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Purpose: Various tools are currently available for dose reconstruction in individuals after accidental
exposure to ionizing radiation. Among the available biological analyses, Monte Carlo simulations,
and biophysical methods, such as electron paramagnetic resonance �EPR�, the latter has proved its
usefulness for retrospective dosimetry. Although EPR spectroscopy is probably the most sensitive
technique, it does not provide spatial dosimetric data. This information is, however, highly desirable
when steep dose gradient irradiations are involved. The purpose of this work was to explore the
possibilities of EPR imaging �EPRI� for spatial dose reconstruction in irradiated biological material.
Methods: X-band EPRI was used to reconstruct ex vivo the relative dose distribution in human
bone samples and hydroxyapatite phantoms after irradiation with brachytherapy seeds or x rays.
Three situations were investigated: Homogeneous, stepwise gradient, and continuous gradient irra-
diation.
Results: EPRI gave a faithful relative spin density distribution in bone samples and in hydroxya-
patite phantoms. Measured dose ratios were in close agreement with the actual delivered dose
ratios. EPRI was able to distinguish the dose gradients induced by two different sources �125I and
192Ir�. However, the measured spatial resolution of the system was 1.9 mm and this appeared to be
a limiting factor. The method could be improved by using new signal postprocessing strategies.
Conclusions: This study demonstrates that EPRI can be used to assess the regional relative dose
distribution in irradiated bone samples. The method is currently applicable to ex vivo measurements
of small size samples with low variation in tissue density but is likely to be adapted for in vivo
application using L-band EPRI. © 2009 American Association of Physicists in Medicine.
�DOI: 10.1118/1.3194775�
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I. INTRODUCTION

For years, radioactivity has been used in many different sec-
tors of human activity, including industrial and medical ap-
plications. The dangers of ionizing radiation are well known
and adequate preventive radioprotection measures are re-
quired when using radiation sources.

Although applications involving the use of radioactivity
are strictly controlled and generally safe, accidents are al-
ways possible and occur each year.1 These include radio-
therapy accidents,2,3 industrial accidents involving the ma-
nipulation of devices used for gammagraphy or radiography
containing highly radioactive sources,4 and handling of lost
sources.5,6

Different types of irradiation pattern can be observed
�whole body exposure vs localized irradiation� and conse-
quences range from no or moderate acute effects to death. As

the effects are directly related to the absorbed dose, dosime-
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try is a key parameter for the optimal medical management
of victims. The dose received by individuals may be hetero-
geneously distributed and should be assessed accurately. In-
dividual dosimeters are useful devices to monitor absorbed
dose, but, when accidents occur, victims are usually not
wearing a dosimeter at the time of overexposure and irradia-
tion is usually highly heterogeneous. Hence, “after the fact”
or retrospective dosimetry is generally required. Although
several complementary tools are currently available,7 actual
dose reconstruction remains a difficult task, especially when
heterogeneous irradiation with large gradients of dose depo-
sition is suspected.

Models, including numerical simulation �Monte Carlo�,
have been developed for retrospective dosimetry
purposes.8–11 In this method, the victim and the source must
be modeled in terms of geometry and composition; energy

deposition in the body is then mathematically calculated.
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This methodology has been used for several accidents in the
past.6,12,13 However, for proper modeling, reliable and accu-
rate knowledge of the scenario of the accident is required.
This is a major limitation of the method because this kind of
information is often lacking or relies on unreliable testimo-
nies.

Biological methods based on cytogenetic assays, such as
looking for chromosome aberrations by chromosome
painting,7 can provide valuable dosimetric information but
are limited to whole body dosimetry and cannot provide any
insight into dose distribution. Moreover, the sensitivity of
these techniques is limited.14

The biophysical method, which uses electron paramag-
netic resonance �EPR� spectrometry, has proved its useful-
ness in several very serious accidents.4,15–17 EPR dosimetry
studies measure the signal from CO2

− radicals that are radio-
induced in several tissues �bones, teeth enamel�.18–21 The sig-
nal intensity is proportional to the dose delivered to the tis-
sue so that calibration is possible and rapid dosimetry is
achievable. The intensity-dose relation is linear over a wide
range including low doses, and this is probably one of the
most sensitive techniques currently available.

