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Abstract

For spectral-spatial EPR imaging, prior knowledge about the spatial support of an imaged object can be exploited in two ways. We
can shrink the spatial field of view (FOV) to closely wrap the object in a sphere or reduce the sweep width in a projection dependent
fashion. Use of a smaller spatial FOV with the same number of samples enhances spatial resolution by reducing voxel volume at the
expense of signal-to-noise and a consequent degraded line-width resolution. We have developed another approach to define sweep width
that prunes away the portions of the projection sweep with no signal. This reduces data acquisition time for the continuous wave (CW)
EPR image proportional to the sweep width reduction. This method also avoids voxel volume reduction. Using the reduced-sweep
method, we decreased the data acquisition time by 20% maintaining spatial and linewidth resolution.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Electron paramagnetic resonance imaging (EPR imag-
ing, EPRI) is capable of measuring the spatial and spectral
distribution of the EPR absorption. Useful information
concerning local fluid environment is reported in the
EPR spectra. One can design a variety of spin probes to
be sensitive to specific aspects of physiology including tem-
perature, pH, microviscosity, tissue oxygenation, and the
distribution of exogenous paramagnetic species [1-6]. For
an application of EPRI to in vivo physiology it is important
to complete data acquisition in minimum time.

A spectral-spatial image is reconstructed from EPR pro-
jections obtained with stepped field gradients [7,8]. The
extremely short spin-relaxation time of unpaired electrons
makes the continuous wave (CW) EPRI technique com-
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mon and technically less challenging for the EPR image
acquisition, particularly at low operating frequencies.
Unlike Fourier transform acquisition [9] or electron spin
echo acquisition [10], the acquisition time of a CW EPRI
is directly related to the spectral interval of its projections.
If a more compact interval that retains full information for
the reconstruction can be determined from an imaged
object, one can reduce data acquisition time of EPRI by
employing the minimum magnetic field sweep intervals
for projections.

Previous spectral-spatial CW EPR imaging evaluated
projection spectral intervals using the concept that the sup-
port of the spectral-spatial object would lie entirely within
the hyper-cylinder contained in the circumscribed hyper-
sphere [11]. We have earlier discussed a simpler method
of reduction of the sweep interval to the hyper-cylinder
itself [12]. In that treatment, which assumed that the spec-
tral dimension was covered with sinograms stepped in
equal angles, the spatial dimension was reduced to the min-
imum spatial support of the object. For full coverage, this
often requires the use of high gradients that either reduces
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the signal-to-noise of the projection below a useful value or
requires gradient magnitudes that are unavailable. In this
work, we attempt to avoid the limitations of the latter
method by using a spectral-spatial 4D EPRI with sweep
width reduced based on the object size.

The performance of EPRI was characterized in two
ways. The spectral dimension from each voxel of the image
of a homogeneous phantom was fit to an accurate paramet-
ric spectral shape [13,14], producing a 3D EPR line-width
map. One criterion used to judge the quality of a set of
images was the scatter of the spectral line-width distribution
from a homogeneous sample. This increases as the signal-
to-noise ratio (SNR) goes down. The other figure of merit
was the spatial resolution of a 3D EPR signal height map.
We observed a trade-off relationship between the spatial
resolution and the line-width resolution when the spatial
field of view (FOV) was varied instead of the sweep
width.

2. Background and theory

Projections of the spectral-spatial EPRI are taken with
gradients of various directions and magnitudes. The varia-
tion of the gradient magnitude G is characterized by a spec-
tral angle o defined as [11]

tana = GAL/AB, (1)

where AL is a spatial FOV that must be fully sampled, and
AB is a magnetic field interval, or spectral FOV that fully
encloses the EPR signal obtained without gradient. The
sampled volume of the spectral-spatial image is a hyper-
cylinder, which collapses to a square (shade in Fig. 1a) for
a 2D spectral-spatial image. For a spectral-spatial object
with finite support (AB, AL), one wishes to sample the
spectral axis of [-AB/2, AB/2]at every spatial positionin AL.
For a 4D spectral-spatial object, the projections can be
interpreted as 4D Radon transforms of the 1D spectral and
3D spatial object function. A generalized four-dimensional
space is defined with a unified unit by introducing a
conversion factor ¢ = AB/AL, and a 4D unit vector &g =
(cosa, sin 2G/G) associated with a magnetic field gradient
G.EPR signal s(Bsw, G) measured at a particular Bsw under
the gradient G is written as is discussed more fully in [12]

-] [raous
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where f(B,X) is a four-dimensional spectral-spatial reso-
nance density that denotes energy absorption at a spatial
location X for an external magnetic field B.

