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Abstract—A novel spiral phase contrast technique was de- SENSE reconstruction with Cartesian sampling at different
veloped for high temporal and spatial resolution imaging of reduction factors was studied recently and predicts an accurate

blood flow without cardiac gating. Spiral sampling ofk-space has - ggtimate of the flow measurement by considering the geometry
excellent flow properties and acquisition speed. Parallel imaging factor [7]

using the coil sensitivity maps can be used to reduce the imaging . .
duration at the cost of SNR. An auto-calibrated spiral sensitivity N the present work, a conjugate gradient SENSE recon-
encoding method is introduced and used for reconstruction of struction technique is used to reduce the number of spiral
phase contrast images. Phase estimation for a simulated phantominterleaves required for an un-aliased full FOV image for ac-
using data from various acceleration rates was compared to the q,,iring real-time blood flow measurements. An auto-calibrated

true phase map. To study the accuracy of the flow estimate with e . . o
parallel image reconstruction, a high resolution cardiac gated acquisition scheme is proposed to construct the coil sensitivity

experiment was performed and a subset of under-sampled data Map adaptively from the cardiac data.
were reconstructed. Th.e (eal-time expgriments were performed Il. THEORY
to measure blood velocity in the ascending aorta and through the :
aortic valve with high spatial and temporal resolution. Temporal In this section the image reconstruction technique is pre-
Iresotluttkiuon of _me flow gT‘ageStWaS _imprlov‘?t?l by a facaor Oft_aT sented as first described by Pruessmanral. [6] and Wajer
east three with no cardiac gating signal with preserved spatial - -
resolution. The results dem%nstrgategthe poter?tial of using the et. al. [8], a.nd the. gimethod'for'adaptlve acquisition of the
technique for real-time flow imaging with improved spatial and complex coil sensitivity map is discussed. Image reconstruc-
temporal resolution. tion from multi-coil data acquired with spiral sampling is an
inverse problem that can be solved approximately using an
iterative method such as conjugate gradient optimization.
The RF signalf.(k) received by each receiver coil channel

I. INTRODUCTION (c) in an MR experiment can be expressed as

Index Terms—Phase Contrast, Real-Time MRI, SENSE, Spiral

Ultrasound of the vascular system is an established tech-
nigue that can be used to image blood flow. A color map of fC(E) _ /p(F)SC(mezwiE-FdF_F nc(E)
blood flow can be visualized using the frequency shift of the 7
emitted high-frequency sound. Magnetic resonance imaging
of the rapid variations of the blood flow in the vascular

system has been demonstrated [1], [2], [3]. Gatehausel. ;, which s.(7) is the spatial sensitivity profile of each coil that

[2] de_zveloped_a rapid spir_al sampling C(_)ml_)ined_ with ph‘""%Plézpends on the geometry of the coil and load configuration;
velocity mapping for real-time flow velocity imaging. Nayak..

. . . . 7 is the position vector in the image space ands the k-
et a_l.[l] devglopgd an interactive system in Wh.'Ch bIo_od flqvg ace sampling trajectory which is definedl%ﬁs) =k, (t) +
in different directions can be imaged, fast spiral trajectorl%gy(t) — \0(t)ei*™ for spiral sampling (\ is a constant which
were l_uset(:] toblsa?[;)llb-spﬁcl:e anij clolgr map WE::IS usec: t8epends on imaging parameters, & and¢(t) are smooth
visualize the blood flow. Thompsaet. al. [3] proposed a real- functions that characterize the sampﬂng trajectoriés) s, k)

time volumetric flow measurement technique with compleI defined as the encoding matrix; (E) is the receiver coil

difference processing providing an integral of volumetric bloo ise matrix. Finallyp(7) is the proton density of the object

flow in a single projection. In all proposed techniques, the negﬁthe location. Equation (1) can be formulated in matrix
for faster acquisition of the minimum requirkespace data for '

reconstruction of non-aliased full FOV is demonstrated.
Parallel imaging, exploiting the coil sensitivity maps, can
be used to reduce the image acquisition time while keepiagd the reconstruction problem can be expressed as finding the
the spatial resolution unchanged at the cost of SNR [4]ptimized solution for the underdetermined matrix equation
[5]. Cpn]ugaye gra}dlent SENSE reconstruction for arbitrary (E"0'E)p = EHU-1F 3)
sampling trajectories has been proposed to suppress the ar-
tifacts arising from under-sampled data [6]. The accuracy ai (3) the subscripf/ indicates the complex conjugate trans-
reproducibility of blood flow velocity measurements usingose, andl denotes the sample noise matrix which depends on

o )
_ / () B, R)dF + no(F)