A method offering spatial dosimetric information without
sampling would be highly desirable, especially when large
and steep dose gradient irradiations are involved, for instance
when highly active sources are manipulated manually gener-
ating a high dose gradient. X-band EPR spectroscopy could
be used to assess regional dosimetric variations, but that
would require multiple invasive tissue samplings.

Possible use of L-band EPR spectrometry for noninvasive
dosimetry studies of irradiated fingers has also been
demonstrated.22,23 This method offers the advantage of being
noninvasive but does not give any spatial information.

EPR imaging �EPRI� combines the information of EPR
spectrometry with the possibility of imaging.24–26 Using a
gradient field encoding technique, it is possible to study the
spin density distribution within a sample. This method is
analogous to MRI, except that the generated image repre-
sents the distribution of electron spins instead of nuclear
spins. Two modalities can be used. X-band EPR works in the
high frequency, in the microwave domain ��9 GHz�, and
offers a very high sensitivity but cannot be used for biologi-
cal samples because of the increase in the sample tempera-
ture due to nonresonant energy absorption by water. A sec-
ond modality, L band, works in a lower frequency domain
��1.2 GHz� and is less sensitive but can be used for humid
biological samples, including in vivo detection of spins.
EPRI combined with L band allows to obtain information
about spatial distribution of dose in in vivo measurements. In
a previous work, we have already demonstrated that L-band
EPRI imaging could be used for dosimetric purposes using
lithium formate dosimeter.27

In this study, we investigated the possible use of X-band
EPRI for delineation of spatial spin density distribution in
irradiated human bone samples and synthetic hydroxyapatite

phantoms. We used X-band rather than L-band EPR in order
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to ensure sufficient sensitivity and to prevent nonefficient
reconstruction of images that could occur with a low signal-
to-noise ratio. Although X-band EPRI is limited to ex vivo
samples, it is an essential step toward development of in vivo
EPRI using L band.

Several irradiation schemes were produced �homoge-
neous, stepwise gradient irradiation, continuous gradient� us-
ing different radioactive sources in order to assess �validate�
the possibilities of EPRI in various situations of increasing
complexity.

II. MATERIALS AND METHODS

Three types of sample were used: Whole untreated distal
phalanxes, bone samples cut from the femur, and phantoms
made from hydroxyapatite.

II.A. Bone samples

Distal phalanxes were obtained from the laboratory of
anatomy at the Université catholique de Louvain. Samples
taken from the dense and compact part of the femur were cut
to the desired parallelepiped shape using a small electrical
angle grinder machine. The dimensions of the samples were
10.0–15.0 mm �length�, 6.0–7.0 �width�, and 6.0–6.3 mm
�thickness�. Absence of any mechanically induced EPR sig-
nal was checked before using these samples for the experi-
ments. A hole was drilled in the center of some samples to
allow insertion of a radioactive source. The diameter of the
hole was 0.8 mm for 125I sources and 0.6 mm for 192Ir
sources.

II.B. Hydroxyapatite phantoms

Cylindrical tablets were made from synthetic hydroxyapa-
tite �HAP� �Aldrich, Steinheim, Germany� using a tablet
press �Ateliers Courtoy, type AC27, Halle, Belgium,
40 kg /cm2�. The infrared spectrum of the HAP showed a
typical band at 872 cm−1 which is characteristic of the
bone like B-type HAP. Paraffin was used as a binding mate-
rial �15% w/w�.28 Tablets were cut to give the
phantoms their final shape �18 mm length�6 mm width
�4.2 mm thickness�. A hole was drilled in the center of
some samples to allow insertion of a radioactive source. The
diameters of the hole were 0.8 mm for 125I sources and 0.6
mm for 192Ir sources.

