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Abstract

Electron paramagnetic resonance imaging (EPRI) technology has rapidly progressed in the last decade enabling many important

applications in the fields of biology and medicine. At frequencies of 300–1200MHz a range of in vivo applications have been

performed. However, the requisite imaging time duration to acquire a given number of projections, limits the use of this technique in

many in vivo applications where relatively rapid kinetics occur. Therefore, there has been a great need to develop approaches to

accelerate EPRI data acquisition. We report the development of a fast low-frequency EPRI technique using spinning magnetic field

gradients (SMFG). Utilizing a 300MHz CW (continuous wave) EPRI system, SMFG enabled over 10-fold accelerated acquisition

of image projections. 2D images with over 200 projections could be acquired in less than 3 s and with 20 s acquisitions good image

quality was obtained on large aqueous free radical samples. This technique should be particularly useful for in vivo studies of free

radicals and their metabolism.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

As a unique technique capable of detecting and im-
aging free radicals, electron paramagnetic resonance

imaging (EPRI) has achieved remarkable progress in a

variety of applications in the fields of biology and

medicine [1–10]. Despite its unique capability and

specificity for free radical imaging, EPRI still has some

technical limitations. Among these technical limitations

is the relatively long time required for image acquisition.

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 [11]. The

long imaging time prevents the use of this technique in

many biological applications where the free radicals

have a short lifetime or a fast metabolic clearance [12].
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Therefore, there is a great need to develop fast EPRI

techniques.

Technically, EPRI techniques can be divided into
two different types: time-domain and continuous wave

(CW) EPRI techniques. The time-domain (also known

as pulsed) EPRI technique, is much faster in imaging

speed than the CW EPRI technique. For example, it

has been demonstrated that with proper spin probes, a

3D EPR image can be acquired within several minutes

using this technique [13]. However, due to the dead

time of the EPR resonators and the relaxation limi-
tations, the time-domain EPRI technique greatly re-

stricts the use of spin probes. Basically only narrow-

line spin probes can be used [13]. Because of this, the

CW EPRI technique still dominates current applica-

tions. Its ability to image a broad variety of spin

probes without restrictions based on linewidth is a

major advantage as well as its superior sensitivity. In

spite of these advantages over the time-domain EPRI
technique, the CW EPRI technique requires more time
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Fig. 1. Illustration of acquisition of projections in EPRI. Each element

in the projection matrix P, i.e., pðr; hÞ, is a linear integration of the

object f ðx; yÞ along the line L. For a regular projection, L is a set of

lines perpendicular to r (see dashed line L0) while for a pseudo pro-

jection, L is a set of tangents to the dashed circle (see dash-dotted line

L00). Deconvolution process is needed in EPRI due to the large line-

width of EPR signals.

Y. Deng et al. / Journal of Magnetic Resonance 168 (2004) 220–227 221
for projection acquisition due to the nature of the field-
sweep. To reduce the long imaging time, a fast field-

scanning EPRI apparatus was constructed by Demsar

et al. [14] for detection of diffusion and distribution of

oxygen. In 1996, Oikawa et al. [15] developed a fast

EPRI system based on fast field-scanning, which was

able to acquire a 3D image within 1.5min (81 projec-

tions were acquired). Recently, Ohno and Watanabe

[16] proposed an alternative fast EPR imaging ap-
proach based on the spinning magnetic field gradients

(SMFG) technique and feasibility studies on two

small crystals of lithium phthalocyanine (LiPc) were

performed at X-band. In comparison with the fast field-

sweep technique that requires a specialized field-scan-

ning coil and the related compensation algorithm, this

technique has the advantage of relatively low hardware

requirement. In principle, no modifications need to
be made to the existing magnet and gradients of a

conventional EPRI system assuming that the gradients

have a low inductance and sufficiently rapid response

time.

In this work, we report the development of a low-

frequency high-speed EPRI system using SMFG. To

apply SMFG to low-frequency EPRI, there are a

number of technical challenges. First, the fast EPR
imaging technique relies on the sensitivity of the im-

aging system that is directly proportional to the EPR

working frequency. Thus, the same fast imaging tech-

nique feasible at high frequency does not necessarily

work well at low frequency due to the lower sensitivity.

Second, in low-frequency EPRI that is uniquely suited

for the imaging of large living samples, the image

quality is subject to the field inhomogeneity and the
gradient nonlinearity that occur over the large object to

be imaged and the requisite large field of view (FOV).

