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ABSTRACT read-out time after the excitation pulse. Parallel MR imaging
Pulsed Arterial Spin Labeling (PASL) has been shown to(pMRl) [l can provide a sub;tantlal reduction in d.ata acqui-

X o . sition requirements, which directly reduces negative suscep-
be an effective method for quantitatively measuring Ceres ity effects [@]. The effectiveness of pMRI is dependent
bral blood flow. Quantification errors with PASL may result y ’ P b '

. . . owever, on the quality of the calibration data used in the re-
from patient motion, however, so Echo Planar Imaging (EPI . . : i .
. : . =2 Y~ construction. The persistence of Nyquist ghosts in EPI, which
is commonly used to acquire PASL images due to its high

; : : 2 occur due to inconsistent data sampling on positive and nega-
temporal resolution. EPI achieves high temporal resolutior) . - X
: . g . tive readout gradients, can limit both the quality of the pMRI

through long echo trains, which can result in image distor-__ . "~ ". .
calibration data and the subsequent reconstruction.

tior_13 due to magnetic field inhor_nogeneities._ Thus, perfusion In this paper we present an approach to completely elimi-
we_|ghted EPI COL."d be furthgr_ !mproved_ with sh_orter ?Chonate Nyquist ghosts in a temporal series of EPl images, which
trains and faster image acquisitions. This paper investigates . : e

: : Subsequently improves the image qualitysielf-referenced
the use of UNFOLD and parallel MR imaging to reduce EPI MRI techniques. The combined approach effectively re-
image acquisition time. We demonstrate how the use of varieg )

. uces both EPI artifacts, enabling one to acquire perfusion
sampling patterns and UNFOLD can completely remove the . - oo S ) .
. ) , i L ._images with minimal susceptibility distortion and no Nyquist
Nyquist ghosts’ that are common in EPI acquisitions. This h .

. . ost artifacts.

allows one to greatly improve the effectiveness of parallep
imaging in EPI, and to reduce field inhomogeneity artifacts
by reducing the echo train length. 2. THEORY

Nyquist ghosts are an inherent artifact in EPI, and there are
1. INTRODUCTION many approaches to correct them including double-sampled

S) EPI [4], the 1D phase-correction approach of Ahn

D

Cerebral perfusion can be measured using pulsed arterial Spi'ﬁd Cho (AC)[[5], 2D phase-mappind [6], and phase label-
labeling (PASL)[1]. This method uses blood water as an en; g (PLACE) —-,T]_ Although DS-EP cvompletely climinates
dlogelnousdtracer to (;neasurel b.|00d flow fr:om ghset (.)f tj}?fg yquist ghosts it has the disadvantage of doubling the echo
(label) and untagged (control) Images. The arithmetic di M rain length, which leads to greater susceptibility artifact dis-
ence.betweery thg label anq control images generates a re g?tion. The AC method is widely implemented on commer-
gal S|gne}l Wh!Ch is proportional to b'°9d_ th_at has _perfusg ial MRI scanners, yet is often unable to completely eliminate
into the |mag|rllg.plane. !n ordgr to m|n|m|zg motion art|'- Nyquist ghosts. The more effective PLACE and 2D phase-
f_acts_and maX|[)n|zke imaging §I|_ce Coverage, |Image_ acqg'shwapping techniques use an echo-interleave strategy, but this
tion tlr_ne must be kept to a minimum. EC. O planar Imaging,q q,ces the temporal sampling bandwidth to 50%. As an al-
(I.EPI)d'S a conmon MR:] methad rf]or acqumlng PAISIT per.fu_- ternative to these methods, we introduce the use of UNFOLD
sion data. While EPI has a high temporal resolution, it IS[8] instead of interleaving, to eliminate Nyquist ghosts while

stllll often unable_to qchleye full brain coverage in a time re'maintaining more than 90% of the temporal sampling band-
quired by perfusion imaging. Furthermore, EPI is known to, .

suffer from inherent artifacts, such as Nyquist (or N/2) ghosts Thé goal of all Nyquist ghost removal strategies is to cor-

caused by Sa”?p".”g errors and imgge di_stortiops which OCCYECt the data sampling mismatch between positive and nega-
dge to magnetlc.fleld mhomt_)geneny at tissue interfaces Wlttﬁve read-out gradients when sampling in EPI. In the methods
different magnetic suscept|b|llty. . i i _listed above, this is achieved by acquiring either the same line
__One way to reduce suscept|b|I_|ty artifacts in EPI acqui-jp, k-space twice (DS-EPI), e.g. once for both positive and
sitions is to reduce the echo train length (ETL)—the dat"’hegative read-outs, acquiring a reference scan to estimate the

