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Abstract
Electron paramagnetic resonance imaging (EPRI) provides direct detection and mapping of free
radicals. The continuous wave (CW) EPRI technique, in particular, has been widely used in a variety
of applications in the fields of biology and medicine due to its high sensitivity and applicability to a
wide range of free radicals and paramagnetic species. However, the technique requires long image
acquisition periods, and this limits its use for many in vivo applications where relatively rapid changes
occur in the magnitude and distribution of spins. Therefore, there has been a great need to develop
fast EPRI techniques. We report the development of a fast 3D CW EPRI technique using spiral
magnetic field gradient. By spiraling the magnetic field gradient and stepping the main magnetic
field, this approach acquires a 3D image in one sweep of the main magnetic field, enabling significant
reduction of the imaging time. A direct one-stage 3D image reconstruction algorithm, modified for
reconstruction of the EPR images from the projections acquired with the spiral magnetic field
gradient, was used. We demonstrated using a home-built L-band EPR system that the spiral magnetic
field gradient technique enabled a 4 to 7-fold accelerated acquisition of projections. This technique
has great potential for in vivo studies of free radicals and their metabolism.
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INTRODUCTION
Electron paramagnetic resonance imaging (EPRI) provides a direct way to detect and map free
radicals in a variety of biomedical applications (1–8) . It can be performed in either pulse mode
(time-domain) or continuous wave (CW) mode. The pulse mode, which is similar to magnetic
resonance imaging (MRI), allows fast image acquisition and therefore minimizes animal
motion artifacts (9). But it requires the use of narrow-line spin probes such as trityl radicals.
On the other hand, the CW mode enables the use of a variety of spin probes and still dominates
current applications (10). However, due to the nature of field sweep, the imaging time in CW
EPRI is relatively long (11). For example, it typically takes several minutes for a conventional
EPR imaging system to acquire a 2D image and tens of minutes for a 3D image (12). The long
imaging time prevents the use of this technique for many biological applications where the free
radicals have a short lifetime or a rapid metabolic clearance (13). Therefore, there has been
increasing interest in developing fast EPRI techniques (14–17).
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To reduce the long imaging time in CW EPRI, many fast field-scanning techniques have been
reported. Demsar et al have demonstrated the use of a fast acquisition in detection of diffusion
and distribution of oxygen (14). In 1996, Oikawa et al developed a fast EPRI system based on
the fast field-scanning technique (15), which was able to acquire a 3D image in 1.5 min using
81 projections. Another approach to accelerate CW EPRI image acquisition has been to spin
the magnetic field gradient. In this technique, the gradients are continuously changed during
projection collection while the main magnetic field is stepped. Ohno and Watanabe (16) first
reported a fast 2D EPR imaging method using spinning magnetic field gradients and
demonstrated the feasibility of imaging two small crystals of lithium phthalocyanine (LiPc) at
χ-band. Recently, we have implemented this technique at 300 MHz (17) enabling acquisition
of good quality 2D images in a significantly reduced imaging time. In comparison with the fast
field scanning technique that requires a specialized field-scanning coil and the related
compensation algorithm, the technique of spinning magnetic field gradient has the advantage
of a relatively low hardware requirement. In principle, no modifications need to be made to
the existing magnet and gradients of a conventional EPRI system. The only requirement is that
the gradients have a low inductance and sufficiently rapid response time (17).

In this paper, we report a fast 3D CW EPRI technique using spiral magnetic field gradient. We
report both hardware and software approaches to implement the spiral magnetic field gradient
technique to achieve fast 3D EPR imaging at L-band. The gradient waveforms and the field
control signal were generated using high-performance data acquisition boards. The one-stage
3D image reconstruction algorithm (18,19) was modified to reconstruct the EPR images
directly from the projections acquired using spiral magnetic field gradient. We compared the
method to the standard stepped magnetic field gradient approach and showed that marked
acceleration of image acquisition can be realized in 3D CW EPRI by the spiral magnetic field
gradient technique.

