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Abstract

The CW-EPR method of image reconstruction is based on sample rotation in a magnetic field with a constant gradient (50 G/cm). In
order to obtain a projection (radical density distribution) along a given direction, the EPR spectra are recorded with and without the
gradient. Deconvolution, then gives the distribution of the spin density. Projection at 36 different angles gives the information that is
necessary for reconstruction of the radical distribution. The problem becomes more complex when there are at least two types of radicals
in the sample, because the deconvolution procedure does not give satisfactory results. We propose a method to calculate the projections
for each radical, based on iterative procedures. The images of density distribution for each radical obtained by our procedure have
proved that the method of deconvolution, in combination with iterative fitting, provides correct results. The test was performed on a
sample of polymer PPS Br 111 (p-phenylene sulphide) with glass fibres and minerals. The results indicated a heterogeneous distribution
of radicals in the sample volume. The images obtained were in agreement with the known shape of the sample.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In Electron Paramagnetic Resonance Imaging (EPRI)
deconvolution has been used to determine spatial profiles
or projections for samples with one paramagnetic species
and constant lineshape. The accuracy of the resulting
images depends on the signal to noise ratio of the input
experimental data and on the type of the deconvolution
technique applied. The deconvolution can be done by Fou-
rier transformation, iteratively or algebraically. The decon-
volution function can be a Gaussian or Lorentzian
theoretical curves, or an experimental spectrum.

For example, in the Fourier transform method the ratio
of the transforms of the EPR spectra recorded in the pres-
ence and the absence of the field gradient is calculated and
the result is reverse Fourier transformed [1,3]. The method
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is fast and simple but it does not give satisfactory results
because of increased noise that arises from noisy data
and division by values close to zero. Spatial profiles for a
reference sample, obtained by Fourier deconvolution, with-
out filtering, had a S/N ratio of about 3, although the S/N
for spectra recorded in the presence of the field gradient
was about 30. Addition of a filter function and/or the use
of a theoretical spectrum (either a Gaussian or a Lorentz-
ian) as the deconvolution function should improve the
results [2]. This procedure can be successfully applied when
the EPR spectrum of the radical to be imaged has no
hyperfine structure.

Another method for improving the quality of the density
distributions is based on zeroing the high frequency com-
ponents of the Fourier transforms of the EPR spectra
recorded in the presence and in the absence of the field gra-
dient [1], or multiplication of the ratio of the Fourier trans-
forms by a Hamming [4], logarithmic [5] or other filter
function [6].

mailto:tomczech@interia.pl


T. Czechowski et al. / Journal of Magnetic Resonance 190 (2008) 52–59 53
A very interesting possibility is Fourier reconstruction
[10]. In this method the images are obtained without the
need for Filtered Back Projection (FBP). As in other Fou-
rier methods, the quality of the images obtained without
appropriate filters is not satisfactory.

Another approach to obtaining images y(n) is the alge-
braic method [7] in which:

yðnÞ ¼ xðnÞ=Hðn; nÞ ð1Þ

where x(n) is the recorded EPR spectrum at a given angle
with respect to the gradient direction, while H(n,n) is the
filtering matrix made on the basis of the EPR spectrum re-
corded without the gradient. The choice of the filtering ma-
trix H(n,n) determines the distribution of a given type of
radicals along a selected direction and it affects the resolu-
tion of the reconstructed images.
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where h(m) is a part of the g(n) spectrum that is the EPR
spectrum with no gradient applied. The optimum choice
of the matrix H(n,n) depends on the choice of h(m):

Xm

i¼1

hðiÞ ¼
Xb�a

i¼1

gðiþ aÞ ð3Þ

The parameters a, b and m are interrelated by m = b � a.
The parameters a and b define cutoffs for significant inten-
sity at the beginning and end of the lineshape. The choice
of the parameters a and b determines the quality of the
y(n) projections obtained [14]. This method permits getting
the projections from EPR spectra with hyperfine structure
or those characterised by a low S/N ratio (<30). The alge-
braic method of getting the projections has been reviewed
in [8,11,12]. The method permits obtaining two-dimen-
sional distributions of a given radical and when applied to-
gether with advanced filtering techniques it permits
obtaining distributions with improved S/N ratio [9].

Iterative methods are the most time-consuming but they
offer the possibility to obtain projections for distributions
of one or two different type radicals. The methods provide
very good quality because, unlike the algebraic method, the
whole spectrum is analysed. Therefore, the resolution of
the images is increased and the effect of broadening of
the distributions is reduced.

In the following we present the results obtained by the
iteration method applied to one or two types of radicals.

