
A new strategy for fast radiofrequency CW EPR imaging: Direct
detection with rapid scan and rotating gradients

Sankaran Subramaniana, Janusz W. Koscielniakb,c, Nallathamby Devasahayama, Randall H.
Pursleyb,c, Thomas J. Pohidad, and Murali C. Krishnaa,*

a Radiation Biology Branch, Center for Cancer Research, National Cancer Institute, National Institutes of
Health, Bethesda, MD 20892, USA

b Radiation Biology Branch, Center for Cancer Research, National Cancer Institute, Bethesda, Maryland
21224, USA

c SAIC–Frederick NCI–Frederick Cancer Research and Development Center, Frederick, Maryland, USA

d Signal Processing & Instrumentation Section, Center for Information Technology, National Institutes of
Health, Bethesda, MD 20892, USA

Abstract
Rapid field scan on the order of T/s using high frequency sinusoidal or triangular sweep fields
superimposed on the main Zeeman field, was used for direct detection of signals without low-
frequency field modulation. Simultaneous application of space-encoding rotating field gradients have
been employed to perform fast CW EPR imaging using direct detection that could, in principle,
approach the speed of pulsed FT EPR imaging. The method takes advantage of the well-known rapid-
scan strategy in CW NMR and EPR that allows arbitrarily fast field sweep and the simultaneous
application of spinning gradients that allows fast spatial encoding. This leads to fast functional EPR
imaging and, depending on the spin concentration, spectrometer sensitivity and detection band width,
can provide improved temporal resolution that is important to interrogate dynamics of spin perfusion,
pharmacokinetics, spectral spatial imaging, dynamic oxymetry, etc.

Keywords
CW EPR imaging; Rapid-scan; Rotating gradient; Digital signal processing; DSP; Direct detection

1. Introduction
In vivo EPR imaging can quantitatively provide useful physiological information such as the
pharmacokinetics of free radical probes, the concentration of oxygen, the redox status of tissue,
etc. [1]. Tissue oxygen status is an important factor in cancer treatment with chemotherapy or
radiation. Also, the study of redox status of tissue will help in our understanding of oxidative
stress, and such other aspects as tissue viability for transplant and wound-healing [2,3]. Since
free radicals in situ are at very low concentration and most of them are short-lived, in vivo EPR
imaging requires the introduction, via intravenous or intramuscular injection or implantation,
of stable non-toxic free radical spin probes into the animal. Stable nitroxides and triarylmethyl
radicals (TAMs) are being routinely used as probes to obtain physiologic information [4,5].
Both pulsed and CW methods have been developed for the purpose of small animal functional
EPR imaging [6–8].
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The very short transverse relaxation times (T2) of common stable free radicals such as
nitroxides do not easily permit them to be studied using time-domain spectroscopy and are
conveniently detected and imaged by CW EPR. The relatively slow scan rates of the field
necessitated by the conventional low frequency field modulation and phase sensitive detection
method makes the imaging time long, especially if one is performing spectral spatial imaging
[9,10]. Ohno and Watanabe [11] and later Deng et al. [12] suggested scanning the Zeeman
field in small incremental steps and at each step rotating the gradient field vector through 360°
in a plane at a low frequency. At the end of such a scan, one has information on all the
projections that can be unraveled from the detected signal by reshuffling the data. Because the
gradient rotations and the sweep are integrated, very fast scans are not needed, and yet
projection information is gathered much faster than in conventional CW imaging where the
gradient vector remains constant throughout a given sweep.

If the limitation imposed by low frequency modulation and phase sensitive detection is
removed one can use sweep rates that are arbitrarily fast. Joshi et al. and Stoner et al. [13,14]
have recently published detailed accounts of performing EPR spectroscopy and imaging using
rapid scan with direct detection. Earlier observation of rapid scan EPR with the spectra showing
the effect of transverse relaxation on the scan speed was reported by Czoch et al. [15] in 1983.
For very fast field scans, one superimposes a sinusoidal (AC) or a triangular magnetic field on
the static Zeeman field by applying a suitable current to a secondary coil. Using large field
amplitudes (1–5 mT) at kHz frequencies one can effectively accomplish scan rates on the order
of several T/s and cover the required sweep widths in times on the order of microseconds. By
carefully adjusting the Zeeman filed one can make the resonances to occur in the linear
region of a sinusoidal fast sweep, and can perform rapid scan EPR spectroscopy and imaging.
With fast scans one has to use direct detection of the EPR signals. Unlike the conventional
phase sensitive detection where the detection band width can be quite narrow (few kHz), the
rapid field sweep will require detection bandwidth on the order of MHz, with a concomitant
reduction in signal to noise ratio. Ultra fast scan that traverses the spectral width in times on
the order of transverse relaxation times will cause distortions in the spectral shape and in the
limit of very fast scans produce ‘ringing’ at the trailing edge of the spectrum, similar to the
free induction decay of spins in response to pulsed excitation. While it may not be necessary
to scan at such speeds, it is quite easy to remove the ringing pattern and correct the line shape
by well-known Fourier deconvolution technique commonly used in rapid scan correlation
NMR and EPR spectroscopy [13,16,17].

