
Journal of Magnetic Resonance 197 (2009) 161–166
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/ locate/ jmr
Simple data acquisition method for multi-dimensional EPR spectral-spatial imaging
using a combination of constant-time and projection-reconstruction modalities

Ken-ichiro Matsumoto a, Kazunori Anzai a,*, Hideo Utsumi b

a Radiation Modifier Research Team, Heavy-Ion Radiobiology Research Group, Research Center for Charged Particle Therapy, National Institute of Radiological Sciences,
4-9-1 Anagawa, Inage-ku, Chiba-shi, Chiba 263-8555, Japan
b Department of Bio-function Science, Faculty of Pharmaceutical Sciences, Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka-shi, Fukuoka 812-8582, Japan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 4 September 2008
Revised 23 November 2008
Available online 24 December 2008

Keywords:
Electron paramagnetic resonance imaging
Spectral-spatial imaging
Constant-time imaging
Single point imaging
Projection reconstruction
1090-7807/$ - see front matter � 2008 Elsevier Inc. A
doi:10.1016/j.jmr.2008.12.017

* Corresponding author. Fax: +81 43 255 6819.
E-mail address: anzai@nirs.go.jp (K. Anzai).
A combination of the constant-time spectral-spatial imaging (CTSSI) modality and projection-reconstruc-
tion modality was tested to simplify data acquisition for multi-dimensional CW EPR spectral-spatial
imaging. In this method, 3D spectral-spatial image data were obtained by simple repetition of conven-
tional 2D CW imaging process, except that the field gradient amplitude was incremented in constant
steps in each repetition. The data collection scheme was no different from the conventional CW imaging
system for spectral-spatial data acquisition. No special equipment and/or rewriting of existing software
were required. The data acquisition process for multi-dimensional spectral-spatial imaging is conse-
quently simplified. There is also no ‘‘missing-angle” issue because the CTSSI modality was employed to
reconstruct 2D spectral-spatial images. Extra reconstruction processes to obtain higher spatial dimen-
sions were performed using a conventional projection-reconstruction modality. This data acquisition
technique can be applied to any conventional CW EPR (spatial) imaging system for multi-dimensional
spectral-spatial imaging.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Electron paramagnetic resonance (EPR) spectral-spatial imaging
(SSI) is a functional imaging technique utilized in experimental
animals for several purposes [1–3]. EPR SSI requires a special data
acquisition software/hardware system for either projection recon-
struction [4–6] or constant-time modality [7].

The only extra process for multi-dimensional (3D or 4D) EPR SSI
data acquisition in the projection reconstruction spectral-spatial
imaging (PRSSI) modality from conventional 2D or 3D EPR imaging
(EPRI) is the ramping field gradient amplitude, which can intro-
duce an additional spectral dimension. In other words, a series of
2D or 3D EPRI data sets scanned with incrementally ramping field
gradients with suitable sweep width can give a 3D or 4D spectral-
spatial data set in the PRSSI modality, i.e., a series of 2D spectral-
spatial data sets in several different spatial directions; however,
non-constant increments of field gradients and non-constant
increments of sweep widths (vide infra) complicate the data acqui-
sition process of PRSSI; therefore, to equip the EPRI system with
ramping field gradient amplitudes requires complete rewriting of
data acquisition software.
ll rights reserved.
In contrast, the simple constant increment of the field gradient
with a constant sweep width in the constant-time spectral-spatial
imaging (CTSSI) modality can be easily achieved even in manual
operation. When a series of EPR image data sets is measured using
incremental field gradients with a constant gap, a series of 2D
CTSSI data sets in several different spatial directions is available;
therefore, an extra reconstruction process for higher spatial dimen-
sions using a conventional projection-reconstruction modality is
possible. If suitable post-data manipulation can produce a multi-
dimensional spectral-spatial image from a series of 2D CTSSI data
sets, multi-dimensional EPR SSI can be obtained much more easily
using a conventional EPRI system.

In this paper, post-data manipulation as a combination of CTSSI
modality and PRSSI modality to reconstruct multi-dimensional
spectral-spatial images using a simple data acquisition process
for multi-dimensional spectral-spatial images is described.