A conventional filtered backprojection (FBP) algorithm
requires a full sampling in a sphere that encompasses the
hyper-cylinder, with the corresponding sweep width of [11]
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Fig. 1. Definitions of sweep width for spectral-spatial imaging. Shaded
rectangles represent the sampled volumes (squeezed hyper-cylinders) of a
spectral-spatial object. The 4D Radon transform derivation of Eq. (2)
introduces conversion factors for a unified unit, c = AB/AL, and ¢’ = AB/
AL'. The sweep width ABgy is represented by a spectral-spatial variable
of A¢ = cosa ABgw. (a) Conventional definition of sweep width (Eq. (3))
requires a full sampling in a sphere that encompasses the spectral-spatial
object. (b) The definition of Eq. (4) can be explained as an approach to a
region of interest (ROI) reconstruction problem. The sampled volume is
always covered by field sweeps of varying width. (c) Assignment of the
smaller spatial sampling volume to the field of view (FOV) will result in a
zoomed-in image. The dashed line inside the shaded square demonstrates
the zooming effect with the change of conversion factor from ¢ to ¢’. (d)
The sweep width can be further reduced if a spatial extent of the object,
AL’, is known to be smaller than the field of view, AL.

ABsw = . (3)

Williams et al. [12] define a minimum sweep width that
covers the hyper-cylindrical sampled volume as

ABsw = AB(1 + tan o). (4)

The above definitions of sweep width of Egs. (3) and (4)
are diagrammed in Fig. la and b. We define ABgw =
Aé/cosa and ¢cAL = AB in Fig. 1b.

The spatial extent of the spectral spatial object is deter-
mined by two factors. One is the physical size of the object
in which spin probes are distributed, and the other is the
distribution of the RF field. If either of the two is enclosed
by AL, we have full support for the object that produces
EPR signal. The segments of a circle outside the shaded
area in Fig. la are devoid of signal.

Suppose we have a spatial extent of the object AL’,
which we call the region of interest or ROI, that is known
to be smaller than the arbitrarily chosen spatial FOV AL.
We can assign AL’ to the spatial FOV (Fig. 1c) with a
redefinition of the conversion factor ¢’ = AB/AL’. This
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Fig. 2. (a) A sealed borosilicate glass phantom filled with 1 mM deoxygenated OX063 radical. The sampling configuration of the EPR imager assigned Z
axis to the zero polar angle gradient direction. The cylindrical Y axis of the phantom was perpendicular to both X and Z axes. (b) XY slice of a 3D EPR
signal height map of the phantom. Solid circle represents the spatial FOV of 3 cm diameter. The inner circle dashed line has a diameter of 2.5 cm. (c) A
zoomed-in image was taken with the spatial FOV of 2.5 cm. The number of spins within each voxel decreased as a result, giving a lower signal peak height.

The images did not have truncated projections.

results in a zoomed-in image with the spectral angle o
defined as

tana = GAL'/AB, (5)

which requires a higher gradient magnitude compared with
the same spectral angle of Eq. (1). The spatial FOV can be
chosen, for example, to limit the maximum gradient to that
which can be safely generated by the gradient coils. Fig. 2c
shows a signal height slice of the EPR image obtained with
the spatial FOV zoomed-in by 20% compared to the EPR
image of Fig. 2b.

