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Purpose: Electron paramagnetic resonance �EPR� imaging techniques provide quantitative in vivo
oxygen distribution images. Time-domain techniques including electron spin echo �ESE� imaging
have been under study in recent years for their robustness and promising new features. One of the
limitations of ESE imaging addressed here is the finite acquisition frequency bandwidth, which
imposes limits on applied magnetic field gradients and the resulting image spatial resolution. In
order to improve the image spatial resolution, we have extended the effective frequency bandwidth
of the imaging system by acquiring projections at multiple Zeeman magnetic field offsets and
combining them to restore complete projections obtained with more uniform frequency response,
resulting in higher quality images.
Methods: In multiple-stepped magnetic field or multi-B scheme, every projection of the three
dimensional object is acquired at different main or Zeeman magnetic field �B� offset values. The
data from field offset steps are combined, normalizing to the imaging system frequency acquisition
window function, a sensitivity profile, to restore the complete projection. A multipurpose pulse EPR
imager and phantoms containing the same type of spin probe �OX063H� used in routine animal
imaging were also used in this study.
Results: Using the multi-B method, we were able to acquire images of our phantoms with enhanced
spatial resolution compared to the conventional ESE approach. Compared to standard single-B ESE
images, the T2 resolutions of multi-B images were superior using a high spatial-resolution regime.
Image artifacts present in high-gradient single-B ESE images are also substantially reduced using in
the multi-B scheme.
Conclusions: The multi-B method is less susceptible to instrumental limitations for larger gradient
fields and acquiring images with higher spatial resolution better overall quality, without the need to
alter the existing pulse ESE image acquisition hardware. © 2010 American Association of Physi-
cists in Medicine. �DOI: 10.1118/1.3475936�
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I. INTRODUCTION

In the past few decades in vivo electron paramagnetic reso-
nance �EPR� imaging has shown to be capable of providing
valuable information regarding the three dimensional oxygen
distributions in tumor and normal tissue in small animals.1–8

Knowledge of oxygen partial pressure or pO2 is of great
radiobiological interest and can have great impact in radia-
tion therapy planning in solid tumor cancer treatment.9 EPR
imaging provides a means to measure pO2 rapidly and mini-
mally invasively, by directly injecting spin probe in the
bloodstream and gathering information about local oxygen
tension based on changes detected in the electron spin spec-
trum at every location in the tissue.

Traditionally the continuous wave �cw� methods have
been studied more extensively, both due to low radiofre-
quency �rf� power requirements and the wide range of radi-
cals that can be imaged. One of the drawbacks of the con-
ventional cw EPR imaging is the acquisition speed, which is

4,6
constrained by the need to sweep the magnetic field. The
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problem has been addressed by using rotating magnetic field
gradients10–12 and developing rapid-scan EPR
techniques.13–15 On the other hand, pulse EPR techniques,
such as those using projection reconstruction from free in-
duction decay or echo detected signals, or k-space sampling
in the case of single-point imaging �SPI� are proving to be
efficient in obtaining fast images.16,17 In time-domain EPR
imaging, there is usually no need to sweep the main mag-
netic field, and ideally all spectral frequency components are
present in the acquired time-domain trace. Moreover, in pro-
jection based techniques such as electron spin echo, only the
direction and not the magnitudes of magnetic field gradients
need to change to acquire spatial information,5,18 which
makes them even more suitable for fast image acquisition
compared to SPI imaging where full three dimensional sam-
pling of the frequency space with gradients is required. An
additional advantage for electron spin echo �ESE� imaging is
direct T2 sensitivity. The work presented here focuses on

ESE imaging �Fig. 1�.
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A major source of spatial blurring of EPR images is spec-
tral linewidth of the electron spin species resulting mostly
from the hyperfine interactions. The ESE image spatial res-
olution is constrained by the strength of magnetic field gra-
dients that can be applied. Larger applied gradients decrease
the effect of hyperfine induced blurring by proportionally
stretching projections in the frequency space without affect-
ing hyperfine splittings, therefore fractionally sharpening
projections and the image. On the other hand, applying large
gradients can result both in signal to noise ratio �SNR� re-
duction and data truncation if the frequency span of the ob-
ject becomes larger than the imaging system frequency band-
width. The imager bandwidth is mostly determined by the
resonator quality factor, applied pulse shape, and bandwidth
of individual components of the detection system. To avoid
such truncation effects, the gradient magnitude and object
size should be carefully matched to the imager bandwidth.
For instance, in order to image a 2 cm size object with 10
MHz frequency bandwidth limit, the magnitude of the gradi-
ent that can be applied with no severe data truncation is of
order of 10 MHz / �0.02 m�28 MHz /mT� or 20 mT/m,
where 28 MHz/mT is � or gyromagnetic ratio of the free
electron. For a spin probe with a 15 �T line width, this
means that the lower bound for the image spatial resolution
is about 0.75 mm.