F=FEp+n (2)
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Fig. 1. Spiral interleave acquisition scheme in different cardiac phases: The
fully sampledk-space is covered with 6-spiral interleaves and an acceleration
rate of 3 is shown as an example.

the correlation of the noise between channels. If the receiver
channels were decorrelated to create a set of uncorrelated ) ] ) ]
virtual coils using the Cholesky decomposition of the noisF %tiii RgpplLeTlsghase contrast sequence with and without selective spectral-
correlation matrix¥, (3) can be simplified by replacing '

matrix with the Identity matrix [9]. Equation (3) can be solved

for p using an iterative algorithm such as conjugate gradiepider for R=3 and 6 interleaves is shown in Fig. 1. A full
method [9]. FOV unaliased image was reconstructed by integration of the
The right hand side of (3) can be rewritten as : raw data over multiple cardiac phases. The temporally-filtered
o i} iR e T g alias-free full FOV images were normalized by the root sum
[EXF|(r) = Z {Sc(F) {L {6 fc(k)dk}}} (4)  of squared magnitudes of the multiple coil images. In order to
¢ r optimize SNR in the combined image and suppress the motion
The integral term in (4) can be calculated using the standaidifacts a spatial matched filter is used in the reconstruction of
gridding technique [10]. the coil sensitivity maps [13]. Local correlation statistics for
To calculate the matrix-vector multiplication ¢/ E)p each voxel were derived by cross-products over a local region
during each CG iteration an efficient and fast method is the complex image. Thé; maps were reconstructed by
implemented as suggested by Wajer et. al. [8]. The left haodlculating the eigenvector that corresponds to the maximum
side of (3) can be calculated by evaluating the component gifjenvalue of the local correlation matrix for each voxel.
(EPE) as follows:

,,,,,,,,,,,,,,,,,,,,,,,

I1l. METHOD

- q} The spiral phase contrast pulse sequence was developed by
adding a pair of bipolar gradients with the desired first moment
R (5) difference. The two-sided strategy for encoding a desired first
=> {SZ(T)Q(F— r)sc(r’)p(r )} moment in the PC sequence constrains bipolar flow encoding
c gradients to have a symmetrically placed first moment around
with zero gradient. Relaxing this constraint yields a shorter echo
Q(F) = o~ R gL (6) time. In other words, the first moment difference between two
k flow encoding steps is used as the gradient design constraint
The @ function is the Fourier transform of the undersamwithout regard to individual first moment values [14]. This
pling point spread function (PSF) that can be evaluated priorgeadient design scheme is used for measuring through plane
the iteration with the gridding. Therefore the left-hand side dfow in all experiments. The refocussing lobe in the slice select
(3) can be evaluated using the convolution theorem as follovggadient was also combined with the flow encoding bipolar
oo . . . gradient to reduce the length of echo delay.
(BT Epilr :Z{Sc(r)[}— {F(@) F(se pi)}lr} (D) Image reconstruction was carried out using an iterative
€ conjugate gradient SENSE reconstruction as described in the
in which p; is the approximate solution for the CG aftéf previous section. Individual under-sampled coil data were
iteration andF, F ! represent the Fourier and inverse Fourigieconstructed using a gridding technique on a denser grid (2X
transforms respectively. over-sampling) to reduce aliasing and allowing less apodiza-
An auto-calibrated acquisition scheme was proposed fibon. The gridding procedure involved a convolution with a
calculation of the relative coil sensitivity map$3{ map) 5 x 5 Kaiser-Bessel kernel followed by deapodization in the
that will eliminate the acquisition of extra body and multiimage domain [10]. The deapodization function was calculated
coil scans. The adaptivd3; maps can track changes thatnalytically. The Fourier transform of the sampling point
may arise from respiratory motion during the cardiac cyclspread function £Q) was constructed by gridding a unity
The spiral arms were interleaved in consecutive phases nohtrix on the under-sampled trajectory with 2X over-sampling.
the cardiac cycle and the pattern repeated aRecardiac The size of theF'Q was kept twice the size of the image
phases (the acceleration rate) as previously demonstratedrf@trix and a zeropadded FFT of the image matrix was used
Cartesian imaging [11], [12]. An example of the acquisitiofor multiplication with FQQ and the inverse FFT was cropped
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Fig. 3. Image reconstruction with conjugate gradient SENSE reconstruction

