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Abstract

Sensitivity encoding (SENSE) and partial Fourier (PF) techniques both reduce MRI acquisition time.
Two-dimensional SENSE uses coil sensitivities to unfold aliasing in the phase/ slice-encoding plane.
One-dimensional PF and homodyne reconstruction are routinely applied in the frequency/phase-
encoding plane to compensate for nonsampled k-space of the presumed real magnetization. Recently,
a modified 3D elliptical centric acquisition was proposed to facilitate 2D-PF and homodyne
reconstruction on an undersampled phase/slice-encoding plane. In this work we hypothesized that
this 2D-PF technique can be combined with 2D-SENSE to achieve a greater acceleration factor than
what each method can provide separately. Reconstruction of data whereby SENSE and PF are applied
along the same axes is described. Contrast-enhanced MR angiography (CE-MRA) results from
experiments using four receiver coils in phantom and volunteer studies are shown. In 11 volunteer
studies, the SENSE-PF-homodyne technique using sevenfold acceleration (4x SENSE, 1.7x PF)
consistently provided high-diagnostic-quality images with near 1-mm isotropic resolution in
acquisition times of <20 s.
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Three-dimensional (3D) contrast-enhanced MR angiography (CE-MRA) has become a well
accepted technique for clinical imaging of many vascular regions (1,2). Since it was first
described over a decade ago (3,4), a number of methods have been developed to improve the
attainable spatial resolution. These include shorter repetition times (TRs), faster and stronger
encoding gradients, and specific k-space acquisition techniques. One example of the latter is
the elliptical centric (EC) view order (5,6), which because of its intrinsic suppression of venous
signal allows extensive acquisition times and potentially high spatial resolution. Another
example is projection reconstruction (PR) (7,8), which provides high spatial resolution with
robust insensitivity to undersampling artifacts. These methods continue to evolve.

Simultaneously with these advances in CE-MRA has been the development of parallel imaging
methods (9-11), in which sparse sampling is implemented along the phase-encoding axes.

These have been successfully applied in various ways to CE-MRA, resulting in reduced scan
time, improved spatiotemporal resolution, and additional venous suppression (12-17). Partial
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Fourier (PF) imaging is an additional, older method for accelerating data acquisition (18,19).
Under the assumption that the magnetization of the imaging object is purely real, the resultant
conjugate symmetric property of k-space is exploited, allowing in principle a twofold reduction
in the number of measured data points. In practice, the actual time savings is less than twofold,
due to the need to collect additional samples near central k-space to account for a phase map
across the imaging plane. Current PF techniques are typically implemented in one dimension,
either along the frequency readout axis (partial echo) or the phase-encoding axis (partial
number of excitations (NEX)). Even with these advances there continues to be a need for
improved spatial resolution (near 1 mm isotropic) and shorter acquisition times in areas such
as MRA of the intracranial and the extended peripheral vasculature. Such spatial-resolution
demands can be challenging, since they inherently lead to long scan times, and are complicated
by the limited temporal window between arterial and adjacent venous contrast enhancement,
especially in patients with certain vascular diseases.

Recently, amodified 3D EC view-order technique was introduced to improve spatial resolution
in a given scan time in CE-MRA. The technique extends PF to two dimensions in a sparsely
sampled phase/slice-encoding plane, and applies subsequent 2D homodyne detection to
reconstruct nonacquired k-space views (20,21). The goal of this work was to describe the
integration of 2D-SENSE (22,23) with this modified EC sampling scheme. We hypothesized
that the individual acceleration factors of 2D-SENSE and 2D-PF could be synergistically
combined into a single 3D acquisition (hereafter referred to as SENSE-PF) to obtain a higher
net acceleration factor than could be achieved by each method separately. The proposed
SENSE-PF method should be distinguished from acquisitions using 2D-SENSE and a partial
echo readout, where the SENSE-encoded axes (phase/slice) are independent of the PF axis
(frequency). In contrast, the present work addresses the unique case in which both 2D-SENSE
and 2D-PF operate on the same set of phase- and slice-encoding axes.