II.C. Irradiation

The samples were irradiated with different sources of ion-
izing radiation in order to produce different irradiation
schemes: Homogeneous irradiation, stepwise dose gradient,
or continuous dose gradient. Homogeneous external irradia-
tion of compact bone and HAP phantoms was performed
using either an x-ray beam �Philips 250 RT, 250 kV� with a
dose rate of 0.85 Gy min−1 or a linear accelerator �Elekta SL
75/5 linac� with a dose rate of 2 Gy min−1. The total dose
was 100 Gy. Stepwise gradient irradiation was performed
using the same irradiators and appropriate lead shielding.

Doses delivered to the different areas were 200, 100, and 0
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Gy for the first set of experiment and 300 and 150 Gy in the
second one. Continuous gradient irradiation of compact bone
and HAP phantoms was carried out using two types of
brachytherapy source.

Iodine-125 seeds �Oncoseed model, GE Healthcare� were
used to induce a steep dose gradient, as 125I is a low energy
gamma emitter �35 keV�. The source was either positioned in
the center of the sample or stuck on its side. These seeds
consist of a welded titanium capsule �0.8 mm diameter, 4.5
mm length� containing 125I adsorbed onto a silver rod �0.5
mm diameter, 3 mm length�. Activity was 105 MBq �2.85
mCi� at the beginning of the irradiation period. Iridium-192
wires �LDR, Bebig, Germany, 0.3 mm diameter, 5.0 mm
length, activity of 65.5 MBq cm−1 or 1.77 mCi cm−1� were
selected to produce a smooth dose gradient, 192Ir being a
higher energy gamma emitter with a larger range than 125I.

Samples irradiated with the brachytherapy sources were
exposed to the source for 3 weeks, protected from light and
at room temperature. After irradiation, all samples were kept
in the same conditions before being imaged.

Continuous gradient irradiation of the phalanx was per-
formed with a 60Co irradiator �gamma photon emitter, mean
energy=1.25 MeV�. Samples were placed close to the
source �5 cm� and perpendicularly to the isodose to generate
a dose gradient along the samples. The maximal dose rate
was estimated at 128 Gy min−1. Dosimetry was performed
with alanine dosimeters measured by X-band EPR and the
maximal dose variation was estimated to a factor of 3.5 be-
tween the distal and proximal parts of the phalanx.

II.D. EPR imaging

The EPR images were acquired at room temperature using
an EPR Elexsys E540 System �Bruker, Rheinstatten, Ger-
many� with three orthogonal water-cooled cylindrical gradi-
ent coils. The samples were positioned in the center of an
X-band EPR superhigh Q cavity cylindrical resonator �ER
4122SHQE, 10 mm diameter� operating at �9.5 GHz.

The maximum microwave power level �13 mW� was se-
lected in the linear part of the power saturation curve previ-
ously measured. Power was optimized for each sample and
ranged from 2.0 to 13.0 mW. Modulation amplitude was set
to 0.25 mT for all samples, below one-third of the linewidth
of the EPR signal for CO2

− radicals �1.2 mT� to avoid signal
broadening. Other parameters were as follows: 100 kHz
modulation frequency, time constant ranged from 5.12 to
81.92 s, conversion time ranged from 5.12 to 10.24 s, 512
points, number of scans ranged from one to five, pixel size of
0.6 mm, and a 25 mm spatial window �field of view�. Gra-
dient strength was 340 mT m−1. Nonirradiated bone samples
were imaged using the same parameters. An acquisition was
also performed using 0.7 mT of modulation and 25 scans
instead of 3.

2D and 3D images were reconstructed from a complete
set of projections collected as a function of the magnetic
field gradient �340 mT m−1� using a convoluted backprojec-

29
tion algorithm. Spectral deconvolution and filtered back-
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projection were performed using the XEPR
® software package

�Bruker, Rheinstatten, Germany�.
2D images were reconstructed on a 128�128 matrix by

filtered backprojection using a Shepp-Logan filter.30 Before
reconstruction, each projection was deconvolved using fast
Fourier transformation with the measured zero-gradient spec-
trum in order to improve image resolution. 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. Spectral deconvo-
lution and filtered backprojection were performed using the
XEPR software package �Bruker�.