A third alternative to perform rapid CW EPR imaging is the combination of rapid scan of the
magnetic field and the simultaneous rotation of the gradients with direct detection. The present
work describes the approach we have adopted for rapid scan rotating gradient CW EPR
imaging, RSRG-CW-EPRI at 300 MHz.

2. Experimental aspects
Conventionally, CW EPR imaging is carried out with a constant gradient to produce an image
of the unpaired spin probe distribution in one, two or three dimensions. The spectrum of the
object is measured in presence of equally distributed orientations of a constant gradient applied
in a polar coordinate raster centered about the object. Each spectrum is the sum of the line
integrals of the spin density distribution along lines perpendicular to the gradient axis, and
constitutes a profile or projection. Projections for gradients separated by 180° are identical,
since interchanging the sample and the gradient directions does not affect the projection profile.
These projections are suitably filtered [18–20] and back-projected to produce the 2D or 3D
image of the object [21]. If it is necessary to generate additional spectral information in addition
to spatial distribution of spins in the object, spectral-spatial imaging is performed, in which
the additional virtual spectral dimension is created by a further variation in the magnitude of
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the space encoding gradient [22]. The present study concentrates in examining approaches,
which can minimize data acquisition time in EPR imaging.

To understand the relationship between the main strategies of CW EPR imaging let us consider
the elements in each projection profile. For a two dimensional polar raster of the gradient, we
rotate the gradient vector from an arbitrary starting angle of 0° through 180°-θ, in steps of θ.
180° to 360-θ will reproduce the projections once more. For each value of the gradient angle
we collect the projections. For simplicity, let us assume that we have 8 gradient orientations
(θ1–θ8) and the projections are represented by 8 field positions (B1–B8). The 8 projections
that will result from the 2D experiment will constitute a Bθ matrix of dimension 8 × 8. Let the
rows represent the field values increasing from Bmin to Bmax from left to right, and let the
columns represent the gradient orientations from 0 to 360°-θ, in steps of (360/8)°, from top to
bottom. In the conventional CW imaging mode, we follow the collection of the projections by
sweeping the field at constant gradient, and then sequentially reorient the gradient vector in a
polar grid through equal intervals. In other words, we determine the elements of the Bθ matrix
row-wise. This is indicated by the horizontal rows in Fig. 1. In rapid scan EPR imaging the
imaging mode is essentially the same, except that the scan rates are very high, (and the
projections may have to be subsequently processed to get rid of the FID-like ringing) and as
such, here also, the Bθ matrix is collected row-wise. At scan speeds used in this work there
was no FID-like ringing, and no corrections were applied.

The vertical columns, on the other hand, correspond to filling the Bθ matrix column-wise and
represents the determination of the elements by scanning the field in a stepwise fashion, with
the gradients being completely rotated from 0° to 360°. Here the field will be incremented from
start to end in a finite number of steps (eight in this simplified example) and the gradient will
go from 0° to 360° in 8θ-steps. It could be rotated fully through 0–360° and the results from
180 to 360-θ can be added to those from 0 to (180-θ), because of the inversion symmetry of
the projections. If we collect 8 data points as a function of the gradient rotation from 0 to 360-
θ, per field position, these will constitute the first point in the 8 conventional projections, and,
the 8 data points in the second field position will constitute the second points in the 8
conventional projections and so on. The number of projections in general will depend on the
number of data samples acquired for a full rotation of the gradients, and the number of field
steps from start to end will be the number of points digitally representing each projection.