Instead of the zoomed-in sweep, we can define an ROI,
AL’ and modify the spectral-spatial imaging to exploit this
information. Fig. 2a and b show a phantom and its EPR
image with the spatial FOV of diameter AL. The sweep
width and gradient defined by Egs. (1) and (3) will provide
projections for the conventional spectral-spatial imaging.
Fig. 1d describes the reduction of sweep width when the
spatial FOV is larger than the ROI. This leads to the fol-
lowing definition of sweep width as

ABgw = A&/ cosa
= (ABcoso + cAL'sina)/ cos o, (6)
= AB(1 + ktana)

where k = AL'/AL, and AB = cAL. This value of ABgw is
clearly smaller than the previous definition. By zero-padding
at both ends of each acquired projections, we can obtain full-
length projections of Eq. (3) for the reconstruction. With the
same set of gradients as in Eq. (1), the reduced-sweep width
of Eq. (6) decreases the data acquisition time.

3. Methods
3.1. Phantom construction and data acquisition

We used a phantom made of sealed borosilicate glass,
a cylinder with 9.5mm inner diameter and 45 mm
length. The bottle was filled with 1 mM deoxygenated
trityl OX063 radical (methyl-tris[8-carboxy-2,2,6,6-tetra-
kis[2-hydroxyethyl]benzo[1,2-d:4,5-d’]bis[1,3]dithiol-4-yI]
trisodium salt, MW 1427), a kind gift from Nycomed
Innovations, Malmo SW.

The EPR images were taken using a spectroscopic
imager operating at 250 MHz [15]. A single loop-single
gap resonator (with a sample holding loop 16 mm in
diameter and 15 mm in length) was used with a circula-
tor based bridge with quadrature RF detection. The
sensitive region of the resonator was 1.5 cm in diameter
and approximately 2.5 cm along the axis of the resona-
tor. We used an accurate lineshape simulation [13,14] to
allow operation with over-modulation (17 pT modula-
tion amplitude) to increase SNR. Field modulation
was produced by a 7.5cm radius Helmholtz coil pair
operating at 4.98 kHz. The RF power delivered to the
resonator was 0.020 mW, which was 10 times lower
than the saturation level. Fourteen spectral projections
were employed for 100 directions at uniform solid angu-
lar intervals, as has been previously discussed [16]. The
centers of the angular bins were determined in the fol-
lowing way:

Nazivmutnar = round((Nporar + 1) sin0),

T T 1
=4+ — (k—= k=1,... N
Py 2+NAZIMUTHAL( 2>7 s+ +»IN AZIMUTHAL»
i T 1
0y = —= k—= k=1,... N . 7
k 2+NPOLAR< 2)» s+« IVPOLAR (7)

With Nporar = 12, Eq. (7) produced 100 locations uni-
formly populating the unit hemisphere.

Three sweep methods were defined from different combi-
nations of the equations and parameters in the above sec-
tion. In those equations, we used AL =30mm,
AL’ =25mm, and AB=0.10mT. The ‘“conventional”
spectral-spatial imaging used the spectral angles « and
the sweep width defined by Eqgs. (1) and (3). The spatial
and spectral FOV were 30 mm and 0.10 mT (Fig. 1a).
The “zoomed-in” imaging (Fig. 1¢) used the definitions
of Egs. (3) and (5). The “reduced-sweep” imaging
(Fig. 1d) used the definitions of Egs. (1) and (6). Both
the conventional method and the reduced-sweep method
required maximum gradient of 30 mT/m. The zoomed-in
imaging required maximum gradient of 36 mT/m. Data
acquisition time was 55 min for the reduced-sweep imag-
ing, and was 68 min for each of the other two.
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The low SNR at higher gradient projections was par-
tially compensated by signal averaging using the number
of averaged projections N = [(cosa) '] where the brackets
here indicated rounding to the nearest integer less than or
equal to the bracketed expression. Each sweep was
acquired with 256 field points, 3 ms between analog to dig-
ital converter latching of the spectral voltage per point, a
3 ms lock-in amplifier time constant, and with a 12-dB/
octave lock-in filter. An SR830 lock-in amplifier (Stanford
Research Systems, Sunnyvale, CA) was used. Post process-
ing of the data subjected the projections to a Gaussian filter
whose width was 3.2 points. The projections were then sub-
sampled to 256/3.2 =80 points so that the four-dimen-
sional image could be reconstructed on a late model PC
in a reasonable time (<2 min).