A robust in vivo ESE imaging system currently used in
our laboratory for small animal imaging was described
recently.19 Here we will show how the same imaging system
can be used to acquire images with enhanced spatial and T2

resolution, using the proposed multiple-stepped magnetic
field or simply the multi-B ESE technique. Since unpaired
electron spins resonate with frequencies proportional to the
local magnetic field, a shift in the main field becomes
equivalent to shifting the object function in the frequency
space. This is the main idea behind multi-B ESE, which
makes it possible to cover the frequencies present in the ac-
quired signal from a spin system at the presence of magnetic
field gradients. Therefore, the multi-B technique allows ex-
tension of the effective frequency bandwidth of the imaging
system. One application for large bandwidth is high-
resolution imaging, which is of interest in the study of fine-

FIG. 1. ESE is done using one excitation �90° or � /2� and one refocusing
�180° or �� pulse.
scale oxygenation patterns in tumor as well as normal tissue.
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II. METHODS AND MATERIALS

II.A. Phantoms

For three-dimensional �3D� ESE imaging experiments, a
partially filled sealed glass bottle with 45 mm length and
9.5 mm inner diameter containing 2 ml of deoxygenated
1 mM concentration of OX063 trityl spin
probe �methyl-tris �8-carboxy-2,2,6,6-tetrakis�2-
hydroxyethyl�benzo �1,2-d:4,5-d��bis �1,3�dithiol-4-yl�-
trisodium salt, GE Healthcare�20,21 was used for our imaging
experiments. Two smaller tubes made from capillary tubes
with inner diameter of 1.1 mm were also placed close to the
phantom bottle, in order to better illustrate the image sharp-
ness or resolution �Fig. 2�a��. For the one-dimensional �1D�
experiment we decided to use a phantom which is
uniform along the long axis of the resonator. A partially
filled sealed glass tube containing deoxygenated Finland
trityl spin probe �methyl-tris �8-carboxy-2,2,6,6-
tetrakis�perdeuteromethyll�benzo �1,2-d:4,5-d��bis
�1,3�dithiol-4-yl�-trisodium salt, GE Healthcare�20,21 was
used. The concentration of the spin probe was 200 �M and
the tube had 15 mm inner diameter, shown in Fig. 2�b�. Care
was taken to install the phantom fully horizontally inside the
resonator in order to get a uniform spin density profile along
the long axis of the resonator, for the purpose of noise profile
measurements as explained later.

II.B. Pulse EPR imager

Our pulse EPR imaging system is fully described
previously19 therefore only the aspects most relevant to ex-
periments done in this paper are described: A multipurpose
pulse imager operating at 250 MHz central frequency was
used for the experiment, capable of applying rf pulse peak
power of up to 1 KW. The resonator used for imaging was
made from acrylonitrile butadiene styrene �ABS� plastic with
�40 �m-thick 3M conductive copper band taped to the sur-
face. This was a capacitatively coupled one loop-one gap
resonator of 19 mm in diameter and 15 mm in length where
the resonator loop is also the sample holder. The quality
factor �Q� for the empty resonator is normally about 250,
suitable for cw imaging applications. Q was reduced from

FIG. 2. Imaging phantoms. �a� The 1 mM OX063 bottle phantom with two
capillary tubes. The plane shows the cross section of the phantom that will
be shown in Figs. 3 and 4. �b� The tube phantom containing 200 �M con-
centration of Finland trityl used for 1D experiments. The dotted lines rep-
resent the section inside the resonator.
original value to 13.5 by installing a 750 � shunt resistor
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across the capacitative gap. This resulted in a resonator fre-
quency bandwidth of �250 MHz/13.5� or 18 MHz at full
width half maximum �FWHM� value.

