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The demagnetizing field produced by the nuclear polarization d
can induce refocusing of multiple spin echoes. We show that ot = y[M X (By + G5 + woM,Z]
multiple spin echoes can be observed in vivo with a clinical MR
system at 1.5 T. Strategies for the spatial localization of the (M,— Mgz (M& + M) d2Mm

multiple spin echo signals are considered. Multiple spin echo
studies in brain white matter and skeletal muscle in healthy
volunteers are reported. The dependence of the signal amplitudes

on the experimental parameters is compared W'th the theory. The The additional term introduced by the nuclear demagneti:
sources of contrast for MRI and the perspectives for medical

applications are discussed. © 1998 Academic Press ing field m_akes the equation_non-linear in the magnetization \Y
Key Words: multiple spin echoes; diffusion; in vivo; demagne- The solution of these non-linear Bloch equations can be e:

tizing field; localization. pressed as a superposition of harmonics whose amplitud

decrease with the order of the harmor8g. (The nth-harmonic

generated by the spatial modulation of the longitudinal mac

netization is refocused by the field gradient at a time and

I. INTRODUCTION produces a spin echo.

Lee et al. (5) have shown the connection between the de
magnetizing field and intermolecular dipolar couplings. Mo
ecular tumbling effectively decouples spins that are separat

much less than the molecular diffusion distance on the timr

T, T, " dz - g

The effect of the small contribution of the nuclear polariz
tion to the bulk susceptibility is normally neglected in NM

experiments. In highly polarized systems and in concentra

solutions, however, the nuclear dipolar demagnetizing field ¢ ﬁ?leeg:;tgi t:rlwvtli ?:Ezrr'én;lt' C,T:fbﬁs}'gﬁedépo(l)?;rcggﬂ:g
have important consequences. In particular, when the longifu- W ! P! ponsi 'p gr

dinal magnetization of the spin system is spatially modulatedf'"9 field, and can give rise tp_lptermo!ecular multiple quan
. : L . tUm coherences6j. The sensitivity of intermolecular Zero

the nuclear dipolar field significantly perturbs the evolution g - I . .

uantum Coherences to susceptibility variations in rat brai

the transversg component 9f the ma gneti;ation. A conceptuaha/s been recently demonstrated by Warren and co-worRers (
simple case is the refocusing oliltiple spin echoes (MSEs) In a uniform spherical sample the net dipolar field is zero

following the two RF-pulse sequence of Fig. 1. In the eVOIUtiOQecause of the symmetry of the dipolar interaction. When

period between the two pulses, the transverse magnetization is . - T
dephased by the applied field gradient and forms a he IXodulat|on of the Iongltgdlnal magnetlzatlo_n is introduced

. : . . e.g.,by the sequence of Fig. 1, the symmetry is broken, and tt
structure in the rotating frame. The final pulse results in @

sinusoidal modulation of the longitudinal and transverse co 3pins experience a net dipolar field. The dipolar nature of tf

ponents of the magnetization. Although a single echo is p:Hemagnetlzmg field is apparent in the dependence of the a

Siitude of the multiple spin echoes on the direction of the
dicted by the solution of the Bloch equations, multiple spiR C e . : .
echoes at imes23r, etc., have been observed in sofid 4nd applied field gradients. When the modulation of the longitudi

liquid (2, 3 He and, more recently, in wate8.(4). This phe- nal magnetization is along an axis at an angle of 54.7° degre

nomenon has been explained by including the effect of tfr}v(]alth respect to the static magnetic field (the "magic angle”)

demagnetizing field in the Bloch equatioris-8), which, in the e effect of the demagnetizing field vanishes, and no multipl

resence of a strong linear field gradient alangan be written spin echoes are observed.
P 9 9 hea! The potential application of multiple spin echoes in MRI anc

in in vivo NMR has been envisaged by several auth8rsl(),
1 To whom correspondence should be addressed. mainly in relation to diffusion studies. The modulation of the
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FIG. 1. A simple pulse sequence used to generate multiple spin echoes.