II.E. Resolution: Edge spread function determination

The spatial resolution was evaluated in terms of the edge
spread function �ESF�. ESF was determined following a pro-
cedure modified from the classical method used in MRI �Ref.
31� and from the work of Halpern and co-workers.32–34

Briefly, a parallelepiped phantom made from synthetic
HAP was homogeneously irradiated �300 Gy� with an exter-
nal x-ray beam. The size of the phantom was 1.0�1.0
�4.0 cm3. A 2D image of the phantom was reconstructed.
The signal along a line perpendicular to the edge of the phan-
tom 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 Gauss-
ian function:

f�x� =
1

��2�
e−�x − ��2/2�2

. �1�

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

III. RESULTS

After homogeneous external irradiation, 2D EPR imaging
shows an overall homogeneous spin density distribution in a
phantom of HAP �Fig. 1�b��. Contiguous slices from a 3D
acquisition �Fig. 1�c�� and a cross section through a full 3D
reconstructed volume �Fig. 1�e�� confirm this distribution but
also reveal a loss of signal toward the edges of the phantom.

FIG. 1. �a� Original hydroxyapatite phantom. �b� 2D image of phantom ho-
mogeneously irradiated with x rays �100 Gy�. �c� Contiguous slices from a
3D acquisition. Slice thickness is 0.5 mm. �d� 3D surface view. �e� Trans-
verse cross section in the full volume phantom reconstructed from a 3D
acquisition.
Figures 2�a�–2�c� show results for samples irradiated with
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stepwise gradients. Three zones of different signal intensities
are clearly distinguishable �Fig. 2�b�� and correspond to the
different areas irradiated at 200, 100, and 0 Gy �Fig. 2�a��.
The spin density curve could be extracted from the EPR
image �Fig. 2�c��. The ratio of signal intensity between areas
A and B was 2.11, in close agreement with the actual deliv-
ered dose ratio.

The same observation was made for HAP phantoms. The
signal ratio was 2.05 when the sample was irradiated at 200
and 100 Gy �Figs. 2�d� and 2�e�� and 1.93 when the delivered
doses were 300 and 150 Gy. Signal smoothing was observed
toward the edges of the samples and between the different
irradiated areas, although we used sharp lead shielding to
produce these stepwise gradients.

Figures 3 and 4 show the results for the continuous gra-
dient experiments, induced with brachytherapy sources.
When the source was centrally located, the distribution was
symmetrical around the 125I seed and the 192Ir wire �Figs.
3�a�–3�d��; it was asymmetrical �pear shaped� when the
source was located on the side of the sample �Figs.
3�e�–3�h��. Boundaries of the signal areas were highlighted
by a dotted circle on the “iodine” images then copied onto
the “iridium” images for ease of comparison. Signal distri-

FIG. 2. �a� Bone sample irradiated at three different dose levels. �b� 2D EPR
image. �c� Corresponding spin density profile extracted from 2D image
along the long axis. �d� View of a hydoxyapatite phantom irradiated at 200
Gy �area A� and 100 Gy �area B�. �e� 2D EPR image. �f� Corresponding spin
density profile measured along the long axis of the sample.

FIG. 3. 2D EPR images acquired from samples after gradient irradiation wit
located in the ��a� and �b�� center of HAP phantoms and ��c� and �d�� bone

Images are normalized to their own maximum intensity.
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bution was slightly more widespread with bone samples than
with HAP phantoms. A clear difference was observed be-
tween the images of 125I and 192Ir irradiated bone samples
�e.g., Figs. 3�c� and 3�d��. The difference was more visible
when the source was located on the side because of the in-
duced asymmetry of the irradiated zone �Figs. 3�e�–3�h��.

Some artifacts �concentric ring artifacts, star artifacts,
etc.� are visible on some EPR images. The origin of these
artifacts is multiple; they arise from limited angular sam-
pling, from the cut-off frequency chosen for the Fourier
transform used in the deconvolution process applied prior to
image backprojection, etc. The intensity of these artifacts is
mild and does not alter the qualitative information from these
images.

Spin density profiles extracted from the EPR images �Fig.
4� reflect the shape of the dose gradient. In bones �Fig. 4�a��
and in HAP phantoms �Fig. 4�b��, 192Ir sources located lat-
erally gave a smooth curve with a longer range whereas 125I
�lateral position� showed steeper curves with a smaller range.