In this case, the introduction of a spinning magnetic

field gradient may induce additional image distortion

such as geometric deformation that becomes more

noticeable over the large FOV. Thus, special efforts are

needed to investigate the hardware-related compensa-

tion and to optimize the imaging parameters. Addi-
tionally, a number of critical questions have not been

previously addressed. For example, in the SMFG

technique, the imaging time is proportional to the

number of field sweep steps. Therefore, it is very im-

portant to investigate the optimal number of steps of

field sweep, for a given set of imaging parameters, so as

to shorten the imaging time without sacrificing image

quality.
In this study, we report both hardware and software

approaches and development to implement the SMFG

technique to achieve fast EPR imaging in low-frequency

applications. We evaluate the technique compared to

the standard stepped gradient approach and show

that marked acceleration of image acquisition can be

realized.
2. Theory

2.1. Fast EPR imaging by spinning magnetic field

gradients

Mathematically, the data acquisition process in a 2D

conventional CW EPRI experiment are in essence

equivalent to filling the following projection matrix P.

P¼

pðr1;h1Þ pðr1;h2Þ ��� pðr1;hN�1Þ pðr1;hNÞ
pðr2;h1Þ pðr2;h2Þ ��� pðr2;hN�1Þ pðr2;hNÞ

..

. ..
. . .

. ..
. ..

.
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pðrM ;h1Þ pðrM ;h2Þ ��� pðrM ;hN�1Þ pðrM ;hN Þ

2
66666664

3
77777775
;

ð1Þ

where

pðr; hÞ ¼
Z
L
f ðx; yÞdu

¼
Z 1

�1

Z
f ðx; yÞdðx cos hþ y sin h� rÞdxdy

�1 < r < 1; 06 h < p: ð2Þ

Refer to Fig. 1. Since a projection in CW EPRI is ac-

quired by fixing h (fixing magnetic field gradient) and

varying r (sweep field), the above matrix is actually filled

column by column. The imaging time is, therefore, de-

termined by the speed of field-scanning, provided rea-

sonable signal-to-noise ratio can be achieved. In the

SMFG technique, however, a pseudo projection is ac-
quired by fixing r and varying h continuously (spinning



Fig. 2. Determination of the optimal number of steps of field sweep.

(A) A simulated zero-gradient projection and the sampling results. The

first derivative of Lorentzian lineshape is used with linewidth ¼
0.05mT and scan width ¼ 1.2mT. 64 samples are sampled. The mean

square error (MSE) between the original signal and the reconstruction

result using 64 sampling points is 2.026� 10�6. (B) Sampling error

varies with the number of steps of field sweep. The number of steps of

field sweep was calculated using Eqs. (3) and (4), with b ¼ 0:09, 0.07,

0.05, 0.03, 0.01, and 0.005, respectively.
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gradient). The matrix is filled row by row. In this case,
the imaging time is determined by the spinning fre-

quency of the gradient vector, which can readily reach to

as high as tens of Hertz without special hardware

modification to the existing gradient coils that were

operated in non-resonant mode. In principle, the SMFG

technique has the fundamental advantage compared to

standard stepped gradient acquisition, in that it enables

acquisition of an unlimited number of projections in one
field sweep of the main magnet rather than requiring a

field sweep for each projection.

2.2. Estimation of the minimal number of field-sweep steps

In the SMFG technique, the imaging time is pro-

portional to the number of steps of field sweep, denoted

as Nstep hereafter. The more steps of field sweep, the
higher the spatial resolution of projections but the

longer the imaging time if other imaging parameters

such as gradient strength are kept the same. Considering

the acquisition of the zero-gradient projection in EPRI,

the minimal number of steps of field sweep is determined

essentially by the band width of the zero-gradient pro-

jection according to Shannon’s sampling theorem. In

our work, Nstep is determined experimentally according
to the sampling error [17] of the simulated zero-gradient

projection (see Figs. 2A and B) as follows. Given the

imaging parameters, a noise-free zero-gradient projec-

tion is simulated. Then the cutoff frequency fc is deter-
mined by

jF ðf Þj6 b � jF ðf Þjmax for f P fc: ð3Þ
Here jF ðf Þj is the Fourier amplitude spectrum of the

zero-gradient projection and jF ðf Þjmax is the maximum

value of jF ðf Þj and b is a predefined threshold. Denoting

the scanning width as a, the Nstep is determined by

Nstep ¼ roundð2afcÞ: ð4Þ
In the simulation, the first derivative of Lorentzian

lineshape function is used. The linewidth is 0.05mT and
the field scan width is 1.2mT (see Fig. 2 for more de-