longitudinal magnetization is destroyed by diffusion processes D’.k Isa funct|on_ ofr, of the diffusion constant D and of the
causing the dipolar demagnetizing field to vanish for long eci"f‘(?p“ed field gradient G,
times. Thus the second echo amplitude strongly depends on the
apparent diffusion coefficient of the spins, and multiple spin-
echo imaging might represent an alternativeutsedgradient 1 ) )
spin echo (PGSE) studies. Multiple spin echo experiments c@&dA = 3(3 cosf)” — 1), wheref is the angle between the
also be used to probe the structure of heterogeneous samgléslient ancz. The amplitude of the second echo is maximun
(11). In fact, the echo amplitude is sensitive to sample struct@ @ gradient parallel ta, and vanishes whed = 54.7°
on a length scale equal to the pitch of the spatially modulatéggrees.
longitudinal magnetization9( 11). Intereference phenomena It is apparent from Egs. [2]-[4] that, for a given D*, larger
have been predicted for samples with periodic structut ( gradients result in smaller multiple echoes. The minimun
Thus, in spite of the intrinsic low sensitivity, MSEs are poterstrength of the gradient is limited by the size of the sample
tially very interesting foiin vivo characterization of tissues andndeed, in order to have a sinusoidally modulated longitudinz
for MRI. magnetization, the variation of the magnetic field through th
Multiple spin echoes have previously been observed in vetgmple has to be much larger than the demagnetizing 8ld (
high magnetic fields. In this paper, we show that MSEs can b€r large samples, multiple spin-echoes can be observed
detectedn vivo at relatively low magnetic fields, such as thosgelatively low magnetic fields, such as those used in routin
used in clinical MRI. Sequences for spatially localized MSElinical MRI.
experiments have been developed to study MBEsivo in Figure 2 shows$H echoes obtained with the sequence of Fig
specific tissues. We have investigated the dependence of @t 1.5 T in a clinical Siemens Vision scanner. The sampl
MSE amplitudes on experimental parameters in skeletal mg@nsisted of a 18-cm-diameter Perspex sphere filled wi
cle and in brain white matter in healthy volunteers. The sourc@gionized water (resistivity> 18 M(cm). The signal was
of contrast in MSE imaging are discussed. We show that fin@€quired with a circularly polarizetH head coil. A gradient of
T, effects are important, especially in skeletal muscle. THeMT/m was applied along the direction B), and the inter-
dependences of the MSE amplitudes on gradient strength &€ intervalr was set to 50 ms.
echo time in tissues and in homogeneous samples are conf-igure 3 shows the dependence of ratio of the second to t
pared. Whereas MSEs in homogeneous samples can be ftigt echo amplitude on the strength of the applied field gradie
scribed by a simple theory, the heterogeneity of tissues makes
the interpretation of the data less straightforward. The perspec-

D* = (y*G*) D7 [5]

tives for medical applications of MSE imaging are discussed.

@ 2nd echo
1. MSEs WITH A CLINICAL MRI SCANNER g Istecho x200  aann
S magic angle
The amplitudes of the multiple spin echoes depend on the %

magnetization of the spin system, and are larger for larger 3 2nd echo 3rd echo

magnetic fields. Second spin echo amplitudes of the order ofa g . x4 . X 20

few percent of the first echo have been observed in wajeat( g -~ -

11.7 T. However, the amplitudes of the multiple spin echoes % /\\ ~

also depend on the strength of the applied field gradient G. The —
ms

solution of Eq. [1] neglectind, effects predicts a ratio of the
second to first echo amplitudé&s), time
a FIG. 2. Measured 1st, 2nd, and 3rd echoes in water at 1.5 T with50

2 _ GZD*ISBF(D* Yo T, [2] msand agradient of 1 mT/m alomginset: 2nd echo measured when gradient
aQ is at magic angle t@,,.
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WwE T T ' ‘ = mental parameters and to discriminate between different ti

oo o ° ] sues, it is necessary to develop a technique for the spat

water ] localization of MSEs. Some of the possible strategies at
o discussed in the next section.