II.C. Image acquisition

In all experiments electron spin echo excitation �� /2� and
refocusing ��� pulses were both 35 ns in length with a swit-
chable power attenuator to produce a � /2 pulse with 1/4 the
power of the � pulse.22 This is an improvement compared to
our earlier setup where the refocusing pulse had the same
power as the excitation pulse, yet was twice longer in dura-
tion. This reduction in pulse length helps better matching the
quality factor of the resonator to the pulse bandwidth, in-
creasing the system bandwidth. The FWHM frequency band-
width obtained for the imager using two 35 ns long pulses
was �10 MHz.

Pulse rf peak power of 200 W �for the � pulse� or 53 dBm
was used in all measurements. For every gradient direction
in the 3D spatial direction, time-domain data were acquired
using �� /2�i−�− ���j−� pulse sequence, where the indices i
and j refer to the phases of each pulse. Cyclically ordered
phase sequence �CYCLOPS� with 16 phase cycles was used
in order to reduce image artifacts.

FIG. 3. The multiple-B scheme. �a� The imager acquisition window function
�black arrowhead� and object function �arrow� are shown in the frequency
domain. Shifted object functions due to shift in magnetic field are repre-
sented as dashed lines. �b� Equivalent representation where imager profile is
shifted in opposite direction, allowing complete coverage of the object func-
tion. �c� Subprojections from each field step are combined to recover the
original projection.

TABLE I. The ESE EPRI protocol acquisition and reconstruction parameters.
20, 25, and 30 mT/m.

Protocol Angular Sampling �equal solid angle� Acquisition ti

ESE-SB I 16�16, 8.0 min
164 total

ESE-SB II 32�32, 31.8 min
654 total

ESE-MB I 16�16, 7.4 min
164 total

ESE-MB II 32�32, 29.6 min
654 total
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In the previously published ESE imaging technique, the
main �Zeeman� magnetic field is fixed and only gradients are
changing.19 In the proposed multi-B scheme, for every gra-
dient projection time-domain data are acquired at multiple
values of the main magnetic field offset. The general scheme
is shown in Fig. 3 which illustrates that acquisition at differ-
ent magnetic field offsets is equivalent to extending the fre-
quency bandwidth of the imaging system. A complete pro-
jection is recovered by joining together subprojections
acquired from each Zeeman field offset. For both conven-
tional ESE �single-B� and multi-B schemes echo signal av-
eraging is used to improve the SNR. In the multi-B scheme
the same number of echo averages per projection are equally
distributed among all subprojections. When comparing cor-
responding single- and multi-B images, the total number of
echoes averaged per complete projection is the same.

Some of the relevant acquisition parameters for the
single- and multi-B imaging protocols are given in Table I.
The angular sampling numbers refers to the number of
samples taken in polar and azimuthal directions �NAz and
NPolar� of the spherical coordinates. Projection angles were
sampled with equal solid angle coverage, which reduces the
number of required samples by a factor of approximately 2/3
from what would be obtained using equal linear azimuthal
and polar angle sampling.23 The total number of projections
is also given in Table I.

For each protocol, gradient magnitudes ranging from 10
to 30 mT/m are applied. For multi-B scheme, the field offset
step size and the number of steps �NB� are chosen in accor-
dance with the strength of the gradient. At 10 mT/m, only
three field offsets covering from �50 to +50 �T were used
since the 10 MHz bandwidth is large enough to span the
data; whereas for 30 mT/m imaging the field offset coverage
was from �200 to 200 �T in five field steps.

Baseline signal was acquired by shifting the main field by
1.5 mT off resonance. The baseline was subtracted from on-
resonance data. Due to the dynamic nature of the baseline
spurious signal, baseline acquisition every four complete
projections turned out to be a good trade-off point between
the image quality and acquisition time overhead for both
schemes.19

Latencies were introduced to allow for the magnetic field
and/or gradients settling between projections and baseline.
These include 15 ms for gradient switching, 150 ms for

ach imaging protocol images with four different gradients are acquired: 15,

Number of field steps �NB�, coverage Reconstruction matrix size

1 step 64�64�64�5
No field offset

1 step 128�128�128�5
No field offset

5 steps, 64�64�64�5
�0.2, �0.1, 0, 0.1, 0.2 mT offsets

5 steps, 128�128�128�5
�0.2, �0.1, 0, 0.1, 0.2 mT offsets
For e

me
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switching to off-resonance field, and 250 ms for switching
from off to on resonance. For multi-B images, 100 ms delay
time was used for switching from one field step to the next
one. Gradient coils are smaller in size and number of turns,
therefore have shorter settling times. In order to reduce the
time delay contribution to acquisition overhead in the
multi-B method, subprojections from sequential projections
and same step-B were acquired before switching to the next
field step. Furthermore, off-resonance baseline projections
were treated as single subprojections in the multi-B method,
therefore resulting in slightly faster acquisition for multi-B
images.

