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Mark D. Does and John C. Gore*

Department of Diagnostic Radiology arid\pplied Physics, Yale University School of Medicine, New Haven, Connecticut 06520

Received May 12, 2000; revised July 12, 2000

Segmented echo-planar acquisitions have been incorporated where MET, relaxation is anticipated. Yablonskiy recently
into a multiecho imaging sequence to produce a MRI method for  proposed a method of extractifig relaxation fromT* decay
rapid transverse relaxometry. The method is demonstrated on gel  cyryes in postprocessing, but it remains to be seen whether th
phantoms an_d rat brain and found to prodyce_z ynblased estimates approach will be practical for quantifying MET(14). There
of T,. Gradient performance can be a limiting factor for the . 0 5 o\ published accounts of quantifying multiexponential
'm.plemer.'tat'on O.f this teChn'que. and there Is a cost m.s'gnal_t(?' relaxationin vivo using single-voxel techniques, which provide
noise ratio resulting from t'hg'hlgher bandwidth required, as is both rapid acauisition times and hiah si i-t e tios
typical for echo-planar acquisitions. © 2000 Academic Press p a gh signal-to n0|se_ ratos

Key Words: MRI: T,: EPI: fast imaging; relaxometry. (SNR) _(15—13. However, fchese methods are not well s_Luted to
extracting data from difficult-to-segment regions of interest
(ROI) and can only acquire data from one ROI at a time.

In general, one of two approaches can be taken to reduc
MRI acquisition times: (i) reduce TR delay between acquisi-

. . tion of lines ofk-space or (ii) acquire multipl&-space lines
Accurate measurements of the transverse relaxation timgs b (i) acq PI&-Sp

(T,) of NMR signals are of broad interest for numerous appl Uring each TR. The former approach is simple and effective

/ . ) : tor many cases, but not so for METuantification, because
catlon_s of NMR, including the stuqu of mmrostructure. Wherr]educed TR with 90° excitation pulses will bias the contribu-
the microstructure of a sample is compartmentalized on

'i8n of different water compartments with differefits. This

physmz_zll scale \.Nh'Ch IS ”?”Ch smalle_r than th_e sp:_;ltlal reso'““%ﬂect can be mitigated by using smaller tip-angle excitation
in an image, it may still be possible to identify subvoxe

compartments through their unigue NMR signal characterigylse.s’ but the series of hard refocusing pulses in a multieck
. . . . .~ imaging sequence cannot be assumed to have no net effect
tics. In this manner, multiexponentidl, (MET,) characteris L - o

tics of tissue have been studied for some time Multiecﬁ{ge remaining Io_n_gltudlnal magnetization. . : .
imaging methods have been developéjl §nd implémented . A more promising a_ppro_ach for faster multle(_:ho 'maging
with some success to study METharacteristics of tissues mvol_ve_s acquiring multiple I||_"|e_s_ de-space per R mtt_erval. In
Vivo (2—4). However, because such METmaging methods the limit Qf full k-space ach_usmo_n per spin echo, this extends
use Convéntiondk-sp,ace acquisitions (one line per repetitioto a multiecho echo-planar 'maging (EPI)_sc_heme, su_ch as th

resented recently18), although this case limits resolution and

S\Toei d(ﬂza;ilglt e\,r(\)/ftlzningrﬁfzztesralgn;e%ur:re rzlgehtitriziolnlijrfwlzrs] (igwterecho spacing. In this paper the general case is consider
10 pg . ). . g repet . (ln which a numberNgg, of gradient echoes are collected for
avoid bias from multiple longitudinal relaxation timel,(

. . . each spin echo of a multiecho imaging sequence. We designa
components), scan times are long. Furthermore, in addition P ging seq g

measuring MET characteristics of a sample there is growinth(IDS approaqh rapid acqu_lsmc_)n fransverse ela_xo_me_trlc

. 2 . ATE) imaging and examine its strengths and limitations.