1E head e e ° e o

. ] I11. SPATIALLY LOCALIZING MSEs

a2/al(%)

The simplest way to acquire MSEs from a selected volum

is to combine the basic sequence of Fig. 1 with a standa

. 1 ! volume-selective spectroscopy sequence. We have studi

0'10‘01 01 1 10 three different schemes, based on some of the most popu
G(mT/m) localization sequences, 1S133), PRESS 13), and STEAM

FIG. 3. Ratio of the 2nd to the 1st echoes acquired with the sequence(c:)IT4)' The three sequences are shown in Figs. 4a-4c, resp
Fig. 1 from a water phantom and from the head of a volunteer as a function brely. ) ) ) ) )
the strength of the gradient applied alongr = 50 ms). ISIS relies on the cancellation of the signal contributior

from regions out of the volume of interest by applying com-

binations of three selective inversion pulses which define
in the water phantom and in the head of a volunteer. In wategboid of material. We found that, although this approac
values close to 8% were observed for gradients below 1 mT/yields an efficient localization of the first echo, it is not effec-
The amplitudes of the MSEs in tissues are smaller, and prestwve for the second echo. The reasons are apparent in Fig.
a different dependence on the applied field gradients. In ordenich shows two subscans of the sequence of Fig. 4a, o
to study the dependence of tire vivo MSEs on the experi- involving just a read pulse, and one preceded by a sing
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FIG. 4. Possible sequences to acquire multiple spin echoes from a localized volume. (a) ISIS-MSE, (b) PRESS-MSE, and (c) STEAM-MSE.
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in the oil and 11QM in water). The dependence of the seconc
1st echo 2nd echo x 80 to first echo amplitude on the evolution timés also different,
due to the different self-diffusion coefficients in water and ir

a
oil. Whereas the diffusion of water molecules results in :
consistent attenuation of the modulation of the magnetizatic
for the longer values of, the high viscosity of the polydim-

b-w\/\f

ethylsiloxane ensures appreciable MSEs in the entire range
T explored. The lines in Fig. 6 show the result of fitting the
experimental data with Eq. [2]. For water, we have used th
experimentall, and a diffusion coefficient of 2.% 10™° cn?
s~ 1, the only fitting parameter being a scaling prefactor. Th
agreement between the data and the theory is very good. F
the oil, the prefactor has been fixed by rescaling the prefact
FIG. 5. The 1st and 2nd echoes for ISIS-MSE subscans. (a) 90--120/2" Water by the different concentration of protons, and th
acq. (b) 180°~90°~120°-acq. diffusion coefficient has been used as a fitting parameter. Tl
fitting procedure yieldd = 0.38 X 10 °cn?s %

The relative amplitude of the second echo obtained with th
inversion pulse. Whereas the phase of the first spin echoPRESS-MSE is smaller than that obtained with the unlocalize
reversed by the initial inversion pulse, the phase of the secoM&E sequence on the same sample. This attenuation is cau
echo is not. In fact, the initial inversion pulse results in a phasy T, relaxation during the first part of the localizing sequence
inversion of the spatial modulation of the longitudinal magnéFhe smaller amplitude of the spatially modulated longitudina
tization, and a consequent 180° degrees shift of the secandgnetization after the last pulse results in a net reduction
echo phase, which compensates the effect of the inversibe MSE amplitude. In STEAM, the magnetization is storec
pulse. Thus, when the 8 experiments corresponding to thieng thez axis by the second 90° pulse and is recalled usin
combinations of the three initial inversion pulses are addedthird 90° pulse. This sequence produces stimulated echc
together, the second spin echo from the volume of interestwith a net loss of a factor 2 in the magnitude of the refocuse
cancelled to the same extent as the contribution from theagnetization. The amplitudes of the MSEs generated by tl
external region, and no signal is observed. In conclusicio/lowing 120° pulse are further reduced due to the smalle
localization schemes based on selective inversion of the mémpagitudinally modulated magnetization. Thus, STEAM-MSE
netization in the volume of interest are not straightforwardiig in principle less efficient than PRESS-MSE. However
applicable to MSEs. STEAM-MSE might be advantageous in the case of very sho