2. Apparatus

The 2D images were obtained by the CW method on
a Bruker X-band EMX spectrometer, with gradient
coils and a goniometer [14]. The gradient coils are
230 · 13 mm, made of copper wire of 1 mm in diameter.
The field gradient constant is 27 G/cm A and the maximum
current that can be applied for prolonged periods is 2 A. A
field gradient of 80 G/cm can be generated for up to 1 min
for a current of 3 A. The maximum sample size is 9 mm.
The data are collected as a function of sample orientation
with and without a gradient. The number of orientations
should be as high as possible to get good quality image.

3. 1D deconvolution

The iterative analysis proceeds as follows:

• For a selected orientation of the sample with respect
to the external magnetic field the EPR measurements
are performed with x(n) and without g(n) a gradient.
It should be noted that the range of the scanned
magnetic field and other parameters of measurements
must be the same.

• We look for the minimum of the following
expression:

bðkÞj;l ¼
Xn

i¼1

jðxðiÞ � x1ðiÞðkÞj;l Þj

l ¼ �10;�9; . . . ; 9; 10 j ¼ 1; 2; . . . ; n� mþ 1 ð4Þ

where x(n) is the EPR spectrum recorded with gradient and
x1(n) is a simulated EPR spectrum obtained as a result of
convolution of the linear distribution of the radical
y(n � m + 1) and spectrum h(m) (Eq. (3)), the region of
the spectrum in the absence of gradient that defines all
spectral features. The parameter j is the index within the
linear distribution of the radical y(n � m + 1), l describes
how many steps will be used to change each element of
y(n � m + 1), and k is the number of the iteration. The sim-
ulated spectrum x1(n) is obtained by a convolution for the
following data:

x1ðkÞj;l ¼ hðmÞ � yðjÞðkÞl ð5Þ

The method of iterative fitting is based on subsequent
changes in each of the simulated parameters y(j) in such
a way as to minimise the discrepancy (Eq. (4)). For the
parameters y(j) the following procedure is used:

yðjÞðkÞl ¼ yðjÞðk�1Þð1þ p � lÞ ð6Þ

where p is the iteration step in the range 0.25–1% of max-
imum value. At first y(j) is adjusted so that the calculated
change in the spectrum x1(n) would reduce the error (Eq.
(4)). The procedure involves changes in y(i) within 10%
of its value with a step p. At the beginning of the calcula-
tions it is advisable to choose a larger step to shorten the
calculation time. At the final stage of the calculations the
changes in y(i) should be small to get a more accurate fit
of x1(n) to x(n) and hence a more accurate distribution
y(n � m + 1). The choice of a new y(j)(k) is made for l,
which the error bðkÞj;l is smallest. This cycle is repeated for



Fig. 1. A certain theoretical density distribution of the radical characterised by a single EPR line was assumed (b), result of 1D deconvolution (a) and
difference between theoretical and simulated distribution (c).
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all y(j), then it is restarted with the new values of the distri-
bution y(n � m + 1). As a result the simulated distribution
of the radical density y(n � m + 1) becomes increasingly
close to its actual distribution.

The accuracy of the results obtained by the iteration
procedure was tested. A certain theoretical density distribu-
tion of the radical characterised by a single EPR line was
assumed (Fig. 1b) and then the EPR x(n) spectra were sim-
ulated and treated as experimental data in further analysis.
The 1D deconvolution was used to calculate the density
distribution from the simulated x(n) spectra (Fig. 1a).
The agreement between the calculated and assumed projec-
tion proves that the iterative method was applied correct.
Fig. 2. Distribution for three samples of DPPH placed in three holes with
techniques: (a) iterative, (b) algebraic (golden deconvolution).
The error in the generation of a projection is within 1%,
which indicates that this method can be applied to experi-
mental spectra (Fig. 1c).

The next aim of our study was to verify the effectiveness
of the above-described method for generation of a known
distribution. The verification was made on the previously
reported EPR data for three samples of DPPH placed in
three holes with 1 mm diameter separated by 3 mm [14].
The depth of one of the holes was twice than that of the
other two, so the signal should be twice as large. The iter-
ative method called simultaneous algebraic reconstruction
technique (SART) proposed by Kak [17,18] was used.
The images obtained by the SART method are constructed
1 mm diameter separated by 3 mm [14] obtained by two deconvolution
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on the basis of the radical density distribution function
Y(n) determined for each projection.

