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Abstract

Purpose: This study aimed at developing a three-dimensional reduced field-of-view imaging
(3D-rFOVI) technique using a 2D RF pulse, and demonstrating its ability to achieve isotropic high
spatial resolution and reduced image distortion in echo planar imaging (EPI).

Methods: The proposed 3D-rFOVI technique takes advantage of a 2D RF pulse to excite a
slab along the conventional slice-selection direction (i.e., z-direction) while limiting the spatial
extent along the phase-encoded direction (i.e., y-direction) within the slab. The slab is phase-
encoded in both through-slab and in-slab phase-encoded directions. The 3D-rFOVI technique
was implemented at 3 Tesla in gradient-echo and spin-echo EPI pulse sequences for functional
MRI (fMRI) and diffusion-weighted imaging (DW1), respectively. 3D-rFOVI experiments were
performed on a phantom and human brain to illustrate image distortion reduction, as well as
isotropic high spatial resolution, in comparison with 3D full-FOV imaging.

Results: In both the phantom and the human brain, image voxel dislocation was substantially
reduced by 3D-rFOVI when compared with full-FOV imaging. In the fMRI experiment with visual
stimulation, 3D isotropic spatial resolution of (2x2x2 mm?3) was achieved with an adequate signal-
to-noise ratio (81.5) and BOLD contrast (2.5%). In the DWI experiment, diffusion-weighted brain
images with an isotropic resolution of (1x1x1 mm3) was obtained without appreciable image
distortion.

Conclusion: This study indicates that 3D-rFOV1 is a viable approach to 3D neuroimaging over a

zoomed region.
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Introduction:

Methods:
3D-rFOVI:

Echo planar imaging (EPI) has been widely used in functional magnetic resonance imaging
(fMRI) and diffusion-weighted imaging (DWI). Its single-shot capability provides high
temporal resolution and resiliency to subject motion 1. However, both gradient-echo EPI
(GRE-EPI) and spin-echo EPI (SE-EPI) suffer from geometric distortion and spatial shifts
(collectively called spatial dislocation thereafter) caused by various off-resonance effects,
such as magnetic susceptibility variations, eddy currents, chemical shifts, concomitant

magnetic fields, and bulk By-field inhomogeneities 2-°. The amount of spatial dislocation

A f
BW«AK'

k-space sampling interval, and BW s the sampling bandwidth. Along the phase-encoded
direction, BWis inversely related to the inter-echo spacing ( 7,sp) of EPI, and thus is
substantially narrower (e.g., ~ 1 kHz) than the bandwidth along the readout direction,
leading to exacerbated spatial dislocation.

Adisgivenby Ad = where Afis the amount of off-resonance in Hertz, Ak is the

To mitigate this problem, Ak can be increased, as widely employed in parallel imaging.
Another approach is to reduce the field of view (FOV) along the phase-encoded direction
using a two-dimensional (2D) RF pulse 6-10, because Ak is inversely proportional to FOV.
Imaging with a reduced FOV (rFOV) can also produce a higher in-plane spatial resolution
provided that the matrix size is retained. Because of these benefits, rFOV imaging has
been increasingly used, particularly in DWI over a focal region, such as the brain stem

10, presently, rFOV imaging has been limited to 2D multi-slice applications. Although
several elegant methods have been developed to increase the robustness of 2D multi-slice
rFOV imaging without being subject to the RF side-band perturbation 11, the 2D multi-
slice approach has generic drawbacks including compromised slice profile and inferior
through-plane spatial resolution that leads to highly anisotropic voxels. These issues can be
effectively addressed in three-dimensional (3D) imaging.

The goal of this work is to extend the benefits of rFOV imaging from 2D to 3D to overcome
the limitations associated with 2D multi-slice rFOV imaging. We herein describe a 3D
reduced field-of-view imaging (3D-rFOVI) method that uses a 2D RF pulse to excite a slab,
followed by phase-encoding along the slab direction. The resulting 3D zoomed images with
isotropic high spatial resolution and reduced geometric distortion are demonstrated in fMRI
and DWI applications in the human brain.

