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A study concerning the image quality in Electron Paramagnetic Resonance Imaging (EPRI) in 2D spectral-
spatial (2D SSI) experiments is presented. The aim of the measurements is to improve the signal to noise ratio (SNR)
of the projections by applying a more consciously selected modulation amplitude parameter. Data is gathered by
applying three constant and one adaptive modulation amplitude. The three fixed modulation amplitudes values
are leading to undermodulated (0.01 G), partially overmodulated (0.15 G) and fully overmodulated (0.65 G)
projections. The study demonstrates the advantages of the adaptive method, which involves selecting different and
dependent on cosine function modulation amplitudes for each projection. The study is performed on a phantom
containing four tubes of LiPc and TCNQ, characterized by a different peak to peak linewidth and spin concentration.
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1. Introduction

The Electron Paramagnetic Resonance Imaging
(EPRI) is a method of spatially and spectrally resolv-
ing signals resulting from unpaired electrons in the sam-
ple, by applying magnetic field gradients. Depending on
the method and reconstruction algorithm, it is possible
to differentiate two types of imaging: the spatial-spatial
and the spectral-spatial imaging. In the first case, only
the information about the spatial radical concentration
can be gained, in second type also the spectral features
of the signal (e.g. linewidth, isotropic Fermi coupling
constants) are available for each voxel. The image in
spatial imaging is reconstructed from a set of projections
recorded at the same magnetic field gradient strength,
but rotated stepwise in between scans for each projection,
while EPR signal is detected [1]. In case of spectral-
spatial imaging the gradient strength is also changing.
The importance of spectral-spatial experiments lies in
the possibility to measure oxygen partial pressurepO2,
which is one of the most important measurements in bi-
ology, medicine [2-5], as well other parameters like pH [6],
redox status [7], thiols [46], nitric oxide — NO [8]. To
obtain high spatial resolution in EPRI experiments large
magnetic field gradient needs to be applied, which un-
fortunately causes signal broadening with simultaneous
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amplitude decrease. Multiple attempts were made to in-
crease the signal to noise ratio (SNR), which resulted in
increasing the measurement speed [9, 10], adjusting the
detection method [1, 11, 12] and spectral-spatial imag-
ing technique [13]. To overcome low SNR the amplitude
of modulation higher than the 1/3 of the linewidth (re-
ferred to as an overmodulation) has been proposed. Un-
fortunately using too high modulation amplitudes dis-
torts the line shape and additional signal restoring pro-
cedures needs to be applied [14-16]. At the same time,
there are no articles which analyze the effects of using
partially and fully overmodulated projections to image
quality. This article compares image qualities of four 2D
spectral-spatial EPR images of a LiPc and TCNQ phan-
tom which is recorded with different constant modula-
tion amplitudes and one dependent on gradient strength
(adaptive method).

2. Materials and methods

The measurements were carried out using E540 L-Band
Bruker Spectrometer equipped with E 540R23 L-Band
EPR-Resonator. Projections were recorded in the angle
range �88� (-20 G/cm, left side Fig. 1b) to 88� (20 G/cm,
right side Fig. 1b) with step 4�. The gradient field direc-
tion was constant during the entire experiment, giving in
total 45 projections. Number of projection was set by the
equation , where i is an iterator defined as i � p0 . . . 44q.
Each projection was recorded with its own sweep width,
depending on the viewing angle which depends on the
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spectral image size (∆B � 1 G), and the spatial win-
dow (L � 15 mm), by the equations tanpαq � LG

∆B and
sweep � ?

2∆B{ cospαq. The rest of parameters were:
microwave power 0.11 mW, initial field sweep 40.52 G,
projection points 1024, frequency 1.096 GHz. Measure-
ments were performed for three different constant mod-
ulation amplitudes 0.01, 0.15, 0.65 G and the adaptive
one, in which the modulation amplitude is defined as
A{ cospαq, where A is equal to 0.01, which is less than
1{3 of the smallest linewidth, and α is the projection an-
gle. In all cases the time of measurement was the same.
During the tests stable radicals like lithium phthalocya-
nine (LiPc) and TCNQ anion salt were used. Phantom
was made out of four tubes set in a row (Fig. 1a). Crys-
tallites of LiPc were measured in 3 mm (outer diameter)
tubes with wall thickness 0.75 mm, and TCNQ anion rad-
icals in 1.7 mm (outer diameter) tubes with wall thick-
ness 0.35 mm. The distances between the main axes of
the tubes were 2.35, 3, and 2.35 mm. The orginal peak
to peak linewidths of LiPs are 68 mG (8.4 � 1016 spins)
and 97 mG (1.2 � 1017 spins), and TCNQ are 370 mG
(1.8 � 1017 and 4.5�1017 spins). The SNR is defined
as the peak to peak amplitude of the signal divided by
the standard deviation measured at the beginning of the
spectra.