The reconstructed image corresponded well with the
known distribution of the DPPH radical. The method
can be directly compared with the procedure that was used
previously [14], which was based on the so-called golden
deconvolution (Eq. (1)), also known as algebraic deconvo-
lution. The image obtained by iterative deconvolution
(Fig. 2a) showed much more details than that obtained
on the basis of the golden deconvolution (Fig. 2b). The suc-
cess of the method of iterative deconvolution prompted us
to propose an analogous method that could be applied to
generate images of two different types radicals present in
one sample.

4. 2D deconvolution

Iterative deconvolution of the image of two types of rad-
icals is much more complicated then for one type radical.
In order to obtain the distribution of the radical along a
given direction, the EPR spectrum g(n) has to be first
recorded without gradient, to find the shape and structure
of the EPR line of a given radical. The EPR lines of two
radicals may overlap. If this is so, the spectrum must be
separated into the contributions from the two radicals.
Next, for a selected orientation, the EPR spectrum x(n) is
Fig. 3. Result for two types of radicals reconstructed using theoretical projecti
EPR signal, and using iterative projections (c) and (d). All images were recon
recorded with magnetic gradient. We look for the mini-
mum of fit error bðkÞj;l1;l2 (Eq. (4)). The simulated spectrum
x1(n) of the two types radicals can be expressed as

x1
ðkÞ
j;l1;l2 ¼ hðmÞ � y1ðjÞðkÞl1 þ kðpÞ � y2ðjÞðkÞl2

l1; l2 ¼ �10;�9; :::; 9; 10 ð7Þ

where the h(m) and k(p) files contain the information on the
shape of the EPR line of the first and the second type rad-
ical, respectively, y1(n � m + 1) and y2(n � p + 1) are the
linear distributions of the first and the second type radical
along a given direction, respectively. The fitting procedure
of x1(n) to x(n) is made by small changes in the parameters
of the former leading to minimisation of the fit error bðkÞj;l1;l2

(Eq. (4)). The changes are made by iterative fit of each of
the parameters y1(j) and y2(j). For the two distributions
at the jth point the following steps are made.

yiðjÞðkÞil ¼ yiðjÞðk�1Þð1þ p � lÞi where i ¼ 1; 2 ð8Þ

The choice of a new y1(j)(k) and y2(j)(k) is made for l1 and
l2, such that the error bðkÞj;l1;l2 is minimised. This cycle is re-
peated for all j, then it is restarted with the new values of
the distribution y1(n � m + 1) and y2(n � p + 1).

The proposed procedure has been tested on the theoret-
ical distributions of radical density. We assumed that the
sample studied contains two types of radicals characterised
ons for (a) radical with a single narrow line, and (b) radical with a five-line
structed by the SART method used 18 projections.
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by different EPR lines: one by a single and narrow line,
while the other by five EPR lines. The distribution of the
radicals was also assumed to differ significantly. By itera-
tive deconvolution we obtained projections for each type
radical. We used 18 theoretical spectra x(n) to define 18 dif-
ferent projections. The images were reconstructed by the
SART method. The density distribution of the radical
characterised by the single EPR line was very well repro-
duced with an error smaller than 1% (Fig. 3c). The only dif-
ferences between expected projection and ones obtained
Fig. 4. EPR spectrum of polymer PPS Br 111 sample: Experimental (a), mang
EPR line from boxes 1 to 2, difference between manganese Mn2+ EPR spectru
using the 2D iterative deconvolution were high frequency
components, which is similar to what was observed for
1D images (Fig. 1c). The reproduction of the distribution
of the second radical density was much poorer (Fig. 3d).
The error of the projection fit reached 5% and the images
were noisier because for more complicated radical lines
each projection had not only high frequency but also low
frequency projection error. In addition, the concentration
of the radical with the single line spectrum was four times
larger than for the radical with the five-line spectrum.
anese Mn2+ EPR spectrum (b) founded using average information about
m and experimental spectrum (c), components of the radical spectrum (d).
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Therefore, for Fig. 3b and d the density distribution was
scaled up by a factor of four to clearly show all errors.
Big distortion this type of radical distribution (Fig. 3d)
compare witch single line radical (Fig. 3c) was mostly
come from differences between h(m) and k(p) files contain
the information on the shape of the EPR line of the first
and the second type radical. Parameter p was approxi-
mately five times longer than parameter m, and this
was major reason why projection fit error was bigger
for five-line radical. Apart from the iterative method,
other methods have been proposed for obtaining the dis-
tribution of densities of more than one radical [13,15,16].