2. Theory of spectral-spatial imaging

The PRSSI technique reconstructs an image on a multi-
dimensional matrix consisting of one spectral and a maximum
of three spatial dimensions [8–10]. An EPR spectrum obtained
under a field gradient with a suitable sweep width shows the
angle view, i.e., projection, of a spectral-spatial window [4]. This
viewing angle a depends on the amplitude of field gradient Ga
given by,
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2 mM Carboxy-PTIO
in a glass tube (1.5 mL)

2 mM Carbamoyl-PROXYL
in a glass tubing (1.5 mL)

2 mM TEMPOL
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Fig. 1. Schematic drawing of a phantom assembled with seven glass tubes. Three
contained solutions of nitroxyl radicals, i.e., 2 mM TEMPOL, 2 mM carbamoyl-
PROXYL, or 2 mM carboxy-PTIO. The other four tubes were empty.
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(Spectral window: 10 mT)

Fig. 2. Example of an assembled data set for a 2D spectral-spatial image in CTSSI
modality. Thirty seven spectrum data were extracted from 37 data sets scanned
using a conventional 2D EPR imaging procedure. These 37 spectra were obtained
with different amplitudes but in an identical direction (y-axis in Fig. 1) of the field
gradients. One 2D spectral-spatial image data set was assembled using those 37
spectral data.
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Ga ¼ tanðaÞ � DH=DL ð1Þ

where DH and DL are the width of the spectral window and length
of the spatial window, respectively. A suitable sweep width at angle
a, i.e., SWa, can be obtained by:

SWa ¼ DH= cosðaÞ ð2Þ

A series of projections as a function of the viewing angle a ranging
from ±90� are obtained and scaled to cover identical widths and
amplitudes normalized appropriately by multiplying by the square
of the sweep width. From these pseudo-projections from the spec-
tral-spatial object, a 2D spectral-spatial image can be reconstructed
on a square matrix using a conventional image reconstruction algo-
rithm [5,6].

1D spatial information in a particular magnetic field can be ob-
tained at each spectral data point of a 2D spectral-spatial image
matrix. When several spectral-spatial images obtained in different
directions of the spatial axis, i.e., rotating directions of field gradi-
ents, a projection data set for a 2D or 3D spatial distribution im-
age can be obtained for each spectral data point. Finally, 2D or 3D
spatial distribution of the spectral shapes can be provided, which
are so-called 3D or 4D spectral-spatial imaging, respectively
[9,10].

Another method of multi-dimensional spectral-spatial imaging
is the CTSSI technique [7], which was developed on Fourier-trans-
formation (FT) EPR and translational to continuous-wave (CW)
EPR data. CW EPR data, which are in a frequency domain, can
be transformed to the time domain by inverse FT, and then sub-
jected to a CTSSI data manipulation procedure. In the CTSSI
modality, a series of EPR spectra were acquired with ramping
field gradient, G, which incremented from �Gmax to +Gmax

through zero (G = 0 mT/cm) in constant incremental gradient
steps, DG [11]. This ramping field gradient from positive to neg-
ative through zero gives phase-encoding, and then the FT in the
gradient increment direction provides 1D spatial information for
each data point on the pseudo time axis. To obtain 2D or 3D spa-
tial information, 2D or 3D phase-encoding steps are looped using
a Cartesian raster (three orthogonal gradient axes). This process
gives a series of 2D or 3D images for each data point on the pseu-
do time axis. These images, however, have a different field of
view (FOV) depending on the pseudo time delay s. The FOVi of
a given direction i is obtained by:

FOVi ¼ 2p=ðcesDGiÞ ð3Þ

where ce is the electron gyromagnetic ratio. The s of nth time points
can be calculated by n � Ds. Ds is the pseudo sampling time (incre-
ment of time points), which can be obtained by:

Ds ¼ h=ðgbDBÞ ð4Þ

where h is the Planck constant, g is the g-value, b is the Bohr mag-
neton, and DB is the sweep width. A series of images are resized to
have an identical scale. Finally, FT of the pseudo time axis back to
the frequency axis gives 1D, 2D, or 3D distribution of spectral line
shapes, i.e., 2D, 3D, or 4D spectral-spatial imaging.

3. Materials and methods

3.1. Chemicals

Carbamoyl-PROXYL (3-carbamoyl-2,2,5,5-tetramethylpyrroli-
dine-N-oxyl) and TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperi-
dine-N-oxyl) were purchased from Sigma–Aldrich Co. (St. Louis,
MO, USA). Carboxy-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetrame-
thylimidazoline-3-oxide-1-oxyl) was purchased from Dojindo Lab-
oratories (Kumamoto, Japan). Other chemicals were of analytical
grade.
3.2. Phantom

Each contrast agent, carbamoyl-PROXYL, TEMPOL and, carboxy-
PTIO, was dissolved in PBS to prepare 2 mM solution. Each solution
was placed into a glass tube (i.d. = 6.4 mm, o.d. = 8.0 mm) and
sealed air-tight without bubbles. Tubes were placed with four
empty tubes to make a hexagonal lattice (Fig. 1).
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3.3. CW-CTSSI data acquisition