More promising are single-shot approaches where the regidy when the transverse relaxation during the localization pa
of interest is selectively excited, such as PRESS (Fig. 4b) @r PRESS-MSE would result in a dramatic loss of signal.
STEAM (Fig. 4c). In PRESS, a selective 90° pulse is applied We have observed occasional refocusing of spurious echc
to a slice, and the signal is refocused by two selective 18fifllowing the PRESS-MSE sequence. These echoes are like
pulses applied to orthogonal slices. Only the signal from the be due to pulse imperfections, which cause antiphase me
volume of interest is refocused after the third pulse. At this
point, we have applied the field gradient that spatially modu-
lates the magnetization, and the final 120° pulse to refocus the 23 o water
multiple echoes. o oil

The PRESS-MSE sequence has been applied to a test object. 2
designed to estimate the accuracy of localization techniques§
(16). The sample consists of a 15-cm-diameter sphere filled £ ! 5¢
with an aqueous solution containing 0.IMWGdDTPA, 0.05
mM MnCl,, and 90 nM NacCl, to obtain typical coil loading
conditions. The longitudinal and transverse relaxation times
were 800 ms and 200 ms, respectively. A 5-cm Perspex cube
filled with polydimethylsiloxaneT; = 785 ms,T, = 195 ms)
was suspended in the agueous solution. The ratio of the am-  * ™ 0 ™ w0 w0 w0 1o 140
plitudes of the second to the first echo for (4 émplumes T (ms)
selected in each material and as a functiom isfshown in Fig. , _

6. The maximum relative amplitude of the second spin ecla9|;IG. 6._ Ratio of the 2n(_i to the 1st SChO amplitude for_ wgter and poly_

) o ; . ethylsiloxane as a function affor G, = 1 mT/m. The solid lines are fits
observed in oil is smaller than in water, due to the differed gq. [2]. Inset: Schematic of the test object designed to test the accuracy
proton concentrations in the two liquids (approximatelyMO Iocalization techniques.

T

15cm

5¥

signal rat
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FIG. 8. Ratios of 2nd to 1st MSE signals from the brain of a volunteer
(localized volume shown in Fig. 7) as a functionmdbr two different gradient
strengths. The solid lines have been generated by fitting Eq. [2] to th
experimental data.

field gradient. The gradient was aligned along the magnet
field (z direction). A long repetition timeTR = 8 s) was used
to avoid interscan stimulated echoes. Figure 9 shows the €
perimental MSEs from the calf of a volunteer. The signal wa
acquired with the basic unlocalized MSE sequence of Fig.
The volunteer was lying supine, with the calf muscle fibre:
approximately aligned with thB, magnetic field. A circularly
polarized Siemens “extremity” coil was used for this experi:
ment. Data were acquired both with the gradient alBggand

FIG. 7. .Tr'ansverse 2D FLASH MR image of a volunteer’s brain. Thhence para||e| to the muscle fibers) and with the gradier
vn:rg;? box indicates the & 4 X 4 cn? voxel chosen for the MSE measure—orthogona| to theB, field.

' Equation [2] provides an insight into the dependence of th

signal ratio upon the NMR parameters. If diffusion afg

netization terms at the end of the localizing part of the s&€laxation are neglected, the signal intensity increases wi
guence. These antiphase terms are then refocused undertgeasing echo time and asymptotically reaches an equili
effect of the field gradient after the last pulse. Even small pul§¢m value determined by the magnetizatith,. However,
imperfections can cause echoes of amplitude comparable to
that of the multiple spin-echoes, since they come from ex-
tended regions of the sample. Control experiments with the
gradient set at the magic angle with respect to the static 5
magnetic field have been performed to discriminate MSEs
from these undesirable echoes.