Using a four-element receiver array, we found that the maximum 2D-SENSE factor of 4 (Ry
= Rz = 2) could be robustly achieved, while an additional speed-up of 1.7 was obtained with
PF, yielding a net sevenfold acceleration compared to corresponding nonaccelerated fully-
sampled cases. We first briefly review the hybrid EC-PR k-space sampling pattern in the phase/
slice-encoding plane, and describe the resultant combination with 2D-SENSE. The
reconstruction algorithm for the SENSE-PF data is then described. The technique was tested
experimentally with a phantom and in CE-MRA studies of the lower legs in 14 human
volunteers. We show that the results obtained with 2D-SENSE (4x) and SENSE-PF (7x)
exhibit comparable near 1-mm isotropic spatial resolution. In all experiments, 2D-SENSE was
used to improve lateral (Y) and slice (Z) spatial resolution, while PF undersampling afforded
a further 1.7x reduction in scan time, the latter being equivalent in speed-up to a 58% partial
NEX acquisition.

Materials and Methods
Hybrid EC-PR and 2D-PF

Figure 1a schematically shows the previously described undersampled EC technique (20,21)
in the ky-kz plane, modified from a standard 3D Cartesian EC acquisition. The figure
superimposes that method's k-space sampling footprint (gray areas) on top of a fully sampled
ky-kz grid. Frequency encoding is perpendicular to the page, with each black dot representing
an individual phase-encoded echo. For clarity, a reduced number of view positions are shown
than are actually acquired. During data sampling, only views that fall within the footprint are
collected, which constitutes approximately 58% (PF reduction factor, Rpg = 1.7) of the entire
rectangular ky-kz grid. The sampling footprint utilizes 2D-PF along both the ky and kz phase-
encoded axes. Thus for this 3D EC-PR technique, a full echo along the frequency readout is
required. The EC-PR footprint contains several traits that facilitate 2D homodyne processing.
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First, a fully-sampled central ellipse containing approximately 20% of all acquired views is
used to accurately form the homodyne phase map (19). Second, multiple radial sectors, or
“vanes,” extending from the ellipse make up an outer undersampled annulus. As the acquisition
proceeds, all views are acquired in the conventional EC time-order, starting with the central
ellipse. This is followed by selective sampling of the outer annulus where views are
asymmetrically sampled (dotted lines) across the ky-kz plane. Thus a sampled (+ky, +kz) view
in the annulus does not have a sampled conjugate (—ky, —kz). Asymmetric sampling is
specifically implemented to allow the subsequent 2D homodyne process to account for the
nonsampled views by using the phase information obtained from the central ellipse (18,19,
24). PF and homodyne reconstruction are not possible if symmetrical vanes are adopted. Since
both ky.max and kz-max frequencies acquired by the modified technique are the same as those
of a corresponding fully sampled case, the spatial resolutions along Y and Z should be
comparable.

Integration With 2D-SENSE

Figure 1b illustrates the extension of the aforementioned sampling pattern to 2D-SENSE. The
ky-kz axes labels now represent that of a fourfold SENSE-encoded acquisition with Rsensg =
2 along each of the two phase-encoding directions. This is reflected by the twofold increase in
sampling intervals Aky and Akz in comparison to Fig. 1a. The number of echoes in the ky-kz
grid has been reduced by four. Simple Fourier reconstruction of Fig. 1b leads to an image that
is twice-aliased in both the Y and Z directions.

SENSE-PF Image Reconstruction

All k-space sampling was performed on a Cartesian grid, and hence image reconstruction was
achieved by standard Fourier transformation. Previous work (25) addressed the algorithmic
steps needed to reconstruct 1D SENSE-PF data in 2D MRI where SENSE and homodyne
reconstruction are performed along the phase-encoding axis in the ky-ky plane. In Fig. 2,
extension of the reconstruction algorithm to the proposed 2D-SENSE-PF technique in the ky-
kz plane is described. Both the SENSE unaliasing (10) and the homodyne detection (18,19)
steps of the algorithm are based on previously described methods. However, the order in which
these two processes are performed is critical. Specifically, SENSE unfolding must be
performed prior to homodyne phase correction because the latter removes phase information
from the aliased data set that is crucial to the SENSE unaliasing process.