5. Test on polymer

The method for determination of the density distribu-
tion of radicals was tested on polymer PPS Br 111 (p-
phenylene sulphide) containing 63% cross-linked glass
fibre and mineral fillers. The EPR spectrum recorded
without gradient shows the signal from a radical
(around x = 500) in addition to the characteristic lines
assigned to Mn2+. To reconstruct images of all types
of radicals in the sample, they should be first separated
and assigned to particular radicals. This procedure is not
trivial as the lines overlap (Fig. 4). The following proce-
dure was proposed. The spectrum in the absence of the
gradient was recorded. The intensity and structure of the
Fig. 5. Image of the Mn2+ distribution in the samples.

Fig. 6. EPR spectrum of two types of radicals rec
EPR lines at lower magnetic field than the radical area
(region 1) and at higher magnetic field (region 2) are
assumed to correspond to the spectrum of pure manga-
nese Mn2+ (Fig. 4a). The average of the signals in these
two ranges was used as an estimate of the Mn2+ spec-
trum in region 3 (Fig. 4b). The spectrum of the radicals
(Fig. 4c) was calculated by subtracting the spectrum in
Fig. 4b from the experimental non-gradient signal. The
difference signal shows that there are at least two radi-
cals in the sample (Fig. 4d) with linewidths of 6 and
0.8 G, respectively. There are large uncertainties in the
difference spectrum (Fig. 4d), but this error does not
have a large impact on the reconstruction of the distri-
bution of the radicals.

Having determined the EPR spectra of each radical, we
can start the procedure of constructing the projections. As
follows from the spectrum, the sample contains at least 3
types of paramagnetic centre so the procedure was modi-
fied as follows:

• The method of iterative 1D deconvolution was applied
to the EPR spectrum of Mn2+ ions, the information
on the EPR line structure of manganese is included in
the h(m) file.

• Having obtained the concentration distribution projec-
tion of Mn2+, for a certain angle between the horizontal
axis of the sample and the magnetic field gradient we
calculate the difference x(n) � x1(n), where x is the
EPR spectrum recorded with gradient, x1 is the simu-
lated Mn2+ spectrum (Eq. (4)) and the result is treated
as the EPR spectrum containing information on the rad-
icals in the sample.

• By the iterative 2D deconvolution we get the projections
of the two types of radicals (Fig. 4d, Eq. (7)).

A set of 36 projections were recorded at 10� increment.
The time of measurement of one projection was 41 s, time
constant 41 ms, microwave power 20 mW, sweep width
200 G, length of the spectra 1024, gradient of 50 G/cm.
Each projection was accumulated 9 times and the total time
of measurement was 4 h.

On the basis of the projections of Mn2+ by the method
SART we obtained the manganese ion distribution. The
orded without (a) and with (b) field gradient.
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resulting image (Fig. 5) indicates a homogeneous distribu-
tion of manganese in sample. The image suggests that the
manganese is an impurity in the glass fibre or in the mineral
fillers since our previous EPR studies of the polymer PPS
did not show any manganese ions [14]. The EPR spectrum
of pure glass fibre showed a single line with a width of 6 G,
and did not show characteristic Mn2+ lines. This excludes
the presence of manganese in the glass fibre and supports
the supposition that it was introduced with mineral fillers.

The next step was to determine the density distribution
of the two types of radicals. To do it we obtained the spec-
trum containing the information only about these other
two types of radicals by subtracting the spectrum of
Mn2+ contained in the glass fibre from the spectrum
recorded with gradient X(n). Therefore, we subtracted from
X(n) the spectrum X1(n) obtained by convolution of the
EPR spectrum of Mn2+ and its projection. Repeating the
procedure for each orientation, the EPR X2(n) spectra con-
taining the information on the two types radicals were
achieved. The method of iterative deconvolution was
applied to get the projections of each type of radical sepa-
rately. The distribution of the radical with 0.8 G linewidth
was insensitive to the magnetic field gradient (Fig. 6). Usu-
ally when the magnetic field gradient is applied, the inten-
sity of the EPR line corresponding to a given radical
decreases. The larger the gradient, the greater the decrease
in the EPR signal intensity. In an extreme case the EPR sig-
Fig. 7. Distribution of ferromagnetic Fe3+ clusters with narrow EPR line (0.8
without (b) and with (d) filtering of projections, both vertical and horizontal
nal cannot be detected. Therefore, care must be taken to
select a gradient that is small enough to permit detection
of the EPR signal. So the EPR line that is insensitive on
the magnetic field gradient is not the radical line.