THEORY
3D EPRI Using Stepped Magnetic Field Gradients

A projection in conventional 3D EPRI is defined (18) by the following equation:

p(s, α, θ) = ∫
−∞

∞
∫
−∞

∞
∫
−∞

∞
f (x, y, z)δ(x sin θ cos α + y sin θ sin α + z cos θ − s)dxdydz [1]

where α and θ define the direction of the gradient vector in a polar coordinate system and s is
the distance from the coordinate origin to the integral plane on which the resonance occurs. In
experiments, a projection is acquired by fixing the gradient vector (fixing α and θ ) and
sweeping the main magnetic field. The field sweep moves the integral plane along the gradient
vector axis to cover the whole 3D object. To collect all the projections, the gradient is rotated
in discrete steps (20) by changing the gradient angles, α and θ .

A direct one-stage image reconstruction algorithm can be used to reconstruct the EPR image
(19). First, all the projections are filtered using a 3-point digital filter,

p̂(si, α j, θk) = − 1
8π2 2p(si, α j, θk) − p(si−1, α j, θk) − p(si+1, α j, θk) [2]

where 0 ≤i ≤I −1, 0 ≤j ≤J −1 and 0 ≤k ≤K −1. I is the number of data points in each projection.
J and K are the number of steps of the gradient angles α and θ , respectively. Then, the filtered
projections are back-projected to obtain the reconstruction result:
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f̂ (x, y, z) = 2π2
K ∑

k=0

K−1
sin θk

1
J ∑j=0

J−1
p̂(x sin θk cos α j + y sin θk sin α j + z cos θk, α j, θk) [3]

Fast 3D EPR Imaging Using Spiral Magnetic Field Gradient
As noted in the previous section, in conventional 3D EPRI, the projection data p(si, αj, θk), is
acquired through 3-layer nested loops with the inner loop for field sweep and the outer two
loops for gradient angles α and θ , respectively. This is shown as “χ” marks in Fig. 1 for the
gradient distribution in conventional EPRI. The field sweep is repeatedly carried out for each
α and θ combination during projection collection. For a given number of projections to acquire,
the image acquisition time is determined by the speed of field scanning, assuming reasonable
signal-to-noise ratio is achieved. Unfortunately, most magnets used in EPRI have a relatively
long response time and are not suitable for fast field sweeping. To avoid this problem, the field
sweep loop is placed as the outer loop, as previously reported (16,17) for 2D fast EPRI. A
pseudo projection is then acquired by fixing s (the magnetic field) and continuously changing
the gradient angles α and θ (spiraling the magnetic field gradient). In this case, the imaging
time is determined by the speed of the spiraling of the gradient vector, which can readily reach
to as high as tens of Hertz without special hardware modifications to the existing gradient coils
that are operated in non-resonant mode. In principle, the spiraling magnetic field gradient
technique has a fundamental advantage over the standard stepped gradient acquisition, in that
it enables the acquisition of an unlimited number of projections in one field sweep of the main
magnet rather than requiring a field sweep for each projection.

Gradient Waveform Generation
The magnetic field gradients for 3D spiral EPRI are given by

Gx(t) = G · Cx · cos (2π f 1t) · sin (2π f 2t)

Gy(t) = G · Cy · sin (2π f 1t) · sin (2π f 2t)

Gz(t) = G · Cz · cos (2π f 2t)
[4]

where G is the gradient strength represented in voltage, Cx , Cy and Cz are gradient strength
compensation coefficients (17), f1 is the rotation frequency of the transverse gradient
component in the transverse plane (xy-plane), and f2 is the precession frequency of the
longitudinal gradient component. f1 and f2 are chosen such that when the longitudinal gradient
component precesses from the transverse plane to the longitudinal axis (z-axis), the transverse
gradient component will rotate m full cycles in the transverse plane, i.e. f1 =4m · f2 , where m
is an integer. The constant 4 is due to the fact that within the same time the longitudinal gradient
component precesses only 1

4  cycle (90°) while the transverse gradient component rotates m
full cycles. The gradient vector spiraling on a semi-sphere is shown as the dotted line in Fig.
1 for m =8.