As shown in Fig. 2, raw data from N coils are first Fourier transformed along the readout (X)
axis (step I). Data from each coil are then directed along two paths: one representing a low-
pass filtered image in which only views sampled within the central ellipse are reconstructed,
and one representing a high-pass filtered image in which all sampled views are used, but with
unity weighting for those located in the ellipse and factor 2 weighting for those asymmetrically
sampled in the outer annulus (step I1). The two resulting sets of N low-pass filtered images and
N high-pass filtered images are then separately unfolded with standard SENSE processing,
yielding a single low-pass image and a single high-pass image, each of which is
deterministically unaliased (step I11). The final image is created by taking the real part of the
high-pass filtered reconstruction after it is corrected for phase using information obtained from
the low-pass reconstruction (step 1V).

In addition to 2D homodyne reconstruction of the nonsampled ky-kz views, a simpler, sparse
reconstruction can be performed in which nonsampled measurements are zero-filled. This
option does not require homodyne detection or phase correction and therefore the raw data can
directly undergo standard 2D-SENSE processing without having to be directed into two
separate paths.
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Coil Configuration

The receiver coil array used in this work consisted of four elements grouped into two pairs.
For all experiments, coil placement involved two elements (one pair) positioned anterior and
two elements positioned posterior to the imaging object. In the volunteer examinations, the
elements were strapped securely about the subject's lower legs. Each element measured 40 cm
(superior/inferior (S/1)) x 15 cm (right/left (R/L)) and exhibited distinct sensitivities to the
anterior and posterior sections of each leg. The coil configuration was chosen for ease of setup
and patient comfort. According to Ref. 10, a maximum SENSE acceleration factor equaling
the total number of receivers is possible to achieve. In this work, a maximum speed-up of 4
was achieved by distributing Ry and Rz across the two phase-encoding axes in several ways.
Geometry factors (g-factors) were calculated (10) using profiles measured from the coils used
in this work of two cylindrical homogeneous agar phantoms (15 cm diameter) that simulated
the two lower legs imaged in the in vivo studies. Favorable g-values in the range of 1-2 were
obtained for the 2D-SENSE (Ry = 2, Rz = 2) scenario implemented in this work, which were
far superior to g-values (>10) obtained when the same R = 4 acceleration was applied solely
in either the Y or Z direction. This preference for implementing 2D-SENSE over 1D SENSE
to achieve the same net acceleration is consistent with previous studies (22,23).

SENSE Coil Calibration

SENSE reconstruction requires a priori calibration of coils to obtain accurate maps of their
sensitivity profiles within the imaging volume (10). For the present work we adopted a
calibration protocol whereby profiles of individual coils are obtained by normalization with a
sum-of-squares combination. The resolution of the calibration images is twofold coarser than
that of the SENSE-acquisition along the SENSE-encoded directions (Y-R/L, Z-anterior/
posterior (A/P)). A gradient-echo pulse sequence with repetition/ echo time (TR/TE) = 15/3
ms, flip angle = 10°, NEX = 1, and bandwidth (BW) = +31.26 kHz was used.

Phantom Experiments

All experiments, both phantom and in vivo, were performed on a 1.5T Signa LX scanner (GE
Medical Systems, Milwaukee, WI, USA) with a four-coil array. Data reconstruction was
performed offline with SENSE-PF data sets following the algorithm described in Fig. 2. The
SENSE-PF sampling scheme was tested on a resolution phantom using a 3D gradient-echo
sequence. Resolution bars were placed within the axial Y-Z plane. First, a fully-sampled
reference scan using FOV = 24 cm, a 256 (X-read) x 128 (Y-phase) x 44 (Z-slice) sampling
matrix, 4.8 mm coronal partitions, flip angle = 30°, NEX = 1, BW = +31.26 kHz, full echo,
and TR/TE = 20/3 ms was obtained, which required 1 min 55 s of scan time. This was then
followed by a fully sampled fourfold SENSE acquisition with (Ry = Rz = 2) using the same
sampling matrix, which improved phase and slice resolution each by twofold while maintaining
the 1 min 55 s scan time. Third, the SENSE-PF acquisition was implemented. Only 58% of
the views in the SENSE scan were acquired, which reduced the scan time to 66 s. A fully
sampled nonaccelerated acquisition that equaled the spatial resolution of the fourfold SENSE
scan would have taken 7 min 40 s using the same acquisition parameters. The SENSE-PF scan
time thus represents a net sevenfold acceleration.