Unlike conventional 2D rFOV imaging where a 2D RF pulse is repetitively applied slice-
by-slice, 3D-rFOVI uses a 2D RF pulse to excite a rFOV slab along the conventional
slice-selection direction while limiting the spatial extent along the phase-encoded direction
within the slab (Figure 1A). Along the through-slab direction, a stepping phase-encoding
gradient is applied to provide spatial encoding over a zoomed 3D volume. This approach
can result in isotropic high spatial resolution while reducing off-resonance effects that
cause image spatial dislocation and signal void 12. Following the 2D RF excitation and
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through-slab phase-encoding, an EPI readout is applied, forming a 3D-rFOV gradient-echo
EPI (3D-rFOV GRE-EPI) sequence that can be used for fMRI. Alternatively, an optional
slab-selective 180° refocusing pulse can be applied prior to the EPI readout, resulting in

a 3D-rFQV spin-echo EPI (3D-rFOV SE-EPI) sequence. Further incorporation of a Stejskal-
Tanner gradient enables the 3D-rFOV SE-EPI sequence for DWI applications.

RF pulse and pulse sequence design:

A 2D RF pulse was designed by employing a fly-back EPI-like excitation k-space trajectory
to avoid Nyquist ghosts %19, Discrete sampling of excitation k-space along the blipped
gradient direction resulted in periodic replicates (or side bands) of the excitation profile (or
main band). The separation between the main band and the first side band (AS) is the inverse
of the excitation k-space sampling interval (Akg), which can be expressed as:

1 _(N-1)« ASpg

AS=%% = Tpp-BWrE

where Nis the number of sub-pulses, ASpeis the width of excitation band along the phase-
encoded direction (i.e., y-direction), and 7pzand BWpeare the duration and bandwidth

of the envelope RF pulse, respectively. In our design, the main band was used to excite a
limited 3D region of interest, while the side bands were positioned outside the imaged object
by employing eleven sub-pulses each with a time-bandwidth product (TBP) of 3.01. The
amplitude of these sub-pulses was modulated by an envelope RF pulse whose TBP was 3.53
and pulse width was 14.7 ms (Figure 1C). With these parameters, AS was approximately
2.8xASpre Both the sub-pulses and the envelope pulse were designed using a Shinnar-Le-
Roux algorithm with a linear phase and projected ripples of 1% in and out of the slab 13,
The EPI bipolar gradient waveform (i.e., G, gradient in Figure 1C) concurrent with the

2D RF pulse was designed by minimizing the duration (0.24 ms) of the even (or fly-back)
gradient lobes using a triangular waveform. The duration (1.13 ms) of the odd gradient lobes
was stretched to take advantage of the time saved by compressing the even gradient lobes.
The corresponding RF pulses were also stretched in pulse width accordingly while their
amplitudes reduced 1. Following the 2D RF pulse, a phase-encoding gradient was applied

in the slab-selective direction to achieve 3D spatial encoding. The 2D RF pulse with 3D
spatial encoding was incorporated into a T2*-weighted GRE-EPI and a diffusion-weighted
SE-EPI pulse sequence for experimental demonstrations. Fat suppression was achieved by a
frequency-selective saturation pulse prior to the 2D RF pulse.

Experiments:

The T2*-weighted GRE-EPI and diffusion-weighted SE-EPI sequences based on 3D-rFOVI
were implemented on a GE MR750 3T scanner (GE Healthcare, Waukesha, Wisconsin,
USA). Phantom and human /n vivo experiments were performed to demonstrate the
proposed 3D-rFOVI technique. The human scans were conducted on healthy volunteers
with approval from the Institutional Review Board (IRB) and written informed consent from
the subjects.
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In the first experiment, an American College of Radiology (ACR) phantom was utilized to
validate the pulse sequence and its associated 3D image reconstruction. Phantom images
from the 3D-rFOV GRE-EPI sequence were acquired with the following parameters: TR/TE
=100/30 ms, volume TR (TRyq)) = 2000 ms (where the TR,y is defined as the time taken