scription). From the sampling error curve, one can de-

termine that the minimal number of steps for field sweep

is slightly larger than 64 but less than 128. Therefore, we

used either 64 or 128 steps for field sweep in the fast

EPRI experiments.
3. Experimental

3.1. Hardware implementation

A schematic diagram illustrating the hardware im-

plementation used for the SMFG fast EPR imaging is

shown in Fig. 3. A solenoid electromagnet design with
field homogeneity of about 3 ppm over a 10 cm DSV
(diameter of spherical volume) is used, as was originally

designed for use in nuclear magnetic resonance imaging

[18]. The gradient system used (BFG-U-140-25, Reso-

nance Research, Billerica, MA) offers a gradient linear-

ity better than 1% over an 80mm DSV. A transverse
one-loop and two-bridged-gap resonator with inner

modulation coils was used for the experiments shown.

For this resonator and modulation coil assembly the

maximum size sample that can be imaged is 40mm in

diameter and 80mm in length. For a lossy sample sim-

ulating a biological object the size of a mouse consisting

of a bottle containing 26 cc 0.5mM TAM in 0.45% sa-

line solution, a signal-to-noise ratio of 1000 was ob-
tained for a 10 s acquisition or 2000 for a 40 s acquisition



Fig. 3. Hardware implementation used for the SMFG fast EPR imaging. (A) Schematic diagram of the fast EPR imaging system. A solenoid

electromagnet with a field homogeneity of about 3 ppm over a 10 cm DSV is used. The linearity of the gradient system (BFG-U-140-25, Resonance

Research, Billerica, MA) is better than 1% over a 80mm DSV. A transverse one-loop and two-bridged-gap resonator with inner modulation coils is

used in the experiments, allowing a maximum size sample of 40mm in diameter and 80mm in length. (B) Diagram of generation of the field sweep

signal and gradient waveforms using KPCI-3108 boards. The analog EPR signal is also sampled through the pin 15 of board 2. Pin 5 of board 1

outputs a square waveform that is used as an external clock by all three KPCI-3108 boards (through pin 21).
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suggesting that 0.4� 1016 spins could be detected in a

relatively large lossy sample or a concentration of

0.25 lM TAM with an acquisition of less than 1min.

The specific details of this imaging system design are to

be reported separately.
In our 300MHz EPRI system, a personal computer

(PC) equipped with one PCI-488 board (Capital

Equipment Corporation, MA) and three KPCI-3108

boards (Keithley Instruments, OH) is used to control the

data acquisition process and image reconstruction. As in

our other EPR imaging systems [19,20], the Bruker

signal channel is interfaced with the computer through a

PCI-488 GPIB card. The KPCI-3108 boards are high-
performance data acquisition boards capable of digital-

to-analog (D/A) and/or analog-to-digital (A/D) con-

version paced by either internal or external clock. They

are used to output the field sweep signal and the gradient

waveforms. Since each KPCI-3108 board has only two
D/A outputs, we use three boards to obtain up to 6

analog outputs. For synchronization purpose, all the

three boards are programmed to work in the external

clock mode. The external clock signal is generated

through the internal timer 1 and 2 (cascaded) of the

board 1 (see Fig. 3). In this way, the three KPCI-3108

boards are synchronized. During the experiment,

the Analog Input subsystem (AI) of Board 2 is also
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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 is 10 kHz (up to

100 kHz) in our experiments.

Before starting an imaging experiment, the field

sweep signal and the magnetic field gradient waveforms

are calculated according to the imaging parameters, and

stored in a chain of buffers that are accessible by the

KPCI-3108 boards. During the experiment, the stored
sweep field signal and the gradient waveforms are out-

put 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) is sampled at the 10 kHz

pacing frequency and stored in the computer for

post-processing.

3.2. Amplitude compensation for magnetic field gradient

In the SMFG technique, the gradient coils are fed

with AC current, not DC current as in a normal system.

As a result, the gradient coils become inductive loads. In

this case, the complex impedance (not the pure resis-

tance) should be taken into account to compensate the

gradient strength. We used the following equation to
calculate the compensation coefficients for X, Y, and Z

gradient coils.