Modified One-stage 3D Image Reconstruction
The EPR signal is digitized and stored as pseudo projections. All the pseudo projections are
smoothed, down-sampled and re-ordered to form normal-mode projections (17). The
distribution of the re-ordered projections is shown as solid dots “•” in Fig. 1. Since α and θ are
simultaneously changed during data collection, the projections acquired with the spiral gradient
have different distribution compared to those acquired using stepped magnetic field gradients.
As a result, Eq. [3] can not be directly used to reconstruct images from these re-ordered, normal-
mode projections. Thus, we modify Eq. [3] as
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f̂ (x, y, z) = 2π2
W ∑

n=0

J·K−1
sin θn · p̂(x sin θn cos αn + y sin θn sin αn + z cos θn, αn, θn) [5]

where W is the weight coefficient, defined as

W = ∑
n=0

J·K−1
sin θn [6]

for image reconstruction.

MATERIALS AND METHODS
The Phantom

We used an ethoxycarbonyl derivative of tetrathiatriarylmethyl radical synthesized as
described (21). An aqueous solution of sodium salt of trityl radical (2 mM) was prepared by
dissolving it in water and the pH was adjusted to neutral. The peak-to-peak linewidth of the
trityl in room air was 19 μT at L-band. A phantom was constructed using 7 syringe tubes (id
= 4 mm) after removal of the metal needle. Each tube was filled with 0.2 ml trityl solution.
The filling length of the trityl solution was approximately 20 mm. Each tube was separated
from the others by about 6.9 mm (center-to-center distance).

The L-Band EPR Imaging System
A home-built L-band EPR imaging system was used. The L-band imaging system is similar
to our 300 MHz imaging system (17), except that the microwave bridge and the resonator were
specially designed to work at L-band, as described below. A solenoid electromagnet design
with field homogeneity of about 3 ppm over a 10 cm DSV (diameter of spherical volume) was
used. The magnet was originally designed for use in nuclear magnetic resonance imaging
(22). The gradient system used (BFG-U-140-25, Resonance Research Inc., Billerica, MA)
offers a gradient linearity better than 1% over an 80 mm DSV. A reflection-type bridge was
used in the experiments which consisted of a cavity stabilized transistor oscillator, isolators,
3-port circulator, directional coupler and 60 dB variable attenuator (4). Up to 250 mW
microwave power was available from the bridge. A Herotek (Herotek Inc., San Jose, CA)
DSL-102p Schottky detector-limiter was used for RF detection. The detector diode signal was
connected to a preamplifier, which passed both the 100 kHz field modulation signal to a Bruker
ER-023 (Bruker BioSpin, Billerica, MA) lock in amplifier, and the automatic frequency control
modulation signal to the AFC system. A Hafler (Rockford Corp., Tempe, AZ) P3000 audio
power amplifier received modulation excitation from the ER-023 lock-in amplifier and
provided 100 kHz magnetic field modulation. Over 0.2 mT of field modulation was available
with the outer modulation coils operating in a non-resonant mode. A 4-gap loop-gap resonator
was used in the experiments, which was constructed entirely with plastic. To ensure mechanical
stability, the resonator core was constructed from 4 silver electroplated Rexolite prisms
arranged around an inner cylinder. This sub assembly was then pressed into another PVC plastic
cylinder, which became the outer diameter of the resonator assembly to form a mechanically
stable monolithic-like structure. The outer cylinder was painted with a conductive paint to act
as an electrical shield. Inner resonator dimensions were 28 mm in diameter and 25 mm in
length. The outer diameter was 66 mm. The resonant frequency was about 1.08 GHz and the
Q factor was 200 without loading and 180 with loading of the trityl phantom.