3. Results and discussion

In the spectral-spatial imaging technique the most in-
formative projections are the ones measured at the high-
est magnetic field gradients and simultaneously they are
the ones having lowest amplitudes and strongest signal
broadening due to the magnetic field gradient applied.

To investigate the influence of modulation amplitude
on the reconstructed images four cases of different mod-
ulation amplitudes were considered and analyzed. At
first, the modulation amplitude was less than 1{3 of the
smallest linewidth (6.8 times less — 0.01 G), second was
approximately 2.2 times higher than smallest linewidth
(0.15 G), third was almost 9.6 times higher than the
smallest linewidth (0.65 G), and finally, the adaptive am-
plitude for each projection, described by the function
Amod � 0.01{ cospαq, giving the values always smaller
than 1{3 of the linewidth of the gradient broadened spec-
trum (projection linewidth). This linewidth is defined
as the width between first maximum and the last min-
imum of the gradient broadened, first derivative spec-
trum. This method is based on the increase of modu-
lation amplitude with the increase of gradient strength.
It is our assumption that when the projection linewidth
increases due to the gradient strength the modulation
amplitude can be increased to some extent as well. At
the same time, this procedure can lead to image distor-
tions, unless the maximum modulation amplitude is set
lower than 1{3 of the gradient broadened linewidth (cho-
sen arbitrary), than the distortions do not appear. This
method provides projections with higher SNR and also a
correct image reconstruction without the use of spectral
fitting.

Fig. 1. a) phantom; b) sinogram — adaptive method;
c) sinograms cross sections; d) reconstructed 2D image.

Figure 1a shows the phantom made of four tubes,
which was placed in the resonator and recorded with fixed
gradient direction parallel to the external magnetic field
for 45 different gradient strengths. The top view of all
projections is showed in Fig. 1b. After image reconstruc-
tion by filtered back projection (FBP) method the final
image is obtained (Fig. 1d). The same procedure was ap-
plied to all recordings giving in total four sinograms and
four images out of them. The normalized cross sections
taken at 23 projection is showed at Fig. 1c. Only two
signals for 0.01 G and from adaptive method are not ini-
tially broadened, giving the possibility of correct image
reconstruction without additional steps. Although the
SNR in the case 0.65 G is the highest, strong line defor-
mation makes it mandatory to use line reconstruction as
a next step extending the time and effort necessary for
the image reconstruction.

To compare the reconstruction quality in each case the
peak-to-peak linewidth (e.g. Fig. 1d) was plotted against
spatial position of the sample and summarized in Ta-
ble I. The error estimation of linewidths is handled by
sum of relative errors and χ-square coefficient defined as:
°

r.e. �
°4

i�1
|∆Bexp

i �∆Bori
i |

∆Bori
i

, where ∆Bexp
i is experimen-

tal linewidth, and ∆Bori
i is the original linewidth. The

best result was obtained with the adaptive method where
χ-square is 23, while the worst result — 16.1 and 8918
was obtained in the overmodulated case (0.65 G). Three
out of four linewidths with smallest errors belong to the
adaptive method (underlined linewidths in Table I).

The fitting to overmodulated data (Robinson model)
was second in order with the result 0.96 and 149, and
one linewidth measurement with smallest error. The fit
to adaptive method was before last (1.8 and 330). The
Robinson model showed its full potential in the overmod-
ulated case where signal was the strongest. Enormous
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Fig. 2. Linewidth vs. spatial axis position for four
cases. Thick lines show the expected values.

TABLE I

Linewidths and errors adapted from Fig. 2. Underlined
numbers are the best experimental result for specific
sample.

Sample
∆Bori

[mG]

Experimental linewidth [mG]
Case Fit to

0.01 G 0.15 G 0.65 G adapt. 0.65 G adapt.
LiPc 97 89 102 650 97 104 157
TCNQ 370 196 191 672 346 550 510
LiPc 68 84 88 670 84 68 67
TCNQ 370 260 233 635 450 520 668¸

column

905 629 614 2627 977 1242 1402
°

column

905
1 0.70 0.68 2.90 1.08 1.37 1.55

¸

r.e.

- 1.09 1.2 16.1 0.52 0.96 1.8

χ2 0 119 144 8918 23 149 330

improvement was achieved in the case of Fit 0.65 G, com-
pared to the original value (0.65 G) — a decrement in
total linewidth of 2.1 times (2627/1242) was reported.

4. Conclusions

Adaptive method which modifies the modulation am-
plitude in each projection by making it inversely depen-
dent on a cosine function of the projection angle showed
an improvement of the SNR for higher projection an-
gles in comparison to the undermodulated case (0.01
G). Adaptive method showed above five times smaller
χ-square value after reconstruction than it was observed
in the undermodulated case. The strongest advantage of
this method is that it does not require a spectral fitting
step after image reconstruction, unlike the overmodula-
tion case.
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