We will now examine the possibility of simultaneously scanning the field and rotating the
gradients to collect the elements of the Bθ matrix, represented by the diagonal arrow direction
in Fig. 1. To reduce the collection-times of projection data, we shall combine rapid scan and
rotating gradients with direct detection. This would lead to absorption profiles (rather than the
first derivatives obtained in phase sensitive detection). While the direct detection is less
sensitive compared to phase-sensitive detection, it is partially compensated by the fact that the
profile intensity in absorption mode is an order of magnitude higher than in the first derivative
mode [14]. Coming to the data collection strategy, if one looks along the diagonal of the matrix,
it can be seen that both the field and the gradients monotonically increase. If we make one full
sweep of the required region of the field by a rapid scan and digitize the signal in 64 or 128
steps (here it will be 8 steps) this will decide the field resolution (spatial resolution, depending
on the magnitude of the gradient) and make a synchronous rotation of the gradient vector from
0° to 360° and the collected data will constitute the elements of the diagonal of the Bθ matrix.
We can follow this by scanning the field from high to low (this will be advantageous since we
do not jump from the high end of the field to the starting field abruptly, but simply perform a
zigzag scan) still rotating the gradient from 0° to 360°. The detected signals will now fill the
elements of the Bθ matrix along the anti-diagonal (right to left) from top to bottom. The other
elements are to be filled along lines parallel to the diagonal or the anti-diagonal of the Bθ
matrix, and in order to accomplish this we need to impart an incremental phase shift to the
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gradient rotation for each pair of upward and downward field scan. The mnemonic ways in
which the Bθ matrix elements are acquired in the three modalities are depicted in Fig. 2.

3. Instrumentation for rapid scan rotating gradient CW EPR
We cannot perform such imaging using the conventional CW EPR spectrometer that only
allows fixed gradients, and slow sweep of the magnetic field. The rapid scan envisaged in this
modality requires a secondary sweep coil supplementing the Zeeman field, which needs to
produce only a small scan range that covers the spectral range of the object in presence of the
gradients [14]. For rapid field scan we have designed a pair of Helmholtz coils placed very
close to the resonator with its axis parallel to the Zeeman field, and the fast sweep is
accomplished by using a low frequency (1–20 kHz) AC amplifier that produces magnetic field
amplitudes of 5–10 mT, corresponding to nearly 5–10 T/s sweep rates, which is capable of
sweeping 5 mT in just 50–100 μs. The sinusoidal sweep can also be replaced by a triangular
ramp to provide alternatively forward and reverse field sweeps [13]. There is no particular
advantage of using sinusoidal scans compared to triangular scans. Both can be easily generated
digitally using platforms such as LabView®. However, the sharp corners of a triangular wave
are subject to smoothening by the inductance of the coils, and consequently, will suffer
deviation from linearity at the turning points. We plan to use only sinusoidal sweeps employing
tuned gradient coils.

A careful analysis of the amplitude pattern of the sine wave shows that 35% (±17.5%) of the
amplitude centered about the sign-crossover mid point of the sine wave is linear with deviation
from linearity being less than 0.4%. The time taken for sweeping this linear range is 35% of
half the cycle period. For a 1 kHz sinusoidal gradient with a peak-to-peak amplitude of 2.5
mT, we can calculate the linear range as 0.875 mT. This much field is traversed over a period
of 175 μs (35% of half the cycle period) leading to a sweep rate of 5 T/s. The linear range of
sweep and the sweep rates are thus related to the sweep frequency (SF) and the peak-to-peak
amplitude (SA) as follows:

Sweeprate (at the linear region) = 0.35 ∗ SA ∗ SF ∗ 2
sweeprange (linear region) = 0.35 ∗ SA

(1)

We use a low frequency of 0.33 kHz, and peak-to-peak field amplitude of 2.6 mT corresponding
to a field scan rate in the linear sweep region of ~0.6 T/s. The sinusoidal sweep can also be
replaced by a triangular ramp to provide alternatively forward and reverse field sweeps [13].

We also need to generate circularly polarized gradient fields by inputting gradient currents (AC
fields) that produce identical field magnitudes with a specific phase relationship in the
orthogonal coils (cosωt ± i sinωt). Since we would like to perform one complete rotation of
the gradient during the linear regime of the sinusoidal rapid scan, it is necessary that the gradient
rotation frequency is 3 or 4 times higher than the frequency of the AC magnetic field that
provides the rapid scan. The resonator [23] and the magnet/gradient coils system of our 300
MHz CW EPR spectrometer [24] were employed for the rapid scan rotating gradient imaging
experiment. The various subcomponents of the rapid scan rotating gradient CW imager are as
follows.