For the purpose of T2 determination, time-domain data
were acquired at 5 different echo times ���, logarithmically
spaced between 0.63 and 2.4 �s. The resulting five images,
one from each �, are used in determine T2 for each image
voxel, as discussed later. In order to obtain uncertainty in our
T2 resolution estimate, all experiments were performed three
times.

II.D. Converting time-domain data to spatial
projections

Every time-domain echo trace is composed of 1000 time
points acquired from the two quadrature detection channels,
i.e., real and imaginary with temporal sampling rate of 4 ns
per point.

For the single-B data, first the echo position is determined
by finding the maximum signal position from two channels.
The phase of the signal is determined from the signal phase
at the echo time, and corrected subsequently. The data ac-
quired prior to the echo time are discarded. The last 250
points in the data are averages and subtracted from the rest of
the signal, to correct for any existing dc current offsets in the
data.

The echo data are then Fourier transformed to obtain fre-
quency encoded spatial projections. Before applying the fast
Fourier transform �FFT�, the following processing steps are
taken.

Due to the finite bandwidth of the imager, the converted
data in the frequency domain are distorted by sensitivity
variations as a function of frequency from the ideal projec-
tions, even at high SNR. These distortions, due to the system
frequency response profile, are referred to as the acquisition
window function �AWF�. The acquisition window function is
normally measured before or after any imaging session. The
AWF is measured by stepping the magnetic field and mea-
suring the signal amplitude at a given time. The AWF cor-
rection is derived from the AWF amplitude by inverting and
regularizing to a maximum correction factor at positive and
negative frequencies. This is done to avoid amplifying noise
at peripheral frequencies. The frequency domain data are
converted to spatial coordinates by dividing by the gradient
magnitude and the electron gyromagnetic ratio. Spatial pro-
jections are passed to the image reconstruction algorithm.

For multi-B images, for each complete projection time-
domain datum is assembled by combining corresponding

subprojections, where subprojections are echo profiles ob-
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tained at a particular field offset and converted to the fre-
quency domain. The echo time and the correct phase are
determined based on the signal maximum position, similar to
the single-B processing. Phase correction, dc baseline re-
moval, and FFT steps are also carried out similar to single-B
processing. The frequency domain data are shifted according
to the field offset for each subprojection. Combining sub-
projection data is done by applying weighted sum of data at
each overlapping frequency bin, according to the following
formula:

S�f� = �
i=1

NB

�i�f�,Si�f� . �1�

Here Si is the signal from subprojection i after Fourier trans-
forming to the frequency domain f and �i are the weight
functions for subprojection i, as defined below, and NB indi-
cates the total number of subprojections for each complete
projection. We used the following formula to calculate the
weight function:

�i�f� =
AWF�f + 	f i�

� j=1
NB AWF2�f + 	f j�

, �2�

where 	f i indicates the frequency shift of the ith subprojec-
tion. The method is based on the sum-of-squares �SoS� ap-
proach used to optimizes the SNR in each frequency bin
when the system noise is fully stochastic and uniform.24

While the system noise is neither fully stochastic nor fully
uniform in our case, the SoS method works well in practice
in combining subprojections and restoring original complete
projections.

II.E. Reconstruction

A multistage filtered backprojection �FBP� reconstruction
technique was chosen to reconstruct all images, among other
available reconstruction techniques. In the multistage FBP,
the 3D image reconstruction is done in two two-dimensional
�2D� inverse radon transform stages, which is faster than a
single 3D backprojection.25,26 A Ram–Lak filter cutoff of 0.5
was used to suppress the high frequency noise. The recon-
struction field of view was chosen 3.0 cm. The reconstruc-
tion matrix size was 64 pixels along three dimensions for fast
acquisition images �ESE-SB-I and MB-I protocols in Table I�
and 128 pixels for the long acquisition �ESE-SB-II and MB-
II�.