CW-CTSSI data acquisition was performed at the L-band
(1.2 GHz) CW EPR (JEOL, Akishima, Tokyo, Japan) with a loop-gap
resonator (i.d. 43 mm, length 28 mm). The phantom was positioned
in the center of the loop-gap resonator, and scanned under the fol-
lowing conditions: microwave frequency = 1050 MHz, magnetic
field strength = 39 mT, microwave power = 0.1 mW, field modula-
tion frequency = 100 kHz, field modulation amplitude = 0.063 mT,
time constant = 0.01 s, sweep width = 10 mT, scan time = 3 s/projec-
tion. By changing field gradient amplitudes from +1.8 mT/cm to
�1.8 mT/cm in 0.1 mT/cm gradient steps, 37 data sets were obtained
by 2D EPR image data acquisition on the y–z plane. One data set in-
cluded 18 projections rotated over 180� with a 10� angle step. The to-
tal scan time for a whole data set was 40 min.

3.4. Image reconstruction

Images were reconstructed using our own software on Windows/
DOS. Details of the reconstruction process are described in Section 4.
Spectral-spatial images were reconstructed by the CTSSI method on
a 128 � 128 matrix, which corresponds to 10 mT � 5 cm as FOV. The
final 3D (1D spectral and 2D spatial) image was reconstructed on a
128 � 128 � 128 matrix by filtered back-projection (FBP) using a
Shepp-Logan filter. The spatial FOV was 5 � 5 cm.

3.5. Image handling

The reconstructed image data were visualized and analyzed
using the ImageJ software package (a public domain Java image
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Fig. 3. Data manipulation of the k-space. The 37 spectra shown in Fig. 2 were Fourier-tr
space (upper and lower figures, respectively). To make the data points of the gradient a
(gradient axis) � 1024 (time axis) matrix was obtained. The gradient axis was Fourier-t
data were obtained for each time point). After the FT of the gradient axis, the low frequen
most of the middle part of the time axis (high frequency region) was almost entirely no
processing program inspired by NIH Image that can be extended
by plug-ins, http://rsb.info.nih.gov/ij/).

4. Results and discussion

Conventional 2D CW EPR imaging data acquisition processes
were repeated with changing field gradient amplitude. Spectra ob-
tained in an identical direction but with a different field gradient
amplitude were extracted from 2D EPR image data sets, and then
re-assembled as a 2D spectral-spatial image data set in CTSSI
modality. Fig. 2 shows a series of EPR spectra obtained under the
ramping field gradient applied on the y-axis in Fig. 1. Using the
CTSSI process to obtain 2D spectral-spatial images, a constant
sweep width can be used for all data, and the incrementing ampli-
tude of the field gradient is the only variable; therefore, the repe-
tition process for data acquisition can be quite easy. Another
advantage of this method is that this data acquisition scheme
can be used for any CW spatial imaging system to achieve a mul-
ti-dimensional spectral-spatial data set. A recently developed
rotating field gradient EPR imaging method [12,13] may be able
to employ this data acquisition scheme to achieve fast spectral-
spatial imaging.

The center (thick) image is the EPR spectrum of the phantom
obtained under ‘‘zero” field gradient. Multiple lines, i.e., triplet of
TEMPOL, triplet of carbamoyl-PROXYL, and the five lines of car-
boxy-PTIO overlapped on EPR spectra. Each signal component
shifted under field gradients depending on the field gradient
amplitude as well as their relative spatial locations.

These spectra were inverse Fourier-transformed and arranged
in k-space (Fig. 3). The gradient increment axis of k-space was filled
filled

filled

filled

filled

ime axis

ime axis

2
ndata points

ansformed, and then either real or imaginary components were arranged in each k-
xis 2n, extra data points of the k-space matrix were filled with zero. Finally, a 128

ransformed to obtain the corresponding spatial axis at each time point (several SPI
cy regions of the matrix (red framed parts) were combined, as shown in Fig. 4, since
ise.
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Fig. 4. Data manipulation of SPI data. (A) The red framed parts in Fig. 3 were assembled to obtain a 128 � 128 matrix. The gradient axis was transformed to the spatial axis by
FT. The data matrix had polar coordination (point symmetric relation) with the origin. Three radially spreading objects, which are three tubes on the y-axis in Fig. 1, can be
seen. Consequently, each time point has a different FOV on the spatial axis. (B) The right half of the data matrix was vertically flipped with zero as the center to obtain line
symmetry of left and right parts of the matrix.
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Fig. 6. Examples of spectral-spatial images obtained in several spatial directions on the y–z plane. CTSSI reconstruction (Figs. 2–5) was performed for each data set obtained
in 18 different field gradient directions. Finally, 18 spectral-spatial images were obtained.
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by zero to make 2n data points (128 data points are given in this
experiment) for the subsequent FT process. The high frequency
portion, which consisted almost entirely of noise, was cut out.
Low frequency portions (red frames) were re-assembled to obtain
a 128 � 128 matrix, and Fourier-transformed with respect to the
gradient axis directions (Fig. 4A). In this case, both sides of IFT data
must be used to handling multiple g-value components. Only when
data consisted of a single g-value component with a symmetric
spectral shape, e.g., in linewidth mapping using a triarylmethyl
radical [7], could one side of IFT data be used with the assumption
that the spectrum under the zero gradient was exactly centered.