For a fast reconstruction, we employed multistage FBP
that carried out three stages of 2D back projections [17].
This required gradient direction sampling aligned in a grid
defined by azimuthal and polar angles. We used 2D cubic
B-spline interpolation to produce the 12 polar and 13 azi-
muthal linear angle sinograms for multistage reconstruc-
tion from the 100 projections sampled at uniform solid
angles [18]. We then interpolated the 12 x 13 sinogram by
a factor of 4 in each dimension using the same 2D cubic
B-spline method.

3.2. Simulation with experimental noise

To validate the experimental results, we simulated EPRI
by forward projecting a 4D synthetic phantom. We incor-
porated the variation of SNR due to the signal height
decrease for high gradient application and its partial com-
pensation by signal averaging. The power spectrum of
Gaussian noise was adjusted to match the experimental
noise spectrum obtained as above, and the noise level
was changed for each gradient magnitude to account for
signal averaging. The simulation of reduced-sweep imaging
generated projections in the same manner as conventional
experimental image acquisition, except that the part of
the sinogram outside the sweep width defined by Eq. (6)
was zero padded. Zoomed-in imaging was easily modeled
by correspondingly resampling the phantom. We carried
out 10 simulations for each of the conventional spectral—-
spatial method, reduced-sweep method, and zoomed-in
method.

3.3. Evaluation of image quality using line-width resolution
and spatial resolution

For the 4D spectral-spatial EPR images obtained with
the above procedure, we measured line-width resolutions
and spatial resolutions to characterize the performance of
each method. The line-width resolution was computed in
the following way. First, spatial voxels of the 4D image
with signal height greater than 15% of the maximum were
selected. Each of the spatial voxels had a corresponding
EPR spectrum, which was fitted using the lineshape simu-

lation algorithm [13,14] to extract the Lorentzian line-
width. We defined the line-width resolution as the standard
deviation of the line-widths from all of the voxels in the
phantom with two outer layers eroded.

Spectral amplitude at the center of the magnetic field in
the 4D image defined a 3D EPR signal height map. We
measured the spatial resolution of this 3D signal height
map using an edge spread function. This is the response
of the system to an edge source modeled by a two-dimen-
sional step or Heaviside function [19], and is mathemati-
cally equivalent to the indefinite integral of a line spread
function [20]. The rise of signal height profile of the phan-
tom image was fitted to an error function, from which full
width at half maximum (FWHM) of the line spread func-
tion was extracted. The spatial resolution was mainly deter-
mined by the intrinsic resolution and the finite voxel size of
the reconstructed image. With 80 bins for each dimension,
the spatial FOV of 30 mm defined the voxel linear dimen-
sion of 30,/2/80 =0.53 mm, which had a non-negligible
effect on spatial resolution measurement. To evaluate the
intrinsic spatial resolution, we approximated the voxelation
as a Gaussian spread function, whose width was linearly
proportional to the voxel size. Then, the measured spatial
resolution S can be specified as a convolution of the intrin-
sic spatial resolution S; and the Gaussian spread function.
This leads to the following quadrature addition [16]:

§? = 8% + (kD) (8)

where k is a dimensionless constant that characterizes the
effect of voxel size D. We measured the spatial resolution
of images reconstructed with various numbers of bins from
30 to 150, and fitted them to Eq. (8) to estimate S;. This
intrinsic spatial resolution was used to evaluate each sweep
method.

After the spectral and spatial fitting procedures, we
obtained a mean line-width, a line-width resolution, and
an estimate of the intrinsic spatial resolution from a 4D
EPR image. We took 10 images for each of the conven-
tional spectral-spatial method, reduced-sweep method,
and zoomed-in method. This resulted in 10 mean line-
widths, 10 line-width resolutions, and 10 intrinsic spatial
resolutions for each method. The results presented in Figs.
3 and 4 have error bars of +1.96 x (standard error of the
mean). When the error bars do not overlap, the difference
is statistically significant with p < 0.05 by an unpaired Stu-
dent’s #-test [21].