Waveform Generation and Synchronization
A personal computer (PC) equipped with one PCI-488 board (Capital Equipment Corporation,
MA) and three KPCI-3116 boards (Keithley Instruments, Inc., OH) was used to control the
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gradients, the field sweep and the EPR signal acquisition. As in our other EPR imaging systems
(12,23), the Bruker signal channel was interfaced with the computer through the PCI-488 GPIB
card. The KPCI-3116 boards are high-performance data acquisition boards capable of 16-bit
digital-to-analog (D/A) and/or analog-to-digital (A/D) conversion paced by either internal or
external clock. They were used to output the field sweep signal and the gradient waveforms.
Since each KPCI-3116 board had only two D/A outputs, three boards were used to obtain up
to 6 analog outputs. Among these 6 D/A channels, three were used for x, y and z gradient
control. We improved the field control by using separate D/A channel for the central field and
the field sweep. To maximize the utilization of the dynamic voltage range (±10 V) of the board,
the field sweep signal was amplified by a factor of 20 before D/A conversion and later
attenuated by the same factor. The attenuated field sweep signal and the central field signal
were summed and fed to the magnetic field power supply (see the dashed box at the bottom of
Fig. 2). For synchronization purpose, all three KPCI-3116 boards were programmed to work
in the external clock mode. The external clock signal was generated through the internal timer
1 and 2 (cascaded) of board 1 (see Fig. 2). In this way, the three KPCI-3116 boards were
synchronized. During the experiments, the analog input subsystem (AI) of Board 2 was also
activated to digitize the EPR signal coming from the analog output of the Bruker signal channel.
The pacing frequency for D/A and A/D conversion was 10 kHz in our experiments.

Before starting the imaging experiments, the field control signal and the magnetic field gradient
waveforms were calculated according to the imaging parameters and stored in a chain of buffers
that were accessible by the KPCI-3116 boards. Extra waiting periods were inserted in between
two successive field steps to avoid discontinuous current change in the gradient coils. Fig. 3
shows the waveforms for gradient and field control. During the experiments, the stored field
control signal and the gradient waveforms were output to drive the main magnetic field power
amplification and the gradient power amplification, respectively. In the meantime, the EPR
signal (analog output from the Bruker signal channel) was sampled at 10 kHz frequency and
stored in computer for post-processing.

Projection Acquisition
We implemented the 3D fast EPR imaging system using spiral magnetic field gradient, and
tested it on our home-built L-band CW EPRI system. We carried out both regular and fast EPR
imaging experiments on a phantom for validation and comparison. In the regular imaging
experiments using stepped gradients, the main magnetic field was swept continuously and a
fixed length of 1024 points was acquired for each projection. The total image acquisition time
was determined by the product of the scan time with the number of projections. However, with
the existing solenoidal magnet and the current-regulated magnetic field control technique, the
shortest scan time that could be used was 2.6 s. This limitation was primarily due to the time
constant of the magnet and the EPR signals were distorted with scan times less than 2.6 s. In
the fast imaging experiments, the imaging time was controlled by the number of steps of field
sweep and the spiral frequency, but not by the number of projections as in the stepped gradient
acquisitions. In both regular and fast imaging experiments, the scan width = 1.6 mT and FOV
= 40x40x40 mm3, resulting in a gradient strength of 40 mT/m. The modulation frequency was
100 kHz and the modulation amplitude was 20 μT. The time constant was 5 ms for the regular
data acquisition and 0.64 ms for the spiral data acquisition in the experiments. The incident
microwave power was 40 mW and no saturation was observed on the phantom. The peak-peak
signal-to-noise ratio (SNR) of the observed zero-gradient spectrum was > 1,000 for a 2.6 s
acquisition. The image resolution was approximately 0.9 mm (24) and could be enhanced by
a factor of 2–3 after deconvolution (25).
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Data Post-processing and Image Reconstruction
The home-built software “EPR2000” was used to control the data acquisition, postprocessing
and image reconstruction. This Windows program was developed using Microsoft Visual C+
+ plus Matlab C++ libraries. The data points corresponding to the delay time, td , at the
beginning of data acquisition and the waiting cycle, tw , in between two successive field steps
were removed. The data points corresponding to the time tp were extracted to obtain the pseudo
projections. The length of each pseudo projection, i.e. the sampling frequency (10 kHz) divided
by 4 times the precessional frequency f2 , determined the number of the normal-mode
projections after data re-ordering. To reduce the time for data post-processing and image
reconstruction, each pseudo projection was down-sampled. The down-sampling rate was
chosen such that J ≈4 · K holds true, which was desired for 360°–90° acquisition. Finally, a
total of J ·K normal-mode projections, each with I data points, were obtained, as illustrated by
the solid dots “•” in Fig. 1. Each projection was further filtered using a 3rd order Savitzky-
Golay filter before image reconstruction. As in conventional EPR imaging experiments, a zero-
gradient projection was also acquired. The automatic deconvolution algorithm (26) was used
to deconvolve all the projections. The modified one-stage image reconstruction, discussed in
the THEORY section, was used to reconstruct the EPR images.