The gradient increment axis was then transformed to the spatial
axis; however, the FOV of the spatial axis changed according to the
pseudo time (see Eq. (3)). In addition, the image was symmetrical
about the origin, as seen in Fig. 4A. To make left and right symmet-
ric arrangement with respect to the center line (dotted line), the
Fig. 5. Correction of FOV and obtained spectral-spatial image. (A) An identical FOV (5 cm)
points). All time points therefore had an identical FOV. The horizontal sequence of the va
time axis gave (B), the spectral-spatial image (FOV of spectral and spatial windows was 1
the y-axis was correctly reconstructed.

3

right side was flipped vertically with the 65th point as the origin
(Fig. 4B). The spatial FOV was then resized and identical FOV
(FOV = 5 cm) was extracted for all pseudo time points (Fig. 5A).

Images in Fig. 5A show the distribution of spectra in the time
domain along the y-axis with 5 cm FOV. Finally, the pseudo time
axis was Fourier transformed to give the spectral axis (Fig. 5B) to
obtain a 2D spectral-spatial image. Triple TEMPOL, another triple
carbamoyl-PROXYL, and five lines of carboxy-PTIO were recovered
in Fig. 5B. This process was performed in all 18 directions of field
gradient rotation. Fig. 6 shows the results of some of these 2D spec-
tral-spatial images. The distribution of multiple-line components
in 2D spectral-spatial images well agreed with the original y–z
arrangement of the phantom.

A 3D spectral-spatial image was reconstructed by the projection
reconstruction procedure using these 2D spectral-spatial images.
The spectral axis was integrated and filtered using a Shepp-Logan
on the spatial axis of Fig. 4B was extracted and resized on identical data points (128
lues on this matrix gave the reconstructed FID. Finally, Fourier transformation of the
0 mT and 5 cm, respectively). The distribution of three spectra from three tubes on
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Fig. 7. A 2D spatial projected image and EPR spectral shapes reconstructed on the 3D spectral-spatial (1D spectral and 2D spatial) image matrix. One 3D spectral-spatial
matrix was reconstructed using 18 spectral-spatial images. 2D spatial distributions of reconstructed objects were well correlated with the original distributions of three tubes containing
nitroxide solutions on the y–z plane, shown in Fig. 1. Spectral shapes extracted from the 3D spectral-spatial matrix were also well correlated with the original EPR spectral shapes.
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filter before 3D reconstruction. Fig. 7 shows the maximum value
profile of the y–z plane of the reconstructed 3D spectral-spatial im-
age. The distribution of three tubes containing nitroxyl probes well
agreed with the original y–z arrangement of the phantom. The ex-
tracted profile of the vertical direction in the y–z plane showed
reconstructed EPR spectral shapes, which were well suited to the
original EPR spectral shapes of corresponding locations (Fig. 7).
The peak-to-peak linewidths of TEMPOL and carbamoyl-PROXYL
calculated from reconstructed EPR spectra were 0.24 and
0.18 mT, respectively. Although these linewidth values were
slightly larger than the original values (0.16 and 0.12 mT for TEM-
POL and carbamoyl-PROXYL, respectively), their relative differ-
ences were well reproduced.

5. Conclusion

Simple data acquisition of multi-dimensional CW EPR spectral-
spatial imaging was achieved by applying a combination of CTSSI
modality and conventional projection-reconstruction modality. In
this method, the data acquisition of a 3D spectral-spatial image
was achieved by simple repetition of conventional 2D CW imaging
processes, except that the field gradient amplitude was incremented
in constant steps in each repetition. The data collection scheme was
no different from the conventional CW imaging system. The data
acquisition process for multi-dimensional spectral-spatial imaging
is consequently simplified. This technique is applicable to any con-
ventional CW EPR (spatial) imaging system for spectral-spatial
imaging without any special equipment and/or the need to rewrite
data acquisition software. This easy implantable data acquisition
process is the greatest advantage of this hybrid scheme.
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