4. Results

Fitting 100 spectra of the bottle phantom taken without
gradient resulted in the line width of 1.44 + 0.02 uT, where
the uncertainty is the standard error of the mean of the
measurements. The phantom was oriented as displayed in
Fig. 2. The sampling configuration assigned the Z axis to
the zero polar angle gradient direction. The main magnetic
field was parallel to the Z axis and was perpendicular to the
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Fig. 3. Spectral parameters fitted from the reconstructed EPR images taken using different sweep methods. Half-length of each error bar corresponds to
1.96 x (standard error of the mean). (a) Mean line-widths. (b) Mean line-width resolutions.
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Fig. 4. Intrinsic spatial resolutions (FWHM) of the EPR images taken using different sweep methods. The spatial resolution was measured both in X and
Z directions. The coordinate system is described in Fig. 2. Half-length of each error bar corresponds to 1.96 x (standard error of the mean). (a) Spatial
resolution measured in Z direction. (b) Spatial resolution measured in X direction.

cylindrical axis of the phantom. As is shown in Fig. 2b and
¢, none of the images had a spatial truncation problem,
although the diminished number of spins in each voxel is
evident in the diminished apparent intensity (measuring
signal height) of Fig. 2c relative to Fig. 2b [22,23].

Fig. 3 shows the mean line-widths and the mean line-
width resolution of each sweep method. Compared with
the line-width fitted from the spectra under non-imaging
conditions, a slight broadening (~0.2 uT) was observed.
The overlap of error bars in Fig. 3a indicate a negligible
difference in the mean line-width measurements. Fig. 3b
shows that the difference of line-width resolution
between the conventional imaging and the reduced-
sweep imaging was statistically insignificant. The
zoomed-in imaging resulted in a significantly degraded
line-width resolution.

We measured the spatial resolution both in X and Z
directions to estimate the intrinsic spatial resolution for
each direction. Fig. 4 shows the intrinsic spatial resolutions
in X and Z directions for the images obtained with various

Table 1
Fitted line-widths from EPRI experiment® and simulation®

sweep methods. The spatial resolution in the Z direction
(Fig. 4a) was better than that in the other direction
(Fig. 4b). This was common to all imaging methods. The
spatial resolution of reduced-sweep imaging was compara-
ble to the conventional imaging both in X and Z directions.
The zoomed-in method that used a higher maximum gradi-
ent magnitude resulted in a slightly improved spatial
resolution.

Table 1 summarizes the results of simulation and exper-
iment for the mean line-width and the mean line-width res-
olution. The spatial resolution is shown in Table 2. In
general, both the line-width resolution and spatial resolu-
tion of simulation were slightly better than those of exper-
iment. The zoomed-in imaging shows a significant
degradation of line-width resolution and an improved spa-
tial resolution compared with the other two imaging meth-
ods as seen in the experimental data. The simulation of
reduced-sweep imaging resulted in a negligible difference
in mean line width, mean line-width resolution, and spatial
resolutions both in X and Z directions.

Conventional (nuT)

Reduced-sweep (1 T) Zoomed-in (uT)

Mean line-width (experiment) 1.69 £+ 0.01
Mean line-width resolution (experiment) 0.161 4 0.004
Mean line-width (simulation) 1.69

Mean line-width resolution (simulation) 0.13

1.70 4+ 0.01 1.71 +£0.01
0.155 £+ 0.004 0.21 +£0.01
1.69 1.69
0.13 0.16

@ Average values of 10 repeated experiments + standard error.

® Average values of 10 repeated simulations. Standard errors were below 1% of each measurement.
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Table 2
Spatial resolution (FWHM) from EPRI experiment® and simulation®

Conventional (mm)

Reduced-sweep (mm) Zoomed-in (mm)

X direction (experiment) 1.42 £0.02
Z direction (experiment) 1.12 £ 0.01
X direction (simulation) 1.16
Z direction (simulation) 1.08

1.44 +£0.02 1.34£0.04
1.124+0.01 1.06 4 0.01
1.15 1.01
1.08 0.87

% Average values of 10 repeated experiments + standard error.