to acquire a 3D volume), flip angle = 30°, FOV = 256x128 mm?, slab thickness = 40 mm,
acquisition matrix = 128x64x20, and isotropic spatial resolution = 2.0x2.0x2.0 mm3. The
corresponding conventional full-FOV 3D EPI images (FOV = 256x256x40 mm3, acquisition
matrix = 128x128x20) were also acquired for comparison. To establish a reference to assess
spatial dislocations, additional images were obtained using a conventional 3D fast SPGR
sequence (TR/TE = 5.1/1.8 ms, flip angle = 10°, FOV = 256x256x40 mm3, and acquisition
matrix = 128x128x20). To quantify the geometric distortion, a horizontal line in the SPGR
image (red arrows in Figure 2) was chosen as a reference, and the spatial shift between

the end and the midpoint of the line along the phase-encoded direction was calculated and
compared between the full-FOV and rFOV GRE-EPI images.

In the second experiment, human brain was imaged using a 32-channel head coil (Nova
Medical, Inc., Wilmington, Massachusetts, USA) with the same protocol described above.
Geometric distortion and image signal-to-noise ratio (SNR) in the visual cortex area were
compared between the full-FOV and rFOV GRE-EPI brain images. The SNR was calculated
by using signal intensity in the occipital lobe divided by the average of background standard
deviations over four regions (each with an area of about 200 mm?) selected at the corners of
the image to avoid residual ghosting artifacts.

The third experiment aimed at demonstrating the 3D-rFOV GRE-EPI sequence for fMRI
with visual stimulation. The imaging parameters were: TR/TE = 100/30 ms, TR, = 2000
ms, number of volumes = 120, flip angle = 30°, FOV = 200x100 mm?, slab thickness = 40
mm, acquisition matrix = 100x50x20, and isotropic spatial resolution = 2.0x2.0x2.0 mm3.
Visual stimulation was delivered using a commercial system (SensaVue, Invivo Corporation,
Gainesville, Florida, USA) with a dark-gray and light-gray checkboard pattern flashing at 8
Hz. Our block-design paradigm contained five 48 s blocks, each with a 24 s rest period and a
24 s stimulation. The total acquisition time was 4 min. A healthy human subject (32-year-old
male) was asked to fixate on the cross-hair presented at the center of visual field during the
experiment. All data were analyzed using SPM8 on MATLAB 2012b (The MathWorks, Inc.,
Natick, Massachusetts, USA). Motion correction and spatial smooth (FWHM = 6 mm) were
applied to magnitude images, followed by statistical analyses using a general linear model
for activation detection with a P-value threshold (FWE corrected) of < 0.05.

In the fourth experiment, 3D zoomed diffusion-weighted brain images were acquired from
the mid-brain region of healthy human subjects using a 3D-rFOV SE-EPI sequence. The
key acquisition parameters were: TR/TE = 4000/72 ms, FOV = 160x80 mm?, slab thickness
= 40 mm, matrix size = 160x80x40, isotropic spatial resolution = 1x1x1 mm3, diffusion
gradient direction = anterior-posterior, bygx = 01 and 10003 s/mm? (where the subscripts
indicate the number of averages), and scan time = 10 min and 44 s. Maps of apparent
diffusion coefficient (ADC) were obtained from the images acquired at the two b-values
using custom software in MATLAB with a mono-exponential model. Regions of interest
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(ROIs) were drawn bilaterally at the frontotemporal area and corona radiata to calculate the
average ADC values in the gray and white matters, respectively.