Volunteer CE-MRA Studies

CE-MRA examinations of the lower legs were approved by the institutional review board, and
the SENSE-PF method was applied to 14 consecutive volunteers after they provided informed
consent. For each examination, three contrast injections were given using an electronic injector
(Medrad Spectris Solaris; Medrad, Inc., Indianola, PA, USA). The first, with 2 ml of
gadolinium contrast (Omniscan; Nycomed Inc., Princeton, NJ, USA) at 3 ml/s and 15 ml of
saline flush at 2 ml/s, determined the contrast arrival time at the popliteal trifurcation and the
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subsequent acquisition trigger time of the larger contrast dose. This was followed by both a
standard EC view-order 2D-SENSE-only scan with maximum fourfold acceleration, and the
proposed SENSE-PF scan with sevenfold net acceleration. The order of the two scans was
randomized. For each acquisition, 19 ml of contrast at 3 ml/s and 15 ml of saline at 2 ml/s were
injected. The two scans were separated by a minimum 10-min waiting period to allow contrast
from the first injection to adequately clear the vascular system. A corresponding mask data set
was also acquired prior to each contrast dose and used for subsequent image subtraction. For
these in vivo studies, SENSE was applied to improve spatial resolution (Rsgnse = 4), while
PF was used to shorten the scan time (Rpg = 1.7). A 3D spoiled gradient-echo sequence was
used in a coronal format with the following parameters: FOVyx = 40 cm, FOVy = 28-30 cm,
a 256 (X-read) x 128 (Y-phase) x 44-48 (Z-slice) sampling matrix, 1.0-1.5 mm partitions, flip
angle = 30°, BW = +62.5 kHz, full echo, NEX =1, and TR/TE = 6/3 ms. The Y-Z encoding
was applied along the (R/L) x (A/P) directions, and the volume of excitation encompassed the
full extent of the anatomy along these two dimensions. The 2D-SENSE acquisition typically
took 34-37 s to complete, whereas the SENSE-PF acquisition took 19-20 s. For comparison
purposes, a fully phase-encoded 2D-SENSE acquisition with a partial echo along the frequency
readout axis would have taken 29 s. Thus, 2D-SENSE with PF along the readout axis represents
only a 1.2x speed-up, since 62.5% (160/256) of the echo is acquired and consequently reduces
TR by only 0.8 ms.

Evaluation of CE-MRA Studies

Results

Coronal and sagittal maximum intensity projections (MIPs) of the 2D-SENSE and SENSE-PF
reconstructions were collectively reviewed by the authors. For each of the 11 cases, 2D-SENSE
and SENSE-PF images were individually scored under two categories. The first was based on
afive-point scale reflecting each reconstruction's overall diagnostic quality (0 = nondiagnostic,
1 =marginally adequate, 2 = moderately acceptable, 3 = good, and 4 = excellent). Incorporated
into this scoring were considerations of the signal-to-noise ratio (SNR), spatial resolution, and
lack of reconstruction artifacts. The second category was a three-point scale reflecting the
visibility of secondary arterial vessels originating from the popliteal, peroneal, anterior tibial,
or posterior tibial arteries (0 = secondary vessels not visualized, 1 = marginally visualized, and
2 = well visualized). The scores were reached by consensus.

Figure 3illustrates reconstructed results from the phantom study, with axial reformatted images
depicting the resolution bars in the Y-Z plane. In Fig. 3a the reference nonaccelerated, fully
sampled image is shown, and it is evident that the resolution bars in rows 3 and 4 are not well
resolved. In Fig. 3b the 4x SENSE-only reconstructed result is shown, with clear improvement
in both phase and slice resolution, as demonstrated by row 3. Figure 3c and d show the sparse
and homodyne reconstructions of the 7x SENSE-PF acquisition, respectively. Note that while
the sparse reconstruction in Fig. 3c loses some resolution in comparison (arrow) to the SENSE-
only result in Fig. 3b, due to zero-filling of nonsampled k-space, the homodyne reconstruction
in Fig. 3d is able to comparably resolve the resolution bar set (2.38 line pairs/cm) in question.
Both undersampled SENSE reconstructions demonstrate significant resolution improvement
over the reference scan in Fig. 3a. The streaking artifacts in Fig. 3c and d are consistent with
the PR-like sampling pattern of Fig. 1, and are restricted to the Y-Z axial plane.