When distal phalanxes were externally irradiated with a
continuous gradient, EPR imaging revealed an ambiguous
spin density distribution �Fig. 5� with no apparent dose gra-
dient. In contrast, several high intensity areas �spots� were
distributed throughout the sample �Fig. 5�c��.

Resolution of the system was experimentally evaluated by
the ESF. Figure 6 shows the signal intensity response along a
line perpendicular to the edge of the parallelepiped phantom
used for ESF measurement �black boxes� and its derivative
�black curve�. The first half of the curve was used for the
Gaussian fitting. The � value computed for the Gaussian fit
of ESF was 0.796�0.019; the goodness of fit �r2� was 0.993.
The corresponding calculated FWHM was 1.9 mm. The in-
fluence of the native EPR signal from the bone tissue was
also investigated �Fig. 7�.

Under the conditions used to acquire an image of an irra-
diated samples �Fig. 7�a��, a nonirradiated bone gives a very
weak signal �more than a million time weaker, Fig. 7�b��.
The image represents mostly noise when normalized to its
own maximum �Fig. 7�c��. If the parameters of acquisition
are changed, namely, by overmodulating the signal and by
increasing the number of scans and the acquisition time, an
image of rather good quality can be reconstructed even if its
intensity remains lower by five orders of magnitude �Figs.
7�d� and 7�e��.

ium-192 �upper panels� and iodine-125 �lower panels�. Sources were either
ples or on the side of ��e� and �f�� bones and ��g� and �h�� HAP phantoms.
h irid
sam
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IV. DISCUSSION

Homogeneous external irradiation using x rays should in-
duce an even distribution of radicals in samples provided that
the target sample structure is also homogeneous. We used
samples of bone taken from the hardest part of the femur to
ensure high tissue density and uniform density repartition in
the sample. For control experiments, we needed a sample in
which the HAP content would be controlled and also uni-
formly distributed. The use of phantoms made from com-
pressed synthetic HAP was a practical way to satisfy this
condition. Wave penetration in samples is usually a concern
when working in the X-band EPR frequency domain. Here,
in both types of sample, 2D EPRI gave images with a homo-
geneous distribution of the spin density throughout the
sample volume as confirmed by 3D imaging. The EPR signal
reflects the dose distribution unambiguously, at least if tissue
density is constant and is not limited by wave penetration.

FIG. 4. Spin density curves extracted from 2D EPR images for �a� a typical
bone sample or �b� HAP phantom. 192iridium irradiation �black boxes� vs
125iodine irradiation �gray circles�.

FIG. 5. �a� Terminal phalanx submitted to �b� external gradient irradiation
and �c� its corresponding 2D EPR image. �d� Cross section across the bone

sample reveals the spongy structure of the tissue.
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Nevertheless, a marked fading of the signal toward the edges
of the samples was observed. The same phenomenon oc-
curred at the transition between areas submitted to different
levels of irradiation, so that this transition zone is rather
broad and does not show a clear-cut signal change �Fig. 2�.
These “edge effects” are most probably due to the limited
resolution achieved with this kind of material. The linewidth
of the EPR signal is around 1.1 mT which implies a theoret-
ical resolution of 3 mm �FWHM� when using a field gradient
of 340 mT m−1. In our experiments, the expected resolution
is better because deconvolution was used prior to back-
projection and image reconstruction. The determination of
the ESF gave an experimental resolution of 1.9 mm, better
than the theoretical resolution. Slight spatial inhomogeneities
of response of the EPR cavity that was used could also ac-
count for these variations in the signal toward the edges.
There was proportionality of the EPR signal between areas
irradiated under the stepwise dose gradient and signal ratios
were consistent with the known delivered doses.

As deconvolution and reconstruction of images require
the highest signal-to-noise ratio, we used X-band EPR in this
first step of the validation process, because this modality
offers a higher sensitivity over L-band EPR. The linewidth of
the signal is independent of the modality used so that reso-
lution is barely the same whatever the modality is used.