Phantom results:

Figure 2 displays images from the first experiment, including the results from the
conventional 3D SPGR sequence (Figure 2A), the 3D EPI sequence with a full FOV (Figure
2B), and the 3D-rFOVI sequence (Figure 2C). For each sequence, a representative image
corresponding to slice No. 5 of the ACR phantom was selected from the 3D volumetric
dataset. The spatial dislocation was measured by the shift along the vertical phase-encoded
direction between the end and the midpoint of the third horizonal reference line, as indicated
by the red arrows in Figure 2. Compared with the 3D SPGR reference image (Figure 2A),
the spatial dislocation was 8 and 4 pixels in the full-FOV (Figure 2B) and rFOV GRE-EPI
images (Figure 2C), respectively. In general, the 3D-rFOV GRE-EPI image exhibited much
less geometric distortion than the 3D full-FOV GRE-EPI image when the conventional
SPGR image was used as a reference.

Human imaging results:

Representative 3D-rFOV GRE-EPI images (2x2x2 mm3 isotropic voxel size) selected from
a 3D volume of the human brain (second experiment) are shown in Figure 3. Reduced
geometric distortion was observed in the 3D rFOV images when compared with 3D full-
FOV images. Quantitative measurement of SNR in the region of visual cortex revealed an
approximately 30% reduction in the 3D rFOV image (SNR = 81.5) compared with the 3D
full-FOV image (SNR = 117.6). Results from the third experiment on fMRI are displayed

in Figure 4 where eight contiguous activation maps from the 3D-rFOV GRE-EPI acquisition
are overlaid on the corresponding baseline images. fMRI activations were observed in the
visual cortex, as expected. The time evolution of BOLD signal change (approximately 2.5%,
obtained from the average signal) in the activated visual cortex area is illustrated in Figure
4B. Figure 5 shows a set of 3D zoomed diffusion-weighted brain images acquired with the
3D-rFOV SE-EPI sequence. Three-dimensional diffusion-weighted images with isotropic
high spatial resolution (1x1x1 mm3) was achieved without appreciable image distortion.
The ADC maps calculated from the images with two b-values (bottom row in Figure 5)
revealed average ADC values of 0.96 + 0.12 um2/ms and 0.85 + 0.21 pm2/ms in the
representative gray (frontotemporal area) and white (corona radiata) matters, respectively,
which are consistent with the literature values (gray matter: 0.78-1.09 pm2/ms 14; white
matter: 0.60-1.05 um2/ms 19).

Discussions:

Our study demonstrated a 3D-rFOVI technique, which enabled focused 3D imaging in a
larger object. By combining the slab-selective capability of a 2D RF pulse with 3D spatial
encoding, 3D-rFOVI achieved isotropic high spatial resolution and reduced geometric
distortion in phantom and human brain images with specific demonstrations for anatomic
imaging, fMRI, and DWI applications.
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It has been shown that reducing FOV is an effective strategy to achieve high spatial
resolution and mitigate geometric distortion. This approach has been well demonstrated

in an increasing number of applications using 2D multi-slice imaging 10:16-18 However,
achieving 3D isotropic resolution remains challenging as the 2D RF pulses employed in
2D rFOV imaging typically produce a much lower spatial resolution through-plane than
in-plane, often due to the constraints of the RF pulse and the gradient 1. By employing 2D
slab-excitation (i.e., intentionally making the through-plane resolution worse) followed by
through-plane phase encoding, we have overcome this limitation and achieved 3D isotropic
spatial resolution. Because a thin slice is no longer pursued in the 2D RF pulse design for
3D rFOVI, the pulse width of the sub-pulses, gradient slew rate, and gradient amplitude are
all relaxed. The shortened RF pulse, for example, provided more flexibility in selecting TE
for fMRI studies and minimizing TE for DWI.

Similar to conventional 2D rFOV imaging, 3D-rFOV1 also relies on a 2D RF pulse, and

as such is subject to periodic side-band excitations arising from discrete sampling. In
accordance with the properties of Fourier transform, the separation between the bands is
inversely related to the separation of two adjacent excitation k-space lines (Akp). In the fMRI
and DWI experiments, Ak, was designed to be 0.0035 mm~ and 0.0044 mm™1, respectively,
which positioned the closest side bands more than 200 mm away along the phase-encoded
direction. This design effectively avoided perturbations from the side bands.