II.F. Fitting T2 decay

In order to determine T2 value for each voxel, the inten-
sity values in the five images from five different � were
selected and fitted to an exponential decay function. In order
to avoid fitting empty voxels outside phantom, only voxels
with first � image intensity above 15% of maximum voxel

intensity in the first � image were chosen for fitting.
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II.G. Determining spatial resolution and T2
uncertainty

The spatial resolution of the image is estimated by esti-
mating the FWHM of the edge spread function, by fitting an
error function to the intensity profile along the radial tracks
around the cylindrical section of the bottle phantom. The
technique is previously used for cw-EPR image resolution
estimation.27 Here we used the first � ESE image, which has
the best SNR, to fit the edge spread function. When the im-
ages are noisy the edge-fitting algorithm may fail and fit
values may become too small or too large. To avoid fitting
errors, any fit values below spatial-resolution lower bound
�spin packet linewidth divided by the gradient magnitude� or
twice higher than this value were discarded. Some of radial
tracks used to determine spatial resolution are shown in Fig.
4.

The T2 uncertainty is estimated by calculating the stan-
dard deviation of T2 values in a uniform-intensity region of
interest �ROI�. The ROI was chosen in the following way:
For each gradient, the fit masks from the three single-B and
three multi-B images are chosen and have the two outer lay-
ers for 643 reconstruction, and four outer layers for the 1283

reconstruction eroded to remove any edge effects in T2 un-
certainty determination. Next, any voxels corresponding to
positions outside resonator cavity were discarded. Finally,
the three single-B and three multi-B masks are overlapped,
to choose only the voxels that have defined T2 in all six
images for every gradient.

Once the ROI is determined, the standard deviation of T2

values in the ROI is calculated and reported as a measure of
T2 uncertainty or resolution. The T2 resolution from the three
images in each set is averaged, and the standard deviation of
T2 resolution values within each group is considered a mea-

FIG. 4. Estimation of spatial resolution. The edge spread function width is
estimated along the radial tracks shown in gray. The field of view here is 16
mm. The image shown taken by ESE-SB I scheme with 10 mT/m applied
gradient.
sure of uncertainty in the T2 resolution estimate.
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II.H. One-dimensional experiments for noise power
determination

1D projections along the axis of the resonator were ac-
quired from the 200 �M Finland trityl phantom. A 50 mT/m
gradient was applied along the major axis of the resonator.
Together with the uniform profile of the phantom, the mea-
surement provides us a uniform signal profile—up to 
10%
due to B1 nonuniformity—in the frequency range of impor-
tance �from �10 MHz to +10 MHz�, where noise properties
of the single- and multi-B projections can be investigated.

Besides constant gradient, acquisition conditions for
single- and multi-B were as follows. For each method, 100
projections were acquired, with similar baseline acquisition
for subtraction �once every four complete projections�. The
echo time and phase determination of the signal was done
similarly in each case. AWF was measured and used to cor-
rect the frequency-domain single-B data and to combine and
correct multi-B subprojections, as described earlier. For the
purpose of comparison, single-B data with no AWF correc-
tion were also analyzed. All compared data were acquired at
the same time. The projection noise ��f�proj is determined as
the standard deviation of the projection at each bin along the
frequency axis from the 100 projections acquired using each
method.

III. RESULTS

We compare the single-B and multi-B technique perfor-
mance based on the following criteria: Image spatial reso-
lution, T2 resolution, and presence of image artifacts. The
projection noise behavior obtained from 1D experiments is
also compared. The imager AWF and a sample projection
from single- and multi-B images are shown in Fig. 5.

III.A. Image spatial resolution

The results of spatial-resolution measurement for the two
methods are given in Table II. As expected, larger gradients
result in better spatial resolution. Furthermore, multi-B im-
ages have better estimated spatial resolution compared to
single-B images. At larger gradients single-B images suf-
fered from artifacts where the spatial resolution could not be
determined reliably due to image distortions and artifacts.
Sample images from each scheme are shown for 15 and 30
mT/m applied gradients in Figs. 6�a�–6�h�.