interest in integrated studies of other NMR parameters (e.g.,

magnetisation transfeil;,, diffusion) with MET, characteris

tics (5—11). These studies may be useful in elucidating physical PULSE SEQUENCE

characteristics of subvoxel water compartments; however, due

to long scan times, such investigations are limited in extentAn example of a RATE pulse sequence is shown in Fig. 1

when implemented with conventional multiecho imagingnd is composed of the following distinguishing characteris-

methods. tics. The RF train is that of a CPMG sequence with a slice-
Although significant efforts have been made to establiselective excitation pulse and composite refocusing pulses fc

accurate imaging methods for METuantification, little has improved insensitivity td, and B, inhomogeneity. (If multi

been done to reduce acquisition times of these techniquslice acquisition is desired, these refocusing pulses can b

Previous publications on rapifl, imaging have been aimedmade slice-selective at the cost of reduced refocusing effi

toward the generation of single-compondntmaps (2,13, ciency, which will increase apparei®,s.) Surrounding the

but these techniques are not generally useful for relaxometgfocusing pulses are slice-direction spoiler gradients, whicl
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FIG. 1. An example of a RATE pulse sequence which collects four echo images (NE) With & 4. The stepped phase gradients following the second
through fourth RF refocusing pulses and the small read gradients surrounding these same pulses a@:labdl®d return pulses, respectively, and are used
to initialise thek-space location identically for each spin-echo acquisition period.

follow a pattern of alternating polarity and decreasing amphlveighting of each echo image, read and phase gradients we
tude (L, 19. Given adequate dephasing strength, these spoilexed, in conjunction with the RF refocusing pulses, to returr
gradients eliminate signal from unwanted coherence pathwatfge spins to the same initi&lspace coordinate prior to each
The read gradient channel includBlge lobes of alternating spin-echo acquisition period. (These gradient pulses are le
polarity for acquisition ofNg: gradient echoes during eachbeled in Figs. 1 and 2 & and G, return pulses.)

spin-echo period (labele@y acq pulses in Fig. 1). Note that In order to allow time for diffusion weighting or multiple
Nge represents the factor by which image acquisition rate RATE acquisitions with interleaved echo times, variable de-
increased. Following each read gradient lobe, a phase gradiegs during the first interecho period (T)Ehave been incorpo
blip (labeled G, blip increment in Fig. 1) increments therated. These variable delays are situated at points of zero n
k-space trajectory in a manner shown in Fig. 2. The resultispin dephasing to prevent the induction of variable diffusion
k-space trajectory for each echo is that of an interleavegeighting. Additionally, appropriate magnetization prepara-
segmented EPI acquisitioB@). In order to ensure identical; tion (saturation-recovery, spin-locking, etc.) prior to the exci-
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FIG. 2. An example ofk-space trajectory for any two consecutive echo images of a RATE acquisitioNwite 4 and 16 total phase encode steps. The
return pulses and RF refocusing pulse (see Fig. 1) are used to initiedigace identically for each echo image. These pulses are shown here for the fourth
four segments only.
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tation pulse can be implemented for correlation of variou
parameters with,.
Running a reference scan in the absence of phase-encoc o e
gradients provides the necessary phase information requirec
reconstruct each echo image. Specificakygpace data from o
both the reference and the image data are Fourier transforn
in the read-encode direction. The phases of the reference s
data are then subtracted from the phases of the image data,

the resulting image data are Fourier transformed in the pha: Nee =1, BW=20kHz Nge = 8, BW = 125 kHz
encode direction to produce the image. 8- .
:E;) i ":.A&‘ 5 0 Ny =t
EXPERIMENTAL g ol iy > N =8
240 0 L i 4
'H NMR experiments were performed at 85 MHz on & e : 1-"‘#-.-..,&_‘."9.{.{,_ : Hay iy
31-cm-bore 2.0-T superconducting magnet equipped wi2 !t iiié:: ":":5.'_'_“*"}"‘_‘&':-g‘:+--*--*-“-+";"'
Acustar actively shielded imaging gradients and operated wig * | EhAgar | 1O s 3R Ly 6
a Bruker Avance console. A 50-mm-diameter birdcage cc2 o 50 100 150 200 250 300 ase