3D rFOVI can be achieved using alternative techniques. For example, parallel transmit is

a viable approach to 3D inner-volume excitation while maintaining a short duration of
multidimensional RF pulses 1°. This method, however, requires expensive hardware and
sophisticated RF pulse design strategies that are not commonly available on clinical 3T and
1.5T scanners. A 3D zoomed volume can also be isolated using three RF pulses such as a
90°-180°-180° or 90°-90°-90° pulse train, followed by phase-encoding. Each of the these
RF pulses in the pulse train is applied with a gradient along an orthogonal spatial direction,
selecting a 3D zoomed volume at the intersection 2%:21, In spin-echo sequences, the number
of required RF pulses can be reduced to two for 3D rFOVI because zooming in the readout
direction can be accomplished using anti-aliasing filtering. In comparison with the proposed
3D-rFOVI technique, the approach with orthogonal profiles is not subject to periodic

side bands arising from discrete excitation k-space sampling, which can be advantageous.
However, this approach perturbs spins outside the selected intersection, limiting subsequent
selections in other regions when multiple 3D zoomed volumes are desired, such as in

3D multi-slab imaging 22-24. In addition, the reliance on two or more RF pulses makes

the method incompatible with GRE-EPI for neurofunctional imaging. Another approach

of achieving 3D rFOVI is outer-volume suppression (OVS) 2. This technique requires
lengthy pre-saturation pulses and is typically subject to imperfect suppression caused by
By inhomogeneities and/or B; non-uniformity. Incomplete signal suppression from the outer
volume can lead to aliasing artifacts, interfering with the signals from the focused region

of interest. The 3D-rFOVI approach employed in this study avoids the aforementioned
problems.

The fly-back EPI-like excitation k-space trajectory employed in our 2D RF pulse design
provides robustness against gradient infidelities (particularly those caused by eddy currents)
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than bidirectional EPI-like gradient waveform 28, In addition, the fly-back k-space trajectory
allows 1D RF pulses (sub-pulses and their envelope RF pulse) to be designed separately,
which provides independent control of two out of the three dimensions of the excited
volume compared with a spiral trajectory 27-28, A major drawback is that the fly-back
EPI-like excitation k-space trajectory can lead to an increased duration of the 2D RF

pulse, lengthening the minimum echo time and repetition time. Other 2D RF pulse design
strategies also exist, such as those using a discretized matrix 26. The alternative 2D RF
design methods should be investigated in future studies.

The benefits of using 3D-rFOVI are expected to be greater at a higher magnetic field
where the need for image distortion reduction is more prominent due to the increased
off-resonance effects and where the improved SNR can better support high isotropic spatial
resolution. In principle, the former issue can also be mitigated by incorporating parallel
imaging. However, the limited RF coil sensitivity variation over a reduced FOV will

likely make parallel imaging reconstruction very challenging. Other methods to reduce
image distortion have also been reported, including magnetization preparation followed by
segmented SPGR readout (instead of EP1) 2931, The latter issue is particularly important
for 3D-rFOVI because of an intrinsic loss in SNR as a result of the reduced sampling

in k-space as well as a smaller voxel size. As shown in the second experiment, the SNR

in the 3D-rFOV GRE-EPI images was reduced by about 30% compared to 3D full-FOV
GRE-EPI images. This SNR reduction was consistent with the fact that only one half of
k-space data were acquired in the 3D-rFOV scan as compared to those in the full FOV

acquisition (Theoretically, the SNR is reduced by (1 - %) x 100%, or about 29%, which is

consistent with our experimental observations). At 3 Tesla, the decreased SNR in 3D-rFOVI
may require more signal averaging, as we showed in the DWI experiments. In addition,

the SNR can be reduced further when a small flip angle is used in the 3D-rFOV GRE-EPI
sequences to avoid signal saturation in the fMRI experiments. Our analysis showed that up
to 25% reduction in SNR could occur when compared to the scenario of using a 90° flip
angle. To improve SNR efficiency and increase spatial coverage, a 3D multi-slab technique
(a hybrid between 2D and 3D imaging) 22724, may be incorporated into 3D-rFOVI in future
studies. Another limitation of the study is that the FOV reduction was demonstrated only
along the phase-encoded and slab-selection directions. Limiting the FOV along the readout
direction can be readily achieved by taking advantage of the anti-aliasing filters that are
widely implemented on commercial MRI scanners 1.