This work supported in part by NIH U41 RR-019703 (Pl:Jolesz) andShift between the sampling grids (AC), or by shifting the EPI
NIH RO1 AA-016748-02 (Pl:Daunais) sampling trajectory and then interleaving the positive or neg-
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will thus come from raw acquired odd line®,, plus even
lines that have been generated by UNFOLU®, This gener-
S . ated image data may contain phase errgrgjue to a sam-

eteiteiiel et otetele EX EX pling mismatch along, between the shifted sampling grids.
__________________ Tttt TITTTTTT We include this possibility here in the expression for the im-
age associated with positive readouts= P, + ¢P..
Ky ky Similarly, the imageN associated with negative readout
(a) odd frames [2n+1] (b) even frames [2n] data will contain raw acquired even lines fram N,, plus

odd lines generated from UNFOLD that also contain the same

Fig. 1. The PLACE sampling pattern alternates between twé’oltf”t'ﬁ;' phatshe errorg,N,,. Thll.s¢ is the StarrT:e las befSO_re, re-
EPI sampling grids, shown in (a) and (b) and shiftedhyk) ~ SUting from the same sampling mismatch along Since

between them. Data along solid lines are collected duriniaCh imageN' and P, separately satisfies the Nyquist crite-

positive readout gradients. Data along dashed lines are sa a along the_phase-encodmg dimension, one can |dent|f_y an
pled during negative readout gradients. operator, with WN = P, that corrects for the k-space shift

alongk, betweenP = P, + ¢P, andN = N, + ¢N.. (This
shiftis the same as calculated by the AC method.) Combining
ative read-out data to form two separate images that satisHie two data sets as
the Nyquist sampling criteria (PLACE).

We propose to use the PLACE sampling trajectory, shown P+UN = (Pt ¢Fo)+ U(No + oNe)
in Fig. [d, with UNFOLD to eliminate the Nyquist ghosts. = (Pet+ ¢P) + (Po + ¢F)
UNFOLD employs temporal encoding to alternate the po- = (1+4+9¢)(P,+ P.)

larity of aliasing artifacts in an undersampled temporal se-

quence. When only odd, lines are sampled the aliasing demonstrates that any phase error resulting from sampling
artifacts have positive phase. When evgnlines are sam- mismatch between framesp, will not produce residual
pled, the aliased portion of the point spread function (PSFNyquist ghosts since it affects both odd and even lines equally.
changes polarity and exhibits negative phase. In this way, We showed in([B], that the quality of parallel MRI (pMRI)
aliasing artifacts can be tagged to 'flicker’ at the temporareconstructions is directly dependent on the data used for cal-
Nyquist rate. This flicker can be subsequently removed ugbrating the reconstruction coefficients. In many applications
ing a narrow-band high-frequency notch filter in the temporait is desirable to use self-referenced pMRI approaches over a

dimension. prescan approach, for example, to limit the effect of changes
When sampling a temporal image sequence with EPI, shifisuch as motion that occur between acquisition of the prescan
ing the data sampling grid on alternate frames bfx ) will pMRI calibration data and the accelerated image data. In EPI

introduce the same temporal modulation as required by UNacquisitions, self-referenced approaches are confounded by
FOLD. Separating the data into two sets—one for positivdhe presence of Nyquist ghosts.

read-outs and the other for negative read-outs—will introduce Our approach of combining UNFOLD with PLACE, how-
the sub-sampling commonly used with UNFOLD. Each se€Ver, completely eliminates Nyquist ghosts while maintain-
can then be processed using a temporal UNFOLD filter té"g the same SNR and nearly the same temporal resolution
produce two fully sampled image series, which can then b@s the raw measured data. This enables one to apply self-
combined to produce the final images. referenced pMRI techniques in EPI with no reference scans

Significantly, our method is robust to sampling variationsheeded—for either Nyquist ghost correction or parallel imag-
along k, that can occur from frame to frame as well. In ing. Below, we demonstrate the effectiveness of our approach
practice, positive readout data from an odd frame may ncdt removing Nyquist ghosts, and the subsequent improvement
fall exactly between the positive readout data from the eveH reconstructing accelerated parallel MRI data using a self-
frames used to generate missing lines with UNFOLD. How/eferenced approach.
ever, these sampling errors will cancel when the positive and
negative readout data for the same time point is combined. To 3. METHODS
illustrate, consider that before processing the image formed
from data sampled at an odd frarBe + 1, is a combina- To demonstrate our approach, two MRI scans were acquired
tion of data from odd lines from positive readout gradientsfrom a healthy volunteer after informed consent. In both
P,, and even lines from negative readout gradienfs, or  cases, 124 image frames were acquired using an EPI se-
I = P, + N.. In our method, the data from positive readoutquence modified to perform the PASL paradigm, Q2TIPS
gradients are separated from negative readout data, and tJi§, on a GE EXCITE 1.5T scanner (image size 128x128,
missing k-space lines in each set are re-generated using UNIR/TE=2.5s/55.1ms, slice thickness=8mm, FOV=28mm x
FOLD. The imageP associated with positive readout data28mm, 8 channel head coil). Two images, a control and a

to appear in Proc of 42nd Asilomar Conf on Signals, Systems, and Computers. Oct 26-29, 2008
(c) Asilomar SSC / IEEE 2008. Permission to reprint/republish this material must be obtained from the SS&C and/or the IEEE



label, are needed to generate a perfusion signal. The magneti-
zation of the blood flowing into the imaging plane for the con-
trol image was the opposite of the label image, achieved by a
pair of global and slice-selective inversion pulses. The control
image is subtracted from the label image, with the remain-
ing signal being from blood that perfused into the imaging
plane. 62 control and label pairs (124 frames) were acquired
and averaged together to produce one perfusion weighted infig. 2. EPI images from the unaccelerated PASL series.
age. The pulse sequence was modified to introduce a tempbyquist ghosts corrected via (a) UNFOLD, (b) Ahn and Cho.
ral variation in the sampling grid as well, shifting kYyAk)  (c) The associated UNFOLD-EPI perfusion image.

every other control/label pair.