Ci ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Ki

2pfsLi

Ri

� �2
s

i ¼ x; y; z; ð5Þ

where fs is the spinning frequency of the magnetic field

gradient, Li and Ri (i ¼ x; y; z) are the measured induc-

tance and resistance of the gradient coils and Ki is an

experimentally adjustable parameter. In the 300MHz

imaging system, the inductance and resistance for the X,

Y, and Z gradient coils were measured as 1.32mH,

1.55mH, 0.76mH and 0.143, 0.166, and 0.266 X, re-
spectively, while Kx, Ky , and Kz were experimentally set

as 0.5, 0.4, and 1.0, respectively. From Eq. (5), it can be

easily calculated that when fs ¼ 24Hz a voltage increase

of 9% (Cz ¼ 1:09) is required for Z gradient coil to

generate the same gradient strength as generated in the

stepped-gradient experiments.

3.3. Data processing and image reconstruction

After data acquisition, the pseudo projections are

smoothed and re-ordered to get the normal mode pro-

jections. The number of projections after data re-or-

dering equals the length of a pseudo projection, i.e., the

sampling frequency (10 kHz) divided by the spinning

frequency fs. To reduce the time for data post-process-

ing and image reconstruction, we down-sample each
pseudo projection approximately by 2 but keep the

projection number odd [16]. As in conventional EPR
imaging experiments, both the zero-gradient projection
and normal projections are acquired. Then, the auto-

matic deconvolution algorithm [21] is used to decon-

volve all projections before the filtered back-projection

algorithm is performed for image reconstruction.
4. Results

Based on a 300MHz conventional EPRI system,which

we have recently built, we implemented fast 2D EPR

imaging using SMFG, and tested it by imaging phantom

objects. For comparison, we conducted both regular and

fast EPR imaging experiments on each phantom.

In the regular imaging experiments using stepped

gradients, the main magnetic field is swept continuously.

A fixed length of 1024 points is acquired for each pro-
jection. The total image acquisition time is determined

by the product of scan time with the number of pro-

jections. However, with the existing solenoidal magnet

and the current regulated magnetic field control tech-

nique, the shortest scan time that could be used is 2.6 s.

This limitation is primarily due to the time constant of

the magnet and EPR signals are 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/or the spinning frequency, but not by the

number of projections as in the stepped gradient ac-

quisitions. As can be seen later, the time constant (TC)

in SMFG fast imaging experiments is much less than

that in regular stepped gradient imaging experiments.

4.1. Imaging of a strong non-lossy phantom

A phantom was constructed consisting of 7 tubes (id

¼3mm) filled with DPPH (2,2-diphenyl-1-pic-

rylhydrazyl) powder. Each tube was approximately

40mm in length and separated from the others by at

least 7.5mm (central distance), as shown in Figs. 4A and

B. In both regular and fast imaging experiments, the

scan width (SW) ¼ 4mT, FOV ¼ 70� 70mm2 and
modulation amplitude (MA) ¼ 0.05mT. The peak–

peak linewidth of the DPPH spectrum measured at

300MHz frequency was approximately 0.11mT and the

signal-to-noise ratio of the observed spectrum was

>4000/1 for a 2.6 s acquisition. The image resolution is

approximately 3.3mm [22] and can be enhanced by a

factor of 2–3 after deconvolution [23]. A regular image

acquired using stepped gradients (gradient magnitude
57mT/m) is shown in Fig. 4C. A total of 32 projections

were acquired and the scan time of each projection was

2.6 s. Therefore, the total imaging time was 84 s. The

time constant (TC) was 10ms in the experiment. Fig. 4D

shows the imaging result of the same phantom using the

comparable SMFG technique. The number of steps of

field sweep was 64 and the spinning frequency was



Fig. 4. Imaging of a strong non-lossy phantom. A phantom consisting

of 7 tubes (id ¼ 3mm) filled with DPPH powder was used. Images A

and B are the pictures of the phantom. Image C was acquired using

stepped gradients while image D was acquired using the SMFG fast

imaging technique. Parameters used in regular imaging experiment

were: number of projections ¼ 32; scan time ¼ 2.6 s; time constant ¼
10ms. Total imaging time was 84 s. Parameters for fast imaging ex-

periment were: spinning frequency ¼ 24Hz; number of field sweep

steps ¼ 64; time constant ¼ 0.64ms. In both regular and fast imaging

experiments, scan width ¼ 4mT; FOV ¼ 70� 70mm2 and modula-

tion amplitude ¼ 0.05mT. A total of 203 projections were acquired

and the imaging time was 2.6 s.