RESULTS
The regular images acquired using stepped gradients are shown in Fig. 4A-D. The projection
number for Fig. 4A-D was 144, 256, 400 and 576, respectively. Each projection was acquired
with 2.6 s scan time plus 0.1 s delay between scans. Therefore, the total imaging time was 392,
696, 1088 and 1567 s, respectively. Fig. 4A’-D’ show the imaging results of the same phantom
using the comparable spiral magnetic field gradient technique. The number of steps of field
sweep was 128 and the spiral frequency pair f1 (f2) were 24.39 (0.554), 24.10 (0.287), 12.05
(0.143) and 12.27 (0.075) Hz, respectively. The down-sampling rate was 10, 5, 10 and 5,
respectively. The imaging time was 58, 111, 223 and 428 s, respectively, within which 451,
1743, 1743 and 6683 projections were acquired. From Fig. 4, it can be seen that with this trityl
phantom, at least 1088 s (400 projections) were needed to achieve reasonably good image using
the stepped gradients data acquisition. This minimum time, however, could be reduced to 223
s, even 111 s, by using the spiral gradient data acquisition. To quantitatively compare the image
quality, the signal-to-noise ratio (SNR) for each 3D image was calculated. The SNR was
defined as the mean of the signal (>10% of the maximum signal intensity) divided by the
standard deviation of the noise (<10% of the maximum signal intensity but greater than 0).
Table 1 summarizes the results of image analysis. The SNR and imaging time of the images
are also plotted in Fig. 5A and B, respectively. From Figs. 4 and 5, it can be seen that, in the
regular imaging experiments, the image quality was poor when only 144 projections were used
(Fig. 4A, 392 s, SNR = 7.7). Increasing the projection number to 256 increased the SNR from
7.7 to 10.9 (Fig. 4B, 696 s). However, 400 projections (Fig. 4C, 1088 s) were needed in actual
imaging applications to achieve desirable image quality. The longest imaging time produced
the highest SNR and the best image quality (Fig. 4D, 576 projections and 1567 s, SNR = 29.3).
However, this may not be feasible in some applications due to the fast metabolic clearance of
the free radicals and/or the instability of the imaging system. Compared with the stepped
gradients imaging technique, the spiral EPRI technique was able to greatly reduce the image
acquisition time. For example, within 58 s, a reasonable 3D EPR image (Fig. 4A’, SNR = 16.5)
was obtained, whose SNR was twice that of the image acquired in 392 s using stepped gradients
(Fig. 4A, SNR = 7.7). From a practical application point of view, 223 s may be needed (Fig.
4C’, SNR = 26.4) to obtain good image quality using spiral gradient under the conditions used
in the measurements. The 223-second spiral image was better than the 1088-second regular
image and there was no detectable difference between the 1567-second regular image and the
428-second spiral image though the former has a slightly higher SNR. Thus, we demonstrated
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that for a relatively strong sample, a 4–7 fold acceleration of image data collection was achieved
in 3D fast EPRI experiments.