3.1. Rapid scan coils
This consists of a pair of Helmholtz coils of 25 turns of Litz wire (175/38) of 20 cm average
diameter and 20 cm apart, and positioned coaxial to the main Zeeman field. These set of coils
are powered by a home made tunable amplifier in selectable ranges of frequencies up to a
maximum of 40 kHz. The amplifier accepts an input of max. Five volts p-p and can generate
a sinusoidal field sweep of up to 10.0 mT. The near-linear portion of the downward and upward
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swing of the sinusoid was capable of providing fast scans of up to 6 mT. In the current
experiment, we employed a 1 mT scan range accomplished at a sweep rate of 0.6 T/s. The scan
speed and the scan range are adjustable with the frequency and amplitude of the sinusoidal
input to the AC amplifier that powers the sweep coil. In future, we are planning to use field
scans in the frequency range 5–10 kHz and gradient scans in the range 20–40 kHz by using
tuned gradient and field sweep coils.

3.2. Gradient coils
The set of orthogonal x, y and z gradient coils embedded in our CW EPR system [24] normally
used for DC gradients in conventional experiments, were tuned by varying the capacitance so
as to provide distortion free currents of up to 6–7 A at a frequency of 1 kHz with input voltage
amplitude of 2–3 V.

3.3. Direct detection scheme
In order to implement the direct detection scheme we have modified our CW bridge [24] by
replacing the dual diode RF detector and phase sensitive receiver with a standard double
balanced mixer and the wide band (1 MHz) preamplifier SRS 560 (Stanford Research)
connected to IF port of the mixer. The resonator was tuned and matched, and the reference arm
was adjusted to produce zero offset at the amplifier input. A DC gain of 500 (out of possible
5000) was sufficient to produce proper signal for the digitizer.

3.4. Digital generation of rotating gradients and rapid scan field sweeps
The lower frequency rapid scan signal, the three higher frequency gradient signals, and the
trigger signals for data acquisition were generated using National Instruments LabView®

software and National Instrument PCI-6289 multifunction data acquisition card. This card is
capable of generating four independent 16-bit analog signals at a maximum voltage of 10
Vp-p and a maximum output rate of 2.8 MS/s. The card can also output up to 48 digital input/
output signals. The phases of the three gradient signals can be altered programmatically relative
to the phase of the rapid scan signal. For example, to acquire images parallel to the XZ plane,
the X and Z gradient outputs are set 90° out of phase relative to each other and at a frequency
three times higher than the rapid scan field. The amplitudes of the gradient signals are adjusted
to result in a circularly polarized gradient field rotating in the XZ plane at the selected frequency.
The phase of the X and Z gradients can then be incremented programmatically relative to the
rapid scan field at a desired step interval.

3.5. Data acquisition
The EPR signals from the low noise amplifier were captured using a commercial digitizer-
cum-summer Acqiris AP100 (Acqiris USA, Monroe, CA) dual channel Signal averager [25]
capable of sampling up to 500 Ms/s per channel, and summing in real time with external time
base and trigger inputs. The Acqiris signal averager was programmed to fully automate the
signal collection. The simplified schematic of the rapid scan rotating gradient CW EPR imager
is given in Fig. 3.

4. Results and discussion
In order to verify the basic idea of simultaneous field scan and gradient rotation, we used 2D
measurements on two point phantoms consisting of two capillary tubes containing ~1 mg of
the stable paramagnetic compound N-methyl pyridinium tetracyano quinodimethane (NMP-
TCNQ) which gives a sharp exchange narrowed single EPR line. The sample we have used
had a line width (Full Width at Half Maximum height) of 22.5 μT. After placing the two tubes
separated by 1 cm, perpendicular to the Zeeman field inside the parallel coil resonator (Fig.
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4), we first applied the AC sweep field alone. For each cycle of the AC sweep through resonance
there was single narrow EPR line. First, the center field from the main magnet is adjusted such
that there is only one resonance line per cycle of field sweep, when the maximum amplitude
and the minimum amplitude from the sinusoidal field plus the Zeeman field match the
resonance condition. The difference between these values is the maximum sweep size for the
particular setting. By moving the DC field position exactly in between the two values, we
ascertain that the resonances occur in the middle of the up and down sweeps of the rapid scan
sinusoids, giving two sharp lines per cycle of the sweep field (Fig. 4). By switching on the
gradient coils one would normally see the splitting of the resonances, but because the gradients
(here X and Z gradients) are oscillatory, the patterns (pseudo-projections) are not easy to
interpret. By using a pickup coil and orienting the same perpendicular to the X- and Z-axes of
the gradient axis co-ordinates and adjusting the amplitude of the X- and Z-axes input voltage,
the gradients coils could be calibrated to provide equal magnitude of field amplitudes. In
presence of the space encoding rotating gradients the resonance line undergo splitting and are
simultaneously subject to both field sweep and gradient sweep.