Fig. 5. Imaging of a large aqueous radical phantom. A lossy aqueous

phantom was constructed using a bottle with tapered cap of 26ml

volume containing 0.5mM TAM in 0.45% saline solution. Images A–

D were acquired using conventional technique (field-sweep) with the

following parameters (from A to D order): scan time ¼ 2.6, 2.6, 2.6,

and 10 s; time constant ¼ 10, 10, 10, and 40ms; number of projections

¼ 8, 16, 32, and 32; imaging time ¼ 21, 42, 84, and 320 s; Images E–H

were acquired using fast imaging technique with the following pa-

rameters: spinning frequency ¼ 12, 12, 6, and 3Hz; number of steps

¼ 64, 128, 128, and 128; number of projections ¼ 409, 409, 819, and

1637; imaging time ¼ 5, 11, 21, and 42 s. For all the images, modu-

lation amplitude ¼ 0.05mT; scan width ¼ 1.2mT; FOV ¼
80� 80mm2. The signal-to-noise ratio for images A–H is 133, 300,

334, 366, 114, 291, 265, and 308, respectively.
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24Hz. The imaging time was therefore 2.6 s within

which 203 projections were acquired. The time constant

was fixed to 0.64ms in the experiment. The signal-to-

noise ratio, defined as the ratio of the mean of the pixels
with an intensity higher than a predefined threshold to

that of other non-signal pixels in an image, was mea-

sured for images 4C and D and was 32 and 149, re-

spectively. The threshold was defined as 10% of the

maximum intensity of the image after normalization in

our experiments. Thus, we demonstrated that for a

strong near noiseless sample such as this DPPH phan-

tom about a 30-fold acceleration of image data collec-
tion was achieved.

4.2. Imaging of a large aqueous radical phantom

A large lossy aqueous phantom was constructed using

a tapered cap bottle of 26ml volume containing 0.5mM

TAM (triarylmethyl radical, OXO63, Nycomed Inno-

vations, Malm€o, Sweden) [24] in 0.45% saline solution.
Both regular and fast imaging experiments used the fol-

lowing parameters: SW¼ 1.2mT, FOV¼ 80� 80mm2
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and MA¼ 0.05mT. The peak–peak linewidth of the
TAM spectrum measured at 300MHz frequency was

approximately 0.05mT (over-modulated) and the sig-

nal-to-noise ratio of the observed spectrum was about

400/1 for a 2.6 s acquisition. The image resolution is

approximately 5.8mm without deconvolution [22] and

the resolution enhancement by deconvolution can be

about a factor of 2 [23]. Regular images acquired using

stepped gradients (gradient magnitude 15mT/m) are
shown in Figs. 5A–D. The imaging time for Figs. 5A–C

with 8, 16, or 32 projections (scan time ¼ 2.6 s) was 21,

42, or 84 s, respectively. To further optimize the pro-

jection signal-to-noise ratio an additional image was

acquired over 320 s with 32 projections (scan time-

¼ 10 s), Fig. 5D. The time constant was chosen ac-

cording to the scan time with a value of 10 or 40ms. The

images acquired using the SMFG technique are shown
in Figs. 5E–H, corresponding to the steps of field sweep

of 64, 128, 128 or 128 and spinning frequencies of 12, 12,

6 or 3Hz. The imaging time for Figs. 5E–H with 409,

409, 819 or 1639 projections was 5, 11, 21 and 42 s, re-

spectively. As mentioned above, the time constant was

0.64ms. The signal-to-noise ratio for images 5A–H is

133, 300, 334, 366, 114, 291, 265, and 308, respectively.

4.3. Summary of imaging results

In the DPPH phantom imaging experiment (Fig. 4),

where signal-to-noise was not limiting, regular stepped

gradient image data collection required over 84 s, while

with the SMFG fast imaging technique, the image data

was acquired over only 2.6 s. Since more than 200 pro-

jections were acquired, the quality of the fast image
(Fig. 4D) is even better than that of the regular (stepped

gradient) one acquired over 84 s. Thus, over 30-fold

accelerated acquisition of image projections has been

achieved.