III.B. T2 resolution

For each image the estimated T2 resolution is shown in
Table II as well. As expected, at higher gradients T2 standard
deviations for both single-B and multi-B images increase,
since SNR in each highly resolved voxel decreases and im-
ages become noisier. While 15 mT/m gradient T2 uncertainty
is smaller for the single-B image, at all higher gradients,
multi-B images show clear improvement in T2 resolution. It
is also worth mentioning that when comparing single-B
�ESE-SB� and multi-B �ESE-MB� images at similar acquisi-
tion times and similar spatial resolutions, the multi-B images

have better T2 resolutions. For instance, the ESE-MBII im-
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age at 15 mT/m has similar spatial resolution to the ESE-
SB-II image at acquired with 20 mT/m gradient, i.e., about
1.02 mm, yet the T2 uncertainty is clearly smaller for the
multi-B image. Similar yet stronger argument can be made
for the ESE-MB-I image at 15 mT/m gradient compared to
the ESE-SB-I image acquired with 20 mT/m gradient, where
the multi-B image is superior in terms of both spatial and T2

resolutions.

FIG. 5. �a� The ESE imager acquisition window function is shown in pan
correction. For AWF values below the threshold value, a constant correction
A single-B projection from the ESE-SB-I 30 mT/m image is shown, both b
line�. �c� The same data acquired in the multi-B method, with the five subpr
nature of the window function is seen in the comparison of �b� and �c�, wh

TABLE II. Spatial and T2 resolution for images taken
numbers inside parentheses indicate the standard erro

ESE Protocol

Spatial resolution, FWHM �m

15 mT/m 20 mT/m 25 mT/m

ESE-SB I 2.00 1.78 NDa

�0.09� �0.07�
ESE-MB I 1.55 1.40 1.35

�0.12� �0.05� �0.04�
ESE-SB II 1.37 1.01 ND

�0.08� �0.10�
ESE-MB II 1.03 0.88 0.78

�0.07� �0.04� �0.08�

a
ND: Not determined, due to presence of image distortion
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III.C. Image artifacts

Multi-B images generally have diminished artifacts com-
pared to corresponding single-B images. This is true espe-
cially at higher gradients where single-B images have non-
uniform behavior around the periphery of the image,
represented as concentric ring artifacts. Another artifact, re-
lated to the low frequency noise from system baseline which

�solid line�. The dashed line indicates the 20% threshold used for AWF
r �5.0� is applied, to avoid noise amplification at peripheral frequencies. �b�
applying the AWF correction �dotted line� and after AWF correction �solid
ons �dotted� and the recovered complete projection �solid line�. The inexact
shoulder, seen in �b� is seen as a plateau in �c�.

g different ESE single- and multi-B protocols. The
each measurement.

T2 resolution, standard deviation ��s�

T/m 15 mT/m 20 mT/m 25 mT/m 30 mT/m

0.24 0.49 0.64 0.76
�0.05� �0.04� �0.09� �0.13�

2 0.31 0.41 0.45 0.49
4� �0.04� �0.06� �0.05� �0.03�

0.35 0.54 0.81 0.96
�0.05� �0.04� �0.04� �0.15�

5 0.37 0.44 0.54 0.58
1� �0.04� �0.06� �0.05� �0.03�
el A
facto

efore
ojecti
usin
r for

m�

30 m

ND

1.3
�0.0
ND

0.7
�0.1
s and artifacts.
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appears as a hole or peak at the center of the field of view, is
again less prominent in multi-B images. The center peak
artifact is faintly present even in lower gradient single-B im-
ages �compare Figs. 6�e� and 6�f��. Both center peak and
concentric rings artifacts in the periphery get worse at higher
gradients �compare Figs. 6�c�, 6�d�, 6�g�, and 6�h��. In all
cases, the image artifact intensities are reduced when switch-
ing from single-B to the corresponding multi-B image acqui-
sition.

III.D. Projection noise

In order to better understand the reason for the superiority
of multi-B to single-B acquisition in the given gradient mag-
nitude range, it is informative to compare the noise standard
deviation at each frequency bin of the uniform projection
from one dimensional experiments for the single- and
multi-B methods, shown in Fig. 7. The raw single-B noise
power is smooth except at �0 and �−15 MHz, where fre-

FIG. 6. Single-B versus multi-B. Spatial images acquired from the first � im
in indicated in the bottom left for each image. The field of view is 25 mm fo
G. The figures show only the region of the field of view containing the bott
at the gradient center, the location of the artifact is not at the center of the FO
noise and projection truncation, both of which are reduced in multi-B imag