estimated phase in different ROIs in the reconstructed image

) ] S were measured and compared to the induced phase.
afterward. The conjugate gradient direction were calculated

using complex sum ofB; map weighted cropped imagesB. In-vivo Gated Experiment

Fig. 3 shows a simplified diagram of the image reconstructionin vivo blood flow imaging studies were performed for
steps. All images were reconstructed off-line using Matlafeasuring through plane blood flow in the ascending aorta. Pe-
(The Mathworks, Natick, MA). All MR experiments wereripheral gated cine flow acquisitions were used for measuring
performed on a GE Signa Excite 1.5T MR imaging systeihe blood flow. A high spatial resolution phase contrast breath-
(GE, Waukesha, WI) with Twin gradient (maximum gradientiold cine image was measured in the ascending aorta with
of 4.0 G/cm, maximum slew rate of 150 G/cm/ms) using an 8piral sampling with the following parameterSR = 25ms,
channel cardiac phased array coil (Nova Medical, Wilmingtof,,,. = 150 cm/s,f = 30°, FOV = 30cm, BW = +125kHz,

MA) for signal detection. Normal volunteers were imaged024 readout points and 32 spiral interleaves with an image
with informed consent as approved by the NHLBI IRB. Amatrix of 256 x 256. A single interleaf per segment was used
interleaved spiral imaging sequence, that starts as a constaréchieve a temporal resolution of 25 ms. Different subset of
slew-rate and switches to a constant amplitude reaching #iequired data corresponding to different under-sampling rate
peak gradient amplitude [15], was modified by addition of were chosen for image reconstruction.

bipolar gradient to construct a spiral PC sequence as shown ) . , .

in Fig. 2. If a magnitude image in addition to the flow imagg' Real Time Flow in Ascending Aorta and Aortic Valve

is required, a water-selective spectral-spatial pulse is usedReal-time blood flow measurement were performed for
for suppression of fat signals and reduction of off-resonanagquisition of blood flow in the ascending aorta. The acqui-

blurring [16]. sition parameters were as follow$:R = 15.2 ms, TE =
) ) 2.3ms, Ve, = 150 cm/s , 6 = 30°, FOV = 34cm,
A. Simulation Study BW = +125kHz, two interleaves were acquired with under-

For validation of the phase estimation for the simulatesampling rate 4 with 2048 readout-points in each interleave.
phantom data, we compared the measured phase from the cntemporal resolution 0f60.8 ms was achieved with these
plex image of a stationary circular phantom reconstructed us¥aging parameters. For validation of the real-time measured
ing conjugate gradient SENSE with different under-sampliritpw, a gated experiment with the same imaging parameters
rate to a fully sampledk-space image. Uniformly spacedwas performed and the results were compared.
artificial phase, ranging betweefr-, ), was added to a Through-plane blood flow through the aortic valve was im-
stationary phantom image with zero-phase. This image waged with no cardiac gating achieving a temporal resolution of
weighted with a known sensitivity map of 8 coils to simulat®1.2ms with spatial resolution of 1.8mm. An acceleration rate
the multi-coil acquisition. The complex sensitivities wer@f 3 was used with the following parametefSR = 15.2ms,
calculated using Biot-Savart's law over a circular phantonte,. = 150cm/s,§ = 30°, FOV = 26cm, BW = £125kHz
The images were transformed irkespace by inverse Fourierwith an image matrix o256 x 256.
transform and resampled onto a spiral trajectory using an
inverse gridding. The spird-space consisted of 6 interleaves ] ]
and 1024 points per interleave and image sizé2sfx 128. A A. Simulation Study
subset of the spiral interleaves corresponding to various accelPhase estimation of the stationary phantom was validated
eration rates were reconstructed using the conjugate gradieptcomparing the reconstructed phase for 58 linearly-spaced
SENSE reconstruction. The mean and standard deviation of fiiese increments. Fifteen ROIs in different spatial locations

IV. RESULTS
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Fig. 6. Real time through plane blood flow in the aortic valve: the blood
flow velocity for a sample pixel through the valve is shown in the flow image.
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Fig. 5. Real time blood flow through ascending aorta measured with real-tiffom the raw data eliminates the need for an extra body coil
spiral SENSE scan. The SENSE reconstruction will result in lower SNR
values and increase in reconstruction time. The technique

in the phant lected f lculating th can also be used for measuring the in-plane blood flow and
In the phantom were selected for caiculating the mean & aging of the blood motion on patients with atrial fibrillation.
standard deviation of the reconstructed phase. A linear corre-

lation analysis were performed that yieldedrax 0.9877 and
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