The acceleration of projection acquisition has also

been demonstrated in imaging experiments of the large

lossy aqueous TAM-radical phantom. From Fig. 5, it

can be easily seen that, in the regular imaging experi-
ments, the image quality is poor when only 8 projections

were used (Fig. 5A, 21 s). Doubling the projection

number to 16 appeared to increase the image quality

(Fig. 5B, 42 s). However, 32 projections (Fig. 5C, 84 s)

may be needed in actual imaging applications to achieve

desirable image quality. Certainly, the longest imaging

time produced the best image quality (Fig. 5D, 320 s) but

may not be feasible in some applications due to the fast
metabolic clearance of the free radicals and/or the in-

stability of the imaging system. Compared with the

stepped gradient imaging technique, the SMFG fast

EPRI technique is able to achieve a better tradeoff be-

tween the image quality and the image acquisition time.

For example, within 5 s, we obtained a reasonable 2D

EPR image (Fig. 5E), which looks better than the image
acquired in 21 s using the regular technique (Fig. 5A).
From a practical application point of view, 21 s may be

needed (Fig. 5G) to obtain good image quality using the

fast imaging technique under the conditions used in the

measurements. From Fig. 5, it is clear that, with a slight

loss of signal-to-noise ratio, the SMFG fast imaging

technique was able to reduce the imaging time remark-

ably. A small 2.5� rotation of the image was seen between

Figs. 5D and H due to the compensation error of Eq. (5).
The results clearly demonstrate the feasibility of the

SMFG technique for fast EPR imaging at low frequency.
5. Discussion

In conventional EPRI utilizing stepped gradient ac-

quisition, the imaging time can be reduced by either
acquiring a smaller number of projections or by reduc-

ing the field sweep time, or both. Obviously, there is a

tradeoff between the spatial resolution and/or the signal-

to-noise ratio of the image and the temporal resolution.

However, due to the intrinsic bandwidth of the objects

to be imaged and the hardware response time, the gain

in temporal resolution is very limited. For example, with

the 300MHz imaging system, the shortest imaging time,
even with only 8 projections, cannot be less than 20 s

(see Fig. 5A). The SMFG fast imaging technique, on the

other hand, has the great advantage of enabling much

further reduction of the imaging time. With the SMFG

technique the image speed can be reduced to the fun-

damental limit imposed by the signal-to-noise ratio of

the measurements, assuming that the gradients have a

low inductance and sufficiently rapid response time. For
example, in the TAM-radical imaging experiments, the

total number of spins was 0.78� 1019 and the signal-to-

noise ratio of the projection data was measured within

the range 4–10. Under this condition, 20 s were required

to acquire good quality 2D images using the SMFG fast

imaging technique. However, if the number of spins is

doubled, then only 5 s will be required to obtain a same

quality image using the same fast imaging technique.
Similar fast imaging techniques by rotating gradients

have been well established in other imaging modalities

such as spiral echo planar imaging (EPI) [25] and spiral

computerized tomography (CT) [26,27]. Therefore, it is

very intuitive to develop fast EPRI systems using

SMFG, in order to reduce the imaging time.

Ohno and Watanabe [16] were the first to demon-

strate the feasibility of utilizing the spinning gradient
technique for EPR image acquisition. In their mea-

surements at X-band they used 65 projections acquired

at a spinning frequency of 20Hz. To achieve compara-

ble signal-to-noise ratio to their standard stepped gra-

dient acquisition, they had to average 16 spinning

gradient cycles. Our experiments evaluated the ability to

implement this approach at 300MHz on larger lossy
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samples. We also evaluated the advantages of this
technique in accelerating image acquisition and im-

proving image quality. In our applications, the number

of projections acquired was in the range from 203 to

1637. This is very critical in fast EPRI since the number

of steps of field sweep is already reduced dramatically

(typically reduced from 1024 to 128, even 64), therefore,

the number of projections should be increased accord-

ingly in order to achieve comparable spatial resolution.
Otherwise, the image distortion due to insufficient pro-

jections will dominate the image quality in low-fre-

quency EPRI because of the large FOV. The spinning

frequency in our experiments varied from 3 to 24Hz.

Since we did not use signal averaging to increase signal-

to-noise ratio, the overall imaging time in our experi-

ments is much less than that in the earlier report [16].

There was no need for us to use higher spinning fre-
quency with signal averages.
6. Conclusion

We developed and implemented a spinning magnetic

field gradient acquisition system for low field EPR im-

aging at 300MHz. This system is capable of acquiring a
2D image with more than 200 projections within 2.6 s.

Good image quality was obtained with acquisition times

4- to 30-fold times faster than the conventional stepped

gradient approach. This fast imaging technique with low

field EPRI instrumentation should be particularly useful

for the in vivo and ex vivo imaging of free radicals.
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