Echao Time (ms)

was used for RF transmission and signal reception. Excitatiur
was achieved with a 2-ms-duration sinc pulse, refocusing withFIG. 3. Top: First echo images from a multiecho imaging sequence, one
a 500us, 16-segment 5 Composite pulse designed to beyenerated W|th a conventional acquis_itidlfige = 1) and the other with a
relatively insensitive to botiB, and B, field variations p1), RATE acquisition Nee = 8). Boxes define image and background ROIs, and
o s . images have been cropped to a 3838 mm FOV. Bottom: Mean echo

and unwanted magnetization was eliminated using an altemrﬂ&'gnitudes of the image ROIs from conventional and RATE acquisitibns.
ing and decreasing pattern of spoiler gradiertsl® with @ and SNR measurements from these data can be found in Table 1.
minimum dephasing strength ofi2per pixel.

Data were collected from three cylindrical agar gel samples,
12 mm in diameter, with approximate agar concentrations of f&ting the 32 echo magnitudes to a series of 64 decayin
4, and 6% by weight. The field-of-view (FOV) was 50 mmexponential functions2@) with time constants ranging loga-
generated using 128 samples per echg) @nd 128 phase- rithmically from three quarters of the shortest echo time to
encoding stepsN;), and the number of echoes (NE) collecteghree halves of the longest. The fitting also included a mini-
was 16. The total number of segments required Wg@Nee.  mum energy constraint, which was adjusted to increasg2he

Echo times (TE), number of echoes, receiver bandwidth (BWskatistic by 0.75% beyond that of the unconstrained2).(
number of averages (NA), ands: were varied.

In vivo data were collected from a 220-g, female Sprague— RESULTS AND DISCUSSION
Dawley rat, which was ventilated via tracheotomy tube with a
40/60% oxygen/nitrogen gas mixture and anaesthetized withFigure 3 shows the first echo images and respective multi
the inclusion of 1.2% halothane. To minimize motion artifactscho decay curves from two image sets of the agar gels, one
the rat was paralyzed with a 0.05-mL ip injection of tubocdew bandwidth (BW= 20 kHz) suitable only for conventional
rare. Blood pressurgO,, pCO,, and temperature were ©b acquisitions (i.e.Nge = 1), and one at high bandwidth (BW
served and maintained in a normal physiological range for 4125 kHz) withN¢ge = 8. For each of these images TE was 20
measurements. Three multiecho image sets were collectedpadl, which was near the minimum echo time attainable with
of which used 35-mm FOV, 8 NE, 20-ms TE, 2-mm slicé&;e = 8 and all other parameters constant. It is immediately
thickness, 3-s TR, 2 NA, and following different parametergpparent that the conventional and RATE decay curves are i
(i) 96 X 96 Ng X Np, 15.15-kHz BW, 1Ng;, =~9 1/2 min excellent agreement, differing only in noise level. The back-
acquisition time {,); (i) 96 X 96 Ng X Np, 67-kHz BW, 8 ground signal-to-noise ratio (SNRwas defined as mean #m
Nge, 72-Staqq (iii) 64 X 64 Ng X Np, 125 kHz BW, 16Nge, age intensity of a region of interest from within the sample
24-st,, From each of these image sets, single compofent divided by the standard deviation of pixels from a backgrounc
values were computed on a pixel-by-pixel basis by fitting tHeROl—see Fig. 3. The ratio of mean to standard deviation of
log of the echo magnitudes to a linear function. Echo magnimage intensity of data only from within the sample defined the
tudes with SNR< 6 were ignored to prevent bias from backimage SNR (SNR. From within the image ROIT,s were
ground noise. calculated on a pixel-by-pixel basis and Table 1 summarize

To assess the ability to measure multiexponeriiialising observed SNRs andl,s for a variety of imaging parameters.
RATE, two further image sets were acquired, each with 32 NEpt surprisingly, the SNR measurements are approximately
one with conventional acquisitions (ds), 40-kHz BW, and proportional to (NA/BWJ?. Since the number of averaged
12-ms TE, the other using RATE (Mg, 100-kHz BW, acquisitions possible per unit time is proportional NQg it
13.25-ms TE and 14-ms TET, spectra were generated byfollows that the SNR per unit time is proportional toNgg/
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TABLE 1
SNR and T, Measurements of Agar Gel Samples Data from Acquisition with 16 NE
and Various BW, TE, NA, and Nge Parameters

