open boxes).
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formate) in that area. Consequently, there should not be
any signal.

For this study, we used seeds containing 125I. The low
energy of the emitted photons is responsible for steep
gradients of dose distribution. This is also the most chal-
lenging situation for EPRI since it requires accurate mea-
surement over very small distances. Although the use of
field gradients allowed evaluation of the continuous de-
posit of dose in the close vicinity of the seeds and the
quantification of the dose gradient (Figs. 2 and 3), the
resolution still requires further improvement. The accu-
racy of the method also has to be demonstrated.

The rationale for using lithium formate as a dosimetric
material instead of alanine was based on the following
considerations. First, the EPR spectrum of CO2

– is single-
lined (compared to the complex spectrum of irradiated
alanine, which is not suitable for imaging purpose)
(Fig.1a), making the spectrum fairly simple and particu-
larly convenient for imaging applications. CO2

– radicals are
also reported to be extremely stable, up to 109 years
(29,30). Second, as the lithium formate EPR spectrum is a
single line, Vestad et al. (9) reported that this material
gives a higher peak-to-peak signal and is six times more
sensitive than alanine. This material is also tissue equiv-
alent: the Zeff are 6.78, 7.31, and 7.51 for alanine, lithium
formate, and water, respectively. Moreover, it exhibits no
zero-dose signal (8,9), and shows a linear dose response
(Fig.1b). Finally, lithium formate can be pressed into tab-
lets without the need for a binding agent. Other materials
known to have a narrower EPR linewidth signal could be
used but have several disadvantages, such as being very
highly hygroscopic or not being commercially available. A
high spatial resolution of 1 mm would be desirable for
applicability of EPRI for clinical purpose, as radiothera-
pists need an accurate dosimetry in the range of 1 mm.
Several different strategies could be considered. First of
all, images could be acquired using a higher magnitude of
the gradient field. With a gradient up to 2000 mT/m the
theoretical resolution would be 0.7 mm. Enhancement of
the resolution could also be achieved by using another
radiosensitive material with a more narrow linewidth. On

our system, the maximum field gradient is 490 mT/m. In
order to reach a resolution of 1 mm, the maximum line-
width of the material should be, according to Eq. [3], 0.49
mT (490 mT/m * 0.001 m). Ammonium formate gives a
�0.65 mT (6.5 G)-width EPR signal (8), and could be
investigated as a radiosensitive material for EPR imaging
allowing a better theoretical resolution. Finally, it has been
demonstrated that an optimized mathematical treatment of
the signal before reconstruction could also greatly improve
the resolution (31).

In conclusion, the present study should be considered as
a first proof-of-principle that gradients of dose in the vi-
cinity of brachytherapy seeds can be estimated using EPRI.
With the present material used as a dosimetric phantom,
some discrepancies were observed between MC simula-
tions and EPRI. This is likely due to the limited resolution
imposed by the signal linewidth of the material used.
Better resolution would be expected with radiosensitive
materials with narrower linewidths. No gold standard
method is currently available to evaluate the dose distri-
bution pattern in areas around brachytherapy sources. As
there is a growing need for new methods, EPRI appears to
possess interesting characteristics that demonstrate its po-
tential in this field of investigation. The perspectives of the
present study could be the development of absolute 2D
and 3D quantification of doses, for example by using in-
ternal or external references. It is also likely that the
present concept could be applied to evaluate the distribu-
tion of doses in other forms of radiotherapy with steep
gradients in dose distribution, such as the ones that are
used in intensity-modulated radiation therapy (IMRT).
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