In order to collect the signals as a function of the field sweep and gradient sweep, a trigger
pulse was generated at a predetermined delay from the peak of the rapid scan signal. Once the
trigger pulse activates the digitizer, it will acquire a pre-selected number of signal points and
coherently add subsequent acquisitions to generate pseudo-projections. It should be mentioned
here, that depending upon the acquisition time and the acquisition interval chosen, we might
end up collecting several projections representing sweeps that alternatively change direction
(low field to high field and then high field to low field). With the frequencies of the sweep and
gradients respectively at 333.33 and 1000 Hz, we sampled 25,000 points at a sampling rate of
4 Ms/s corresponding to two full cycles of the field sweep giving rise to two pairs of pseudo-
projections for the up field and down field sweeps (Fig. 4). To improve the signal to noise ratio,
one can average several spectra. In our case we averaged 100 spectra per gradient phase. Once
the averaging of the predetermined number of spectra has been carried out, the phase of the
X and Z gradients were rotated by an increment θ relative to the phase of the rapid scan signal
and the spectra were averaged again. This process is continued until the phases have been
systematically incremented through θ steps from 0 to 360-θ. By doing this we would have
collected all the required “pseudo projections” that represent the matrix elements parallel to
the diagonal or anti-diagonal of the Bθ matrix. Experimental results obtained for a two-tube
TCNQ phantom are given in Fig. 5A and B. Each signal acquired during the interval
corresponding to one full cycle time of the gradient rotation, centered around the spectral
position corresponding to the zero-gradient spectrum, forms a pseudo-projection which should
be reorganized to lie parallel to the diagonal or anti-diagonal (depending on the sense of the
sweep) of the final Bθ matrix by a simple matrix manipulation. At this stage, the well-known
filtered back projection is used to obtain the images. Once the matrix manipulations have been
carried out, we can choose just the required portion of the projections, and, if needed, interpolate
the data to improve the digital resolution. Results obtained from a six-tube phantom are also
shown in Fig. 5C and D.

The way in which conventional projections are transformed into “pseudo projections” by
simultaneous rapid field scan and rotation of gradients and how these are reconverted to normal
projections, before back-projection can be easily simulated using the Radon transform and
filtered back-projection programs that are well-known. The simulations are shown in Fig. 6
for a 2-tube phantom.

Preliminary results obtained in this work on the phantoms clearly demonstrate the feasibility
of the simultaneous rapid scan and field gradient rotation in CW EPR imaging. It is straight-
forward to extend the same to three dimensions, which involves additional tilting of the plane
of the rotating gradients with respect to the third gradient axis, and manipulating the resulting
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pseudo-projection matrices before performing a two-stage filtered back-projection. There are
a few points to consider before employing such a Rapid-scan Rotating Gradient CW EPR
imaging as a routine imaging modality. These include: (a) One should optimize the SNR of
the Rapid scan EPR signals by choosing a suitable low-noise amplifier with proper detection
bandwidth and gain factor; (b) it is important to precisely tune and calibrate the gradient coils
under the AC current so that the gradients are circularly polarized with minimal/negligible
elliptical components; (c) Solenoidal resonators may act as good antenna for the oscillatory
gradients and will lead to sinusoidal base-line artifacts. It can be seen from Fig. 4 that the
gradient-free spectrum on the top has a flat base-line and only when the gradients are on we
see the base-line roll. We have carefully looked at the base-line roll and it exactly follows the
sum of the amplitudes of the gradients. This is because the parallel coil resonator in which the
measurements are done acts like an antenna and picks up the rotating gradient magnetic field.
This baseline roll was removed by subtracting the background obtained from the measurement
when the field is offset far from resonance (d) The scan speed needs to be optimized keeping
in mind the increased bandwidth to be detected due to the rapid scan, as well as the increased
presence of FID-like ringing artifacts, although the latter can be removed by Fourier
deconvolution methods [13,16,17]. It is envisaged that too fast a scan speed that will introduce
FID-like ringing (and hence will require removal by Fourier deconvolution) will hardly be
needed in view of the gradient induced broadening, and yet the scan will be several orders of
magnitude faster than that employed in conventional low frequency modulation mode enabling
very fast CW EPR imaging.