DISCUSSION
The quality of EPR images can be evaluated by the signal-to-noise ratio, the spatial resolution
and the imaging time. There is always a trade-off among these three parameters: gaining in
one means compromising on the other. For example, shorter imaging time can be achieved in
conventional EPRI utilizing stepped gradient acquisition by either acquiring a smaller number
of projections (lower spatial resolution) or by reducing the field sweep time (lower SNR), or
both. However, the imaging speed in the stepped gradient data acquisition is also limited by
the long hardware response time, given the number of projections to acquire. For example,
with the L-band imaging system, the shortest imaging time was 392 s when 144 projections
were acquired (See Fig. 4A). The spiral magnetic field gradient technique, on the other hand,
has the great advantage of enabling much further reduction of the imaging time. In principle,
the imaging time can be reduced to the fundamental limit imposed by the signal-to-noise ratio
of the measurements, assuming that the gradient coils have a low inductance and sufficiently
rapid response time. With the current trityl phantom, we have demonstrated good quality 3D
images could be achieved in less than 2 minutes using spiral magnetic field gradient. The
imaging time could be further reduced in higher signal-to-noise ratio cases, which can be made
possible by increasing the concentration of the spin probe or using higher microwave power.
In lower signal-to-noise ratio cases such as in in vivo experiments, less acceleration should be
expected but the spiral approach is still useful in decreasing the star artifacts by acquiring more
projections. Similar fast imaging techniques by rotating gradients have been well established
in other imaging modalities such as spiral echo planar imaging (EPI) (27) and spiral
computerized tomography (CT) (28,29). Therefore, it is very intuitive to develop fast EPRI
systems using spiral magnetic field gradient, in order to achieve a full range of trading imaging
time with image quality.

The spiral magnetic field gradient technique enables acquisition of an unlimited number of
projections in one field sweep of the main magnet. This feature is specially favorable to the
back-projection based image reconstruction algorithms. In the filtered back-projection image
reconstruction algorithm, the streak artifacts (also called star artifacts) will dramatically
increase and dominate the noise in the reconstructed images when insufficient projections are
acquired (30), as shown in Fig. 4A. With the capability of acquiring an unlimited number of
projections, the spiral magnetic field gradient technique is able to improve the image quality
by reducing the streak artifacts. This advantage is clearly shown in Figs. 6 and 7, where the
spiral images A’, B’, and C’ were acquired with shorter imaging time and higher SNR, as
compared to the regular images A, B and C, respectively.

The modified one-stage image reconstruction algorithm was used to reconstruct the 3D EPR
images in the experiments. The advantage is that it allows the direct image reconstruction from
the acquired projections. As pointed out previously, the one-stage image reconstruction
algorithm involves heavy computation and is one- to two-order of magnitude slower in
reconstruction speed compared to the 2-step filtered back-projection image reconstruction
algorithm (19). For example, the reconstruction time was about 10 minutes for image D’ (6683
projections) in Fig. 4 on a Pentium 4 computer with 3.0 GHz CPU frequency. This disadvantage
could be minimized by using the latest PC with dual-core multiple processors. Alternatively,
it is possible to re-distribute these projections through interpolation so that the 2-step filtered
back-projection algorithm can be used for faster image reconstruction. Obviously, the
projection interpolation will introduce extra errors to the reconstructed images. In addition, the
phenomenon of over-sampling near the pole (see Fig. 1) still remains in the spiral data
acquisition approach. However, the uniform sampling scheme (19) could be incorporated into
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the spiral magnetic field gradient data acquisition by carefully designing the gradient
waveforms with variable spiral frequency f2 . Therefore, a further up to 30% saving of imaging
time is possible.