Iron compounds are added to the polymer in the
production process. Iron ions can form ferromagnetic
cluster giving a single EPR line that is insensitive to
the applied gradient. This interpretation can explain
the unusual behaviour of the EPR line with 0.8 G
width. The image reconstructed in Fig. 7a is not a
distribution of the radical density distribution, but
together with the spectra presented in Fig. 6, it sup-
ports the presence of ferromagnetic Fe3+ clusters in
the polymer.

Because of the complexity of the spectra, it was difficult
to obtain projections of the radical characterised by the
EPR line width of 6 G. To minimise the disturbing effect
of the spectra of the other types of paramagnetic centres,
an additional procedure was applied. The aim of this pro-
cedure was a filtration of the shape of the radical density
distribution to smooth its contours. No significant effect
of the filtering on the error of the fit was noted. To illus-
trate the effect of filtering on the reconstructed density dis-
tribution of the radical characterised by the line width of
6 G, two independent analyses were made with and with-
out filtering. The reconstruction of the density distribution
of this radical without an additional filter indicates its cha-
G width) (a). Distribution of radical with the broad EPR line (6 G width)
shape of the PPS Br 111 polymer sample used for imaging (c).
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otic dispersal (Fig. 7b). The images indicated a heteroge-
neous distribution of the radicals in the sample.

The distribution from Fig. 7b cannot be simply related
to the sample shape as show in Fig. 7c. When additional fil-
ters were applied, the reconstruction of the 6 G radical den-
sity distribution proved its homogeneous presence in the
sample (Fig. 7d). The filtering gives the radical density dis-
tribution with smoother contours. This distribution corre-
sponds much better to the shape of the polymer sample.
To verify which of the radical density distributions is cor-
rect, it is necessary to determine the distribution of the rad-
ical in the polymer sample. The radical characterised by the
EPR line width of 6 G was observed both in the polymer
and in the glass fibre sample. In previous investigation of
the PPS polymer a homogenous radical distribution has
been obtained [14] which is consistent with the proposal
of a regular arrangement of the investigated radical in
the PPS Br 111 polymer (Fig. 7d). The glass fibre is only
63% cross-linked what make a heterogeneous radical distri-
bution plausible (Fig. 7b). The intensity of the radical sig-
nal in the glass fibre is three times higher than in the PPS
polymer sample, which supports the suggestion of hetero-
geneity. The image of the radical distribution obtained
without filtering of projections (Fig. 7b), can be interpreted
as the distribution of density of glass fibres containing the
radical studied. The radical density distribution obtained
without filtering is characterised by greater resolution than
that obtained with the filtering procedure.

The reconstructions indicate a homogeneous distribu-
tion of Mn2+ ions in the PPS polymer sample and a chaotic
distribution of the radicals characterised by the 6 G EPR
linewidth.

6. Conclusions

The proposed method of iterative deconvolution for
projections Y(n) of radical distribution from EPR spectrum
has been positively verified. This technique permits projec-
tions reconstructions with the error below 1% for the EPR
spectrum of one type of radical. The reconstructed EPR
images of DPPH radical distribution obtained by our pro-
cedure have proved that the method of iterative deconvolu-
tion provided correct results.

Iterative deconvolution for two different types of radi-
cals in the sample makes it possible to obtain images of
the distribution of each radical. Based on the results we
can conclude that precision of the reconstruction depends
on EPR line structure. Precision of the reconstruction is
very good for the radicals characterised by single EPR line
and satisfactory for radicals that have more complicated
EPR line structure. Worse reconstruction is caused by
accumulated errors. It is directly correlated with the size
of the data h(m) and k(p) characterising the structure of
radical EPR line. Algorithm of the iterative deconvolution
for two types of radicals in the sample did not have any
optimisation techniques which help improve radical distri-
bution especially for more complicated EPR line structure.
This is our next task to add optimisation techniques inside
deconvolution algorithm.

Application of the iterative deconvolution technique
allowed an analysis of the radicals distribution in PPS Br
111 polymer sample containing 63% cross-linked glass fibre
and mineral fillers. The results indicated a homogeneous
distribution of Mn2+ ions, and inhomogeneous distribution
of free radicals in the sample. The images obtained were in
good agreement with the known shape of the sample.

At this stage of the studies the procedure of image repro-
duction is still very time-consuming (3–4 h) because of a
long time needed for measurement of each projection
(�40 s) and the time needed to complete the iterative pro-
cedure of image reconstruction (2 h).
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[9] M. Morháč, V. Matoušek, J. Kliman, Digit. Signal Process. 13 (2003)

144–171.
[10] A.A.M. Maas, P.A.A.M. Somers, Opt. Lasers Eng. 26 (1997)

351–360.
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