High-quality 3D CE-MRA results were obtained with both the 2D-SENSE and the 2D-SENSE-
PF methods in 11 out of 14 volunteer studies (the evaluation scores are summarized in Table
1). Comparisons were not available for three studies due to MR scanner equipment failure,
misregistration artifact, and operator error. In all cases the three major vessels distal to the
popliteal trifurcation were well visualized. Figure 4 shows representative images from two
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studies. In Fig. 4a—d the acquired spatial resolution was 1.5 x 1.1 x 1.4 mm3, with the 4x
SENSE-only (aand c) and 7x SENSE-PF (b and d) acquisitions taking 34 and 19 s, respectively.
For this volunteer (volunteer 3), the SENSE-PF acquisition was done using the first 19-ml
contrast injection. In Fig. 4a and b coronal MIPs of the two scans are shown, and in Fig. 4c
and d sagittal MIPs of the right leg are shown. Figure 4e-h illustrate similar image sets from
volunteer 11, with an acquired voxel size of 1.5 x 1.2 x 1.3 mm3. In all cases the popliteal,
peroneal, and tibial arteries are comparably visualized and well resolved in the SENSE-only
vs. SENSE-PF results. Furthermore, no venous overlay is present. Both lateral and slice
resolution of SENSE and corresponding SENSE-PF images are comparable. Some minor loss
in SNR and higher background signal are observed throughout the SENSE-PF vs. SENSE-only
reconstructions, but at an insufficient level to adversely affect diagnostic quality. SENSE-
related reconstruction artifacts are negligible and do not affect any vasculature in the images.
The overall SNR in both the 2D-SENSE and SENSE-PF reconstructed results is more than
adequate for diagnosis at the acquired spatial resolution.

Table 1 shows that all 2D-SENSE and SENSE-PF reconstructions received either good or
excellent diagnostic-quality ratings. Multiple secondary arterial branches were well visualized
in the majority of cases. The geniculate arteries, which supply blood to the knees, were seen
bilaterally in all 22 image sets. In choosing either the 2D-SENSE or SENSE-PF reconstruction
as the preferred image set for diagnosis, one of the authors (J.F.G.), an experienced MR
radiologist, showed a marginal preference for the 2D-SENSE result in seven cases, no
preference in two cases (volunteers 7 and 11), and slight preference for the SENSE-PF result
in two cases (volunteers 3 and 5), based mainly on subtle differences in SNR and vessel
conspicuity. However, the favored image set appears to be correlated to the technique that was
implemented during the first of the two contrast injections, and the overall preference toward
2D-SENSE is likely not significant in this limited trial.

Discussion

In 2D-SENSE CE-MRA of the lower legs using four coil receivers, a maximum of fourfold
acceleration can be achieved. In our experience, robust high-diagnostic-quality 3D angiograms
with near 1-mm isotropic resolution have been consistently obtained with 2D-SENSE (Ry =
Rz = 2) in approximately 35-s acquisitions. Furthermore, by combining 2D-SENSE with 2D-
PF imaging with homodyne reconstruction, a net sevenfold acceleration was achieved, further
reducing the scan time to less than 20 s. In comparison with 4x 2D-SENSE, the 7x SENSE-
PF technique yields nearly equivalent spatial resolution and image quality. In addition, the
shortened scan time further reduces the risk of venous overlay, and may be beneficial for
patients with certain types of peripheral vascular disease (e.g., ischemic limbs, ulcers, and
inflammation) that exhibits rapid venous return.

In this work the FOVs along the two SENSE-encoded directions encompassed the entire axial
cross section of the lower legs. Specifically, the excitation slab included the full A/P extent of
the legs (ca. 9-14 cm). Thus, if the method described here had been compared with a typical
non-SENSE acquisition in which the excited slab was limited to only the principal peripheral
arteries (ca. 7-10 cm of A/P coverage), the actual SENSE-acceleration would not have been
as high. The issue of how to accurately perform 2D-SENSE imaging along a selected slab
remains an ongoing area of research (22,23,26).