Brachytherapy sources were used to produce different
gradient irradiation schemes. 125I is a low energy emitter
�35 keV� with relatively low penetrating radiations and is

FIG. 6. EPR signal of a rectangular parallelepiped phantom made of hy-
droxyapatite, externally irradiated with x rays. The signal response �black
boxes� is obtained along a line perpendicular to the edges of the phantom.
Derivative curve after smoothing �black curve� was used for Gaussian fitting
and calculation of the edge spread function.

FIG. 7. Comparison of image intensities between irradiated and nonirradi-
ated samples. �a� Image of an irradiated bone sample, normalized to its own
maximum value. �b� Image of a nonirradiated bone sample, normalized to
the maximum intensity of image �a�. Same acquisition parameters as in �a�.
�c� Same image as �b� but normalized to its own maximum value. �d� Non-
irradiated bone sample acquired with overmodulation �0.7 mT� and an ac-
cumulation of 25 scans. The intensity is normalized to the maximum value
of image �a�. �e� Same image as �d� but this time normalized to its own

maximum value. Note the difference in scale intensity.
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known to produce a steep gradient of dose deposition within
tissue. In contrast, 192Ir is a high energy gamma emitter
��350 keV� and produces a smoother gradient.

Spin density curves measured by EPRI matched the ex-
pected characteristics for both isotopes and a difference in
ranges between these sources could be observed �Fig. 4�. The
curves are somewhat smoothed, as is clearly seen when the
source was stuck to the side of the sample. Overall the meth-
odology was sensitive enough to demonstrate a difference
between gradient profiles within relatively short distances.

For irradiated phalanxes, there was an apparent absence
of gradient on the EPR images �Fig. 5�. This may be ex-
plained by a variation in the bone tissue density in this par-
ticular type of bone, inducing a variation in EPR signal dis-
tribution. The EPR signal comes from CO2

− radicals induced
by radiation in the mineral part of the bone, namely, HAP.
Variation in bone density, and consequently in HAP content,
will also result in a variation in the EPR signal, even with
external homogeneous irradiation. The structure of the pha-
lanx is spongy �Fig. 5�d��, with very high variation in tissue
density. This can certainly be a confounding factor. A higher
signal is seen at the edges and in other areas where bone
density is higher. EPRI should be corrected for bone density
variation in order to accurately depict dose distribution with-
out the influence of tissue density variations. Coregistration
and weighting with a CT scan image showing bone density
distribution could greatly improve the method.

In conclusion, our study demonstrates that EPRI can be
used to assess the regional relative dose distribution in irra-
diated bone samples. The signal-to-noise ratio that we ob-
tained is fully acceptable in the dose range tested �100–300
Gy� and allows differentiation among sources that give dif-
ferent dose gradient profiles. The method is currently of lim-
ited accuracy for bones with high variation in tissue density
but could likely be improved by using multimodality imag-
ing and image coregistration.

These X-band results are also limited to ex vivo samples
and should be confirmed in the near future by L-band experi-
ments for possible in vivo application. A key issue will cer-
tainly be to achieve absolute dosimetry. The additive dose
method could be used, at least to demonstrate the feasibility.
This method consists of several postirradiations of a sample
and subsequent EPR measurements. A plot of the ESR signal
versus dose is obtained and the unknown dose is obtained by
extrapolation of this dose curve to the zero added dose axis.
This method is nevertheless obviously not applicable to
in vivo measurements. Alternatively, an external calibration
curve could be built from a phantom made with several tubes
containing bone material irradiated at different known dose
levels.

EPR has been used for many years in in vivo research
animal experiments and is now being considered for clinical
development,35 specifically in the area of dosimetry using a
patient’s teeth as the dosimeter.36,37

Other challenges when considering transferring the
method into the clinical arena to assess dose gradients in

victims, include
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• use of low frequency �L band� allowing higher wave
penetration into tissues to assess doses in the range 20–
100 Gy,

• estimate of the bone density to relate the EPR signal to
calcium density, and

• increase in resolution of EPR images by data
postprocessing.38,39
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bernard.gallez@uclouvain.be; Telephone: 32-2-7647391; Fax: 32-2-
7647390.
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