BW TE ~acq SNRs SNR 2% agar 4% agar 6% agar

Nee (kHz) (ms) NA (min) (in 2% agar) (in 2% agar) T, (ms) T, (Ms) T, (Ms)
1 20 20 2 8 1/2 162 84 93 2.0 46+ 0.9 31+1.3
1 125 20 2 81/2 67 44 92 2.7 46+ 2.0 32+ 22
1 50 12 2 8 1/2 105 78 88+ 2.2 43+ 1.5 3014
2 125 12 2 4 1/4 62 61° 89+ 2.6 45+ 2.1 3114
8 125 20 2 1 64 50 92 3.4 45+ 2.0 32+ 1.6
8 125 20 8 4 1/4 133 83 92 2.8 45+ 1.6 31+1.2
8 125 20 16 8 1/2 182 64 89 2.2 43+ 1.5 3014
16 125 32 2 1/2 62 42 92+5.9 44+ 35 3128

@ Corrected by exp{8 ms/92 ms) to compare with data collected at 20-ms TE.
® Corrected by expf12 ms/92 ms) to compare with data collected at 20-ms TE.

BW)"2 Given an otherwise fixed set of imaging parameter§p% reduced resolution (64 64). Increasing TE beyond 20
the required bandwidth increases proportionally to kg, ms would allow further increasdds: and thus further reduced
making SNR per unit time approximately constant. The SINR acquisition times. Figure 5 shows tfle decay curves and
which is affected not only by thermal noise but also by sysorresponding’, spectra from a trigeminal nerve ROI, both of
tematic errors in the imaging sequence (e.g., ghosting), wakich show a close correspondence between the convention
found to be approximately the same fdg: of 1, 2, 8, and 16 and RATE data. The increased smoothness of the RATE dal
with a fixed BW. T,-spectrum compared to that from the conventional acquisi
Animal imaging data are presented in Figs. 4 and 5. Figutien is reflective of a lower SNR, but the mean componkyst
4 shows the first echo image of the rat brain from the conveand signal fractions are quite similar (see legend to Fig. 5).
tional acquisition for anatomical reference and thfgemaps If simple single-component, maps are desired, there are
calculated from each of the three eight-echo image sets aome alternative techniques to consider. Again, repeated EPI
quired. TheT, estimates and variance were similar for all thresegmented EPI can be used to rapidly generateaps. While
imaging protocols, despite an 8-fold reduction in acquisitiohis approach has the benefit of being easily implemented o
time at a fixed resolution (9& 96) or a 24-fold reduction at a many systems without pulse sequence development, it is gel
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FIG. 5. Echo magnitudes of trigeminal nerve ROIs from conventional and
FIG. 4. Top: First echo image from a conventional multiecho acquisitioRATE acquisitions (top) and their correspondifigspectra (bottom). For the
and a corresponding, map. Bottom: SimilarT, maps derived acquisitions conventional acquisition, the two brodd components have signal fractions
usingN¢e of 8 and 24. Boxes identify gray matter and muscle ROIs and theand mearT ,s of 13% at 19 ms and 87% at 87 ms. For the RATE acquisition
mean= standard deviatiof ,. the components are 15% at 22 ms and 85% at 87 ms.
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erally limited in spatial resolution and/or minimum acquisition/  In vivo measurements of multi-component T2 relaxation behaviour
echo time compared with RATE, because of the inclusion of " guinea pig brain. Magn. Reson. Imaging 17(9), 1319-1325, 1999.
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however, included echoes at TEs as short as 4 ms, which would components in bovine optic nerve. Magn. Reson. Med. 40(3), 405~

. ) i 410, 1998.
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. . 2. R. Deichmann, H. Adolf, U. Noth, S. Morrissey, C. Schwarzbauer,
decay curve using MRI, we are unaware of any othgr p_ubhshed and A. Haase, Fast T2-mapping with snapshot flash imaging.
techniques to which RATE can be compared. In principle, one Magn. Reson. Imaging 13(4), 633-639, 1995.
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