CONCLUSION
We developed and implemented a fast 3D EPR imaging system at L-band using spiral magnetic
field gradient. This system is capable of acquiring a 3D image with more than 480 projections
within 58 seconds. Good image quality was obtained with acquisition times 4 to 7-fold faster
than the conventional stepped gradient approach. This fast imaging technique has great
potential for the in vivo and ex vivo imaging of free radicals.
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Fig 1.
Stepped magnetic field gradients vs. a spiral magnetic field gradient for 3D image acquisition.
In the stepped gradients data acquisition, the gradient angles θ and α are changed through a
two-layer loop and the projections are acquired at the positions marked by “χ”. In the spiral
gradient data acquisition, the gradient vector is spiraling along the dotted line from the bottom
to the top of the semi-sphere. The projections are acquired at the positions represented by the
solid dots “•” on the semi-sphere.
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Fig 2.
Diagram of magnetic field control and gradient waveform generation using KPCI-3116 boards.
All the KPCI-3116 boards are programmed to work in external clock mode. Pin 59 of board 1
outputs a square waveform that is used as an external clock (through pin 74). The field sweep
signal is amplified by a factor of 20 before D/A conversion and later attenuated by the same
factor using an attenuator. The attenuated field sweep signal and the central field signal are
summed and fed to the magnetic field power supply. The analog EPR signal is sampled through
the pin 1 of board 2. The pacing frequency for D/A and A/D is 10 kHz.
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Fig 3.
Waveforms for gradients and field control. td, tw and tp represent delay time, waiting time and
pseudo projection acquisition time, respectively. The waveforms for field sweep and magnetic
field gradient are calculated according to the imaging parameters and stored in buffers that are
accessible by the KPCI-3116 boards. Extra waiting periods are inserted in between two
successive field steps to avoid abrupt current change in the gradient coils. The stored
waveforms are output to drive the main magnetic field power amplification and the gradient
power amplification.
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Fig 4.
Imaging results of phantom. A phantom consisting of 7 syringe tubes (id = 4 mm) each filled
with 0.2 ml of 2 mM trityl solution was used. Images A-D are regular images acquired with
stepped magnetic field gradients. The imaging parameters were: scan width = 1.6 mT, FOV =
40x40x40 mm3, gradient strength = 40 mT/m, modulation frequency = 100 kHz, modulation
amplitude = 20 μT, incident microwave power = 40 mW, scan time = 2.6 s and time constant
= 5 ms. The number of projections were 144, 256, 400 and 576, corresponding to imaging time
392, 696, 1088 and 1567 s, respectively. 1024 data points were acquired for each projection.
Images A’-D’ are fast images acquired with a spiral magnetic field gradient. All the imaging
parameters were the same as those used in regular data acquisition, except the time constant =
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0.64 ms. The number of steps of field sweep was 128 and the spiral frequency pair f1 ( f2 ) were
24.39 (0.554), 24.10 (0.287), 12.05 (0.143) and 12.27 (0.075) Hz, respectively. The down-
sampling rate was 10, 5, 10 and 5, respectively. The imaging time was therefore 58, 111, 223
and 428 s, within which 451, 1743, 1743 and 6683 projections were acquired, respectively.
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Fig 5.
Plots of signal-to-noise ratio and imaging time for stepped gradients and spiral gradient data
acquisition. A: The signal-to-noise ratio of the reconstructed images. The signal-to-noise ratio
(SNR) was defined as the mean of the signal (>10% of the maximum signal intensity) divided
by the standard deviation of the noise (<10% of the maximum signal intensity but greater than
0). The calculated SNR is 7.7, 10.9, 18.1, 30.2, 16.5, 22.4, 26.4 and 29.3. B: Imaging time.
The imaging time for images A-D and A’-D’ is 392, 696, 1088, 1567, 58, 111, 223 and 428 s,
respectively.
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