FIG. 7. Single-B versus multi-B projection noise. �a� Noise standard devia
single-B projection. �b� The AWF-corrected single-B projection noise standa
center of the noise profile in �a� and �b� corresponds to small-frequency ha
spectrum in �a� is likely from the computer CPU operating at similar frequen

peaks in the multi-B acquisition.
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quency is shown with respect to the central 250 MHz fre-
quency. The zero-frequency noise peak can be attributed to
ambient low frequency current and field fluctuations, and the
�15 MHz noise is likely to be generated from components
operating at approximately 235 MHz frequency such as com-
puter CPUs. The profile is maximum at central frequency,
which is expected since the imager is usually calibrated to
transfer information �signal and noise� most effectively at the
center frequency. The picture changes if the acquisition win-
dow function correction is applied to the data, as in Fig. 7�b�.
Note that for single-B projections, the correction is the in-
verse of AWF function up to a threshold, and uniform after-
wards, as explained previously.19 This correction results in
strong enhancement of noise on the peripheral frequencies
for the single-B, which does not occur as strongly for
multi-B �Fig. 7�c�� as long as there are enough field steps
covering the desired frequency range.

represented in color scale. The acquisition scheme and the applied gradient
images shown. The center peak artifact is clearly visible in panels C, E, and
d capillary tube cross sections. Since the phantom was not exactly centered
he artifacts seen in the figures are the a combination effect of nonstochastic

at each frequency bin with 50 mT/m applied gradient for the uncorrected
viation. �c� The multi-B projection noise standard deviation. The peak at the
c oscillations present in the echo signal. The large peak on left side of the
the acquisition frequency range. The same peak appears as several smaller
age
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IV. DISCUSSION

A novel method for acquiring high resolution ESE images
is demonstrated. Multi-B images can be acquired at higher
gradients compared to standard ESE images, resulting in bet-
ter spatial resolution with less susceptibility to image arti-
facts. It is important to note that no hardware or software
changes are needed in the EPR image acquisition system in
order to accommodate the multi-B imaging modality. The
wisdom from MRI concerning multi-B acquisition is modest
given the large MRI signal and the much larger signal band-
width relative to the gradient bandwidth of the MRI system.
Lee et al.28 have described multiplex MRI acquisition using
field stepped MRI. Idiyatullin et al.29 also discussed a fre-
quency swept tomographic acquisition.

It is worth mentioning that in our protocol for multi-B
imaging, multi-B acquisition is faster than corresponding ac-
quisition for single-B images �Table I�. This is because the
increased overhead from field shifting can be less than the
time saved in acquiring baseline signals, since every baseline
for multi-B is treated as a subprojection in terms of number
of echo averages. Hence for the multi-B protocols used in
this study �five subprojections per complete projection�,
multi-B images spend less time in baseline acquisition and
are slightly shorter in experimental acquisition times than
similar single-B images. The reason for treating baseline as a
subprojection was that the baseline signal is not sensitive to
the exact value of the field offset. Therefore, bandwidth ex-
tension was not needed for baseline acquisition in our
multi-B schemes.

We also like to mention that ideally the spatial resolution
of the single- and multi-B images acquired at the same gra-
dients should be the similar. A major reason we observe de-
graded resolution for the single-B image at larger gradients is
due to the projection truncation at peripheral frequencies.
This results in image artifacts that affect the edge-fitting al-
gorithm used for spatial-resolution determination.

The multi-B acquisition can be used when the bandwidth
of the imager cannot be expanded otherwise. For example,
by reducing the quality factor of the imaging resonator one
could in principle expand the AWF width, yet this approach
has certain limitations: The bandwidth is also determined by
other components in the pulse generation and signal detec-
tion systems, such as the circulators and amplifiers. This
problem aside, lowering the resonator Q would require larger
rf power, which usually results in more data contamination
due to the noise arising from power reflection due to any
mismatch in the rf circuitry. If one is already operating at the
maximum rf power, either the duration of excitation and re-
focusing pulses should increase—resulting in the loss of
bandwidth—or one should operate at flip angles lower than
90° resulting in the loss of SNR.

It is important to mention drawbacks of the multi-B ac-
quisition as well: One is the acquisition data size, which
increases proportionally with the number of field steps, and
can pose difficulty in storage and analysis of such data if
enough storage or computational memory is not available.

Another drawback is that the SNR per each subprojection is
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lower than the complete single-B projection SNR, which can
be problematic for determining correct echo position and
phase when the acquired data are very noisy, where more
robust algorithms for echo position and phase determination
should be used.
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