® Average values of 10 repeated simulations. Standard errors were below 1% of each measurement.

5. Discussion

Mean line-widths of the fitted image shown in Fig. 3a
had a slight increase (~0.2 uT) compared with those
obtained under non-imaging conditions. This line broaden-
ing is due both to the computation of FBP and to the angu-
lar interpolation employed in the reconstruction [18].
Despite uniform solid angle sampling, there was a spatial
resolution asymmetry. We observed consistently better spa-
tial resolutions in the Z direction. This is the polar axis of
the sampling grid required for the 3-stage 2D reconstruc-
tion. We hypothesize that the asymmetric interpolation to
uniform linear angle sampling, necessary to use the multi-
stage reconstruction, resulted in this small direction-depen-
dent spatial resolution [16].

Figs. 3 and 4 show negligible differences between the fit-
ted values from the conventional sweep method and those
from the reduced-sweep method. The reduction of data
acquisition time from 68 to 55 min did not degrade either
the spatial resolution or the line-width resolution of the
image. The zoomed-in images had a statistically significant
degradation of the line-width resolution (Fig. 3b). As is
shown in Fig. 2b and ¢, zoomed-in images have decreased
spin concentration within each spatial voxel. This decreases
SNR and explains the degraded line width resolution. The
use of higher maximum gradient magnitude (36 mT/m)
than the other two sweep methods (30 mT/m) resulted in
a slight enhancement of the intrinsic spatial resolution for
the zoomed-in images (Fig. 4). These results can be charac-
terized as a trade-off relationship between the spatial reso-
lution and the line-width resolution.

Simulation results followed the same trends as described
above. The improved spatial resolution of zoomed-in
images was accompanied with a degraded line-width reso-
lution. The differences between the reduced-sweep images
and the conventional images were insignificant. The overall
superiority of the simulated images to the experimental
images implies that the experimental noise model incorpo-
rated into the simulation does not completely explain all
distortions from the EPR imager, although the similarity
of the experimental and simulation results gives a good
level of confidence that the simple assumptions of the sim-
ulation capture the characteristics of the EPR imager.

In the present work, we confined the variation of the
spatial support for EPRI so that none of the images
invokes any truncated projections. If a part of the object

that produces EPR signal lies outside the spectral-spatial
support, the image reconstructed using FBP will suffer
from a confounding signal due to the truncated projections
[22,23]. This is not because the projections are deficient in
information for the full reconstruction of ROI, but because
the truncation creates an artifact in the process of FBP.
Recently, an exact algorithm has been developed for image
reconstruction from truncated data in cone-beam com-
puted tomography [24,25]. Application of the exact ROI
reconstruction algorithm to the reduced-sweep imaging will
allow the use of truncated projections to result in a sub-
stantially shortened imaging time.

6. Conclusions

When prior knowledge about the size of an imaged
object is available, we can exploit the knowledge to opti-
mize the image acquisition in one of the several ways. First,
one may choose to use a smaller spatial FOV, producing a
zoomed-in image that has an enhanced spatial resolution.
However, this requires increased gradient magnitudes,
and may well be accompanied with the deteriorated line-
width resolution. The reduced-sweep method we have
developed provides a general approach to the spectral-spa-
tial EPRI. Without changing either the gradient magni-
tudes or the spatial FOV, this simple modification of the
acquisition prunes away the portions of the projection
sweep with no signal, shortening the data acquisition time.

We carried out spectral-spatial EPR imaging using dif-
ferent sweep methods. Image quality was evaluated in
terms of the spatial resolution and the line-width resolu-
tion. The zoomed-in images showed a characteristic
trade-off relationship between the spatial resolution and
the line-width resolution with the variation of spatial
FOV. The reduced-sweep imaging achieved 20% reduction
in data acquisition time without any degradation in the
image quality.
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