When all precautions are taken into account it may be possible to produce CW EPR images at
speeds that match with time-domain methods, and yet may use RF power levels that are several
orders of magnitude lower. Indeed if that is realized, the availability non-toxic narrow-line
compounds such as those based on triarylmethyl radical, will make CW EPR quite a viable
approach for quantitative estimate of tissue oxygenation, temporally well-resolved estimates
of redox status and investigations of tumor physiology in an in vivo setting.

The results presented here cover just preliminary, ‘proof-of-principal” data. We are in the
process of further optimizing the speed of rapid scan rotating gradient CW imaging in two and
three dimensions, as well as performing spectral-spatial imaging and oxymetry. Once this is
established, a realistic comparison of the merits of this modality with other CW methods, as
well as pulsed EPR imaging will be possible which will help us to choose the most optimal
EPR imaging and oxymetry approach for a given in vivo system. Simultaneously we are also
implementing digital signal processing (DSP) methods that would allow speeding up the data
acquisition and improvements in signal to noise ratio. We believe that CW EPR imaging and
oxymetry using combined rotating gradients and rapid scan with the direct detection scheme
has the potential to provide functional images with high temporal and spatial resolution at low
RF power levels.
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Fig. 1.
Elements of the Bθ matrix that represents the projections obtained at a constant gradient as a
function of the orientation of the gradient vector. Elements are collected row-wise in
conventional EPR imaging and column-wise in rotating-gradient stepped-field data collection.
The large horizontal arrow represents the conventional way of collection projections at constant
gradient vector at a given orientation, and then changing the orientation sequentially. The big
vertical arrow represents the stepped-gradient-rotating-gradient approach of Ohno and
Watanabe [11] and Deng et al. [12]. The big slanted arrow represents the present method that
corresponds to the simultaneous application of the field sweep field and rotating gradients.
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Fig. 2.
Mnemonic representation of the way we collect the elements of the Bθ matrix for various CW
imaging modalities. The diagonal double-headed arrows (1–5, 2–6, 3–7, 4–8, 5–1, 6–2, 7–3,
8–4) represent conventional projection data collection, with 8 sweeps (B1–B8) each with
constant gradient orientation from θ1 to θ8. The concentric dotted circles represent the stepped-
field-rotating-gradient modality (Ohno et al. [25] and Deng et al. Ref. [12]), and the
Kaleidoscopic pattern (continuous lines) represent the simultaneous rapid scan and rotating
gradient strategy.
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Fig. 3.
Simplified schematics of the rapid scan rotating gradient CW EPR Imager.
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Fig. 4.
Direct detected rapid scan absorption EPR signals of a phantom sample consisting of two
capillary tubes containing a mg each of particulate TCNQ (N-methylpyridinium
tetrcyanoquinodimethane, a stable charge-transfer complex that give an exchange-narrowed
single line EPR spectrum) sample. The top sinusoid represents the rapid scan sweep, and the
two higher frequency sinusoids represent the X and Z gradients, which together provide the
rotating gradient in the XZ plane. The left side of the dotted rectangle represents the start of
the trigger. The field scan frequency was 333.33 Hz and the gradient rotation frequency was
1 kHz. The sampling frequency was 4 Ms/s and 25,000 points were collected, giving rise to
two downfield scans (first and the third spectrum) and two up field scans (second and the fourth
spectrum). The zero-gradient spectra (upper) and the spectra under rotating gradient (lower)
at an arbitrary starting phase are shown.
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Fig. 5.
(A) Two-tube TCNQ phantom, (B) the image obtained by filtered back-projection after
shuffling the Bθ matrix obtained along the diagonal. (C) A six-tube phantom consisting of 2
mM triarylmethyl radical Oxo63 in saline ranging from 400 to 500 mL in volume and (D)
pseudo-projections were matrix-shuffled to give the correct projections and back projected to
give the image shown.
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Fig. 6.
(A) 2D projections (shown as a sinogram) obtained by rotating the gradient in the XZ plane for
2-tube phantom with the axis perpendicular to the XZ axis and (B) the image of such a phantom
via filtered back-projection. (C) 2D pseudo-projections and the corresponding back-projected
pseudo-image obtained by transforming the projection matrix that correspond to data that
would be obtained by a forward scan of field combined with rotating gradient of the same
magnitude as in A and B. (D) The pseudo-image obtained by simply back-projecting the data
in C and is not the true image, as expected. (E) Correct sinogram obtained by reshuffling the
matrix corresponding to (C). (F) Image obtained by back-projection of (E) which is identical
to (B).
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