Conclusions:

We have demonstrated a novel technique, 3D-rFOVI, to enable 3D imaging over a zoomed
region. The 3D-rFOVI technique takes advantage of the spatial response of a 2D RF

pulse to simultaneously limit the spatial extents along the phase-encoded direction (i.e.,
y-direction) and the conventional “slice-selection” direction (i.e., z-direction). The technique
has been demonstrated in fMRI and DWI on the human brain, where substantial reduction

in geometric distortion was achieved together with isotropic high spatial resolution of (2
mm)3 and (1 mm)3, respectively. These new capabilities are expected to enhance or enable
neuroimaging applications and beyond.
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Figure 1:

(A): A schematic to illustrate 3D rFOVI by replacing slice selection with slab selection
using a 2D RF pulse in (C), followed by through-slab phase-encoding as shown in (B). (B):
A conceptual 3D rFOVI sequence with phase-encoding gradient along the slab direction.
(C): Details of the 2D RF excitation pulse with a fly-back EPI excitation k-space trajectory
to avoid the issues associated with Nyquist ghosts.
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Figure 2:
Representative images of a slice selected from 3D datasets of the ACR phantom acquired

using three different sequences: (A) a 3D SPGR sequence, (B) a 3D GRE-EPI sequence
with a full FOV, and (C) the 3D-rFOVI sequence with GRE-EPI as shown in Figure

1. Compared to the reference image in (A), the image in (B) exhibited excessive image
distortion. In contrast, image distortion was substantially reduced in (C). The distances along
the phase-encoded direction (i.e., y-direction) between the end and the midpoint of the third
horizontal line (red arrows) were 8 pixels in (B) and 4 pixels in (C). The aliasing artifact in
(C) was caused by a slight mismatch between the prescribed rFOV and the 2D RF excitation
profile.
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Figure 3:
Four representative contiguous slices selected from 3D datasets of human visual cortex

acquired using three different sequences: (A) a 3D SPGR sequence, (B) a 3D GRE-EPI with
a full FOV, and (C) the 3D-rFOV GRE-EPI sequence. The green contour outlines the edge of
the brain parenchyma in the SPGR image in (A), and is used as a reference. Compared to the
full-FOV images in (B), the image in (C) exhibited less image distortion (white arrows). The
SNRs measured in the region of visual cortex (red frames) in (B) and (C) were 117.6 and
81.5, respectively.
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Figure 4:
(A): Eight contiguous visual fMRI activation maps, selected from the 3D volume, overlaid

onto the baseline images acquired with 3D-rFOV GRE-EPI. (B): The time course over 48 s
illustrates the activation with a BOLD signal change of approximately 2.5%. The green bar
represents the time period for the visual stimulus, which was 24 s.
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Figure5:
Representative T2- (15t row) and diffusion-weighted (2" row) 3D brain images acquired

using 3D-rFOV SE-EPI on a healthy human brain (25-year-old male), together with

the corresponding ADC maps (3" row). Using 3D-rFOV/I, three-dimensional isotropic

high spatial resolution (1x1x1 mm3) was achieved without appreciable image distortion.
Bilateral ROIs were drawn at the frontotemporal area (red) and corona radiata (green) to
calculate the average ADC values of representative gray and white matters, respectively. The
corresponding ADC values were 0.96 + 0.12 pm?/ms for the gray matter and 0.85 + 0.21
um2/ms for the white matter.
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