In the first scan, no acceleration was used and 128 lines of
k-space were acquired after each excitation. In the second ac-
celerated scan, the EPI blip-table was modified to sample a
variable density distribution of k-space lines. For the accel-
erated data presented here, the acquisition pattern employed
8 k, lines near the center of k-space separated k).

The gap along:, between sampled k-space lines gradually

increased t@5Ak) in the high frequency region. An acceler- Fig. 3. EPI images of a water phantom reconstructed using
ation factor of 3.2x was used, which produced (128/3.2=) 4@Qa) self-referenced GRAPPA using standard Nyquist ghost
k, lines for each accelerated image acquired. correction, (b) GRAPPA with pre-scan data to generate the

To reconstruct the data, in both scans first the Control (C)econstruction parameter values and standard Nyquist ghost
and Label (L) images from the temporal series were sepacorrection, and (c) self-referenced GRAPPA using UNFOLD
rated and then, for each set, data (P) associated with pose perform the Nyquist ghost correction.
tive readout gradients was separated from data (N) acquired
using negative readout gradients. Each of the four data seéfon image generated from the EPI data processed using our
(CP,.CN,LP,LN) were then processed with UNFOLD, and themethod is shown in Fig[]2(c), which clearly shows that no
phase difference between the P and N images was calculat®quist ghosts are present in the (C'-L) difference.
to correct anyk, shift. in In both the C and L sets, the P and  Fig. [3 demonstrates the improvement to self-referenced
shifted N images were then combined to form C’ _and L Setsparallel imaging methods provided by our Nyquist ghost re-
In the unaccelerated case, C’" and L' thus contained imag&soyal strategy. Images of a water phantom were acquired
free of Nyquist ghosts. _ ~ using the same acquisition protocol as the in-vivo data, yet

Inthe accelerated case, a complete image reconstruction figsconstructed using (a) self-referenced double-pass GRAPPA
quired addition processing. We employed two self-referencegith Nyquist ghost correction as inl[5], (b) GRAPPA using 20
PMRI reconstruction algorithms, both described in [9]. First,jines from a reference frame with Nyquist ghost correction
GRAPPA [10] was used with a 2x5 kernel to reconstruct datgg iy [5], and (c) self-referenced double-pass GRAPPA us-
in regions with local acceleration factors Ak, using data  jhg UNFOLD for Nyquist ghost correction. The image in (c)
from the (1Ak) region for self-calibration. This output was gemonstrates that using UNFOLD to remove Nyquist ghosts
then reconstructed using either a second pass of the GRAPRfe|ds a significant improvement in image quality over pre-
algorithm to reconstruct all missing k-space lines, or coil senyjoys methods, enabling self-referenced pMRI in EPI with
sitivity maps were estimated using the central k-space resignificantly lower artifact levels as shown by the arrows.
gion of 16k, lines (formed from 12 measured lines and 4 Fig. [ shows the perfusion images generated from the ac-

l(;RA(I;PA estimqtedr:ines) and uEe,g o reconstruc’: an En%'elerated PASL acquisition. It is notable that the noise level
lased image using the LSQR-Hybrid SPACE RIP algorithmgogent in the GRAPPA reconstruction overwhelms the per-

[11. fusion signal, which is typically on the order of 1-2% of the
static tissue levels. By contrast, a regularized reconstruction
4. RESULTS approach can sufficiently suppress the reconstruction noise,
allowing the perfusion signal to be visible. In comparison
The image in Fig[ 2(a) shows one image reconstructed fromwith the unaccelerated perfusion signal, Hi@. 2(c), there is a
the PASL image series using our Nyquist ghost removal apsignificant loss in SNR in the GEYSER+SPRIP reconstruc-
proach. Note that the signal outside the brain tissue has beéion due to the scan acceleration as well as pMRI reconstruc-
amplified 15 times to increase N/2 ghost visibility. A signifi- tion artifacts which appear outside the cerebellum. This loss
cant reduction in Nyquist ghosting is visible compared to thén SNR can be recovered by sampling the data in multiple
AC corrected image in Fid.]2(b). The corresponding perfusweeps after a single excitation. While this will reduce the
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Fig. 4. Blood perfusion signal generated from accelerated EPI

PASL images, reconstructed using (a) double-pass GRAPPAI?]

and (b) GEYSER + SPACE RIP

(3]

overall image acquisition efficiency gains achieved with par-
allel imaging, these images will still have less geometric dis-
tortion then images acquired with unaccelerated EPI.

This indicates a need to acquire more images over which to
average, or alternatively, a limit on the spatial resolution avail-
able to accelerated PASL imaging.
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