We expect that both the 2D-SENSE and the combined 2D-SENSE-PF techniques presented
here are directly compatible with time-resolved imaging, by simple resampling of the
previously sampled views, alternating the collection of vanes, or using view sharing (27-29).
The principal assumption is that the a priori calculated coil sensitivity profiles for SENSE, and
the overall phase maps used for homodyne reconstruction do not change over the time course
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of the dynamic process being imaged. The first of these assumptions has been used in 1D-
SENSE time-resolved imaging (12,14). While the present work targeted SENSE-PF
application in CE-MRA, the proposed method can be expanded into other areas of 3D MRI,
such as colonography, cholangio pancreatography, and whole-brain imaging, where high
spatial resolution is desired within a limited acquisition time window.

Both SENSE and PF techniques are susceptible to intrinsic SNR loss because of either smaller
voxel sizes or a reduction in the number of acquired k-space samples. Furthermore, for SENSE
the expected SNR loss relative to a reference nonaccelerated acquisition depends on the SENSE
acceleration and coil geometry factors (10). Similarly, the SNR of an image reconstructed from
PF data is proportional to the square root of the number of acquired k-space data points, and
is limited by the homodyne detection process. Nonetheless, as demonstrated by the high scores
in Table 1, limited SNR was not an issue in any of the in vivo studies.

In developing the SENSE-PF method, we chose to maintain spatial resolution and reduce the
number of acquired phase encodes. An alternative approach would have been to maintain the
total number of sampled views of a standard 2D-SENSE acquisition, and hence the same scan
time, but extend the vanes in the outer annulus farther into the ky-kz periphery. In effect, this
option would increase the maximally sampled ky and kz spatial frequencies for additional
spatial resolution improvement (20,21). Although a voxel size of 1 mm3 may be adequate for
visualizing the peripheral vasculature, this alternative SENSE-PF approach may be
advantageous in neurovascular and breast CE-MRA, where submillimeter resolution may be
desirable for visualizing small vascular beds.

Conclusions

The integration of 2D-SENSE and 2D-PF in the phase-encoding plane to accelerate 3D
acquisitions by a factor as large as seven was demonstrated with the use of a four-element coil
array and a modified EC-PR acquisition at the 1.5T field. The technique is robust in
reconstruction and routinely yields diagnostic-quality and artifact-free images in fast, high-
resolution 3D CE-MRA of the peripheral vasculature.
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FIG. 1.

a: Cartesian ky-kz representation of the hybrid EC-PF sampling scheme, modified from a
standard EC 3DFT acquisition. A fully sampled ky-kz plane is shown, with each black dot
representing a phase-encoded view. A reduced number of views are shown for illustration
clarity. Only views that fall within the k-space footprint (gray areas) are acquired in the EC-
PF technique, which includes a fully-sampled central region and an undersampled outer annlus.
PR-like radial sectors are asymmetrically sampled to facilitate 2D homodyne reconstruction.
b: Extension to 2D-SENSE. Note the SENSE-encoded ky-kz axis labels and increased sampling
intervals.
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FIG. 2.

Reconstruction algorithm for 2D-SENSE-PF data. Step I: Raw data from N coils are first
Fourier transformed along the frequency-encoding axis. Step 1l: For each coil, data are
separated and Fourier transformed along the phase-encoding axes into low- and high-pass
images. See text for details. Step 111: A separate SENSE reconstruction is performed on the
N low-pass and N high-pass aliased image sets, yielding one of each, deterministically unfolded
using Limg and Hiyg results. Step 1V: Homodyne phase correction using Limg and Himg.
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FIG. 3.

Results from the phantom study, showing axial reformats in the Y-Z plane of coronally acquired
images. a: Reference nonaccelerated, fully sampled case. b: Fourfold SENSE reconstructed
image with clear resolution improvement, shown by bars in row 3. ¢: Sparse (zero-filled)
reconstruction of a SENSE-PF acquisition, acquired in 58% of the scan time as in b, showing
a small loss in resolution (arrow) due to zero-filling. d: Homodyne reconstruction of SENSE-
PF acquired data, demonstrating resolution (arrow) comparable to that in b.
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FIG. 4.

Results from in vivo CE-MRA examinations of two healthy volunteers. a: Coronal projection
of a 34-s fourfold SENSE-only acquisition. b: A 19-s sevenfold SENSE-PF acquisition of the
same volunteer. ¢ and d: Sagittal projection images from SENSE and SENSE-PF acquisitions,
respectively. e-h: Similar image sets of another volunteer. Note the comparable vessel
visualization, spatial resolution, and lack of venous enhancement and reconstruction artifacts
in all images.
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