U —

o Gz=5mT/m
0 Gz=10mT/m
¢ Gx=10mT/m

IV. IN VIVO MEASUREMENTS: RESULTS
AND DISCUSSION

signal ratio (%)
(=]

We have acquired MSEs from calf muscle and brain white 01
matter in healthy volunteers. The sensitivity attainable at 1.5 T
allowed detection of the first and second echoes only. For the ol L
brain studies, we have used PRESS-MSE to localize a volume 10 2 0 0 %0 60 7
of interest of (4 cnt) (Fig. 7). Even if a contribution from grey T (ms)
matter is expected from such a large volume, the signal intenFIG. 9. Ratios of the 2nd to the 1st echoes from the calf of a voluntee

sity should be dominated by white matter. The data We?@quired with the basic sequence of Fig. 1 as a functionafd of gradient
| strength and orientation. The solid lines are fits to Eq. [2]. The phase of the 2i

vaUIred with a CIrCUIarIy polanzed Slemens head coil. In Fl_gchoes acquired with the gradient orthogonal to the static magnetiBfjetd
8 we show the dependence of the ratio of the second to fiffferted with respect to the phase of the 2nd echoes acquired with the gradi
echo amplitudes on the echo time for two values of the appliedngB,, as expected from Egs. [2]-[5].
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molecular diffusion blurs the modulation imposed on the loMMSE image by the apparent diffusion coefficients characteri
gitudinal magnetization, and results in a decay of the sign# of different diffusion lengths.

ratio for long echo times. SimilarlyT, relaxation mechanisms  Another effect of the sample heterogeneity has been el
cause the signal ratio to decay with increasing echo times. Tdntly demonstrated in RefL1). Warrenet al. (8) first noted
second echo amplitude is affected by diffusion andpro- that in the presence of a spatially modulated magnetization, tl
cesses more strongly than the first echo. In addition to t@golar field experienced by a specific spin results mainly fror
obvious increase in contrast due to the extra evolution tmethe magnetization within a distance shorter than the pitch of tt
the second echo amplitude depends on the amplitude of [jgqulation. When the wavelength of the modulation is com
spatially modulated longitudinal magnetization, which is ajsaraple to the characteristic length scale of the structure of t
fected by decay processes during the first evolution pe”%@ample, the signal ratio depends on the local magnetizatio

Thus, the second echo decay is determined by a faCFgfher than on the average magnetization. This allows tt

exp(—47_/T2)_. In principle, MR imaging W'th_ MSEs _offers sample structure to be probed at a length scale that is relatec
better diffusion andr, contrast than conventional spln—echqhe pitch of the modulation. This new source of contrast i

techniques, at the cost of much reduced sensitivity. tentially very important for tissue characterization, since |
Equation [2] gives a good description of the experimentgp y very imp '

data for homogeneous systems, such as the water andp{)ﬂ:/ides infqrmatiqn on th(_a microscppic s_tructure of the tissu
phantoms described in the previous section. In tissues, holithout requiring high spatial resolution. Tissues present stru
ever, the agreement between the theory and the experimenf&igS at several length scales, from a subcellular level 1
much poorer. In Figures 8 and 9, we report the result of the ftacroscopic supracellular structures, and the heterogeneity
of Eq. [2] to thein vivo experimental data. We have usBg= expected to af_fect the signal ratlo_m a wide rangerofAn
90 ms andT, = 35 ms for white matter and skeletal muscle®PPortune choice of and of the gradient strength should allow
respectively {7). In white matter, PGSE measurement8)( Probing the tissue at specific lengthscales. A theoretical a
yield apparent diffusion coefficients in the range 0.4—%.3 proach to MSEs in heterogeneous systems is presented in Re
10"° cn? s~ dependent on the orientation of the field gradier{®, 11). However, the current theory only applies to the case
with respect to the myelin fibers. In our fit, we have used thwn-restricted diffusion, and further developments are nece
average of the diffusion coefficient in the different orientationsary to interpret MSESs in tissues.
since the myelin fibers do not present homogeneous orientationt is apparent from the fit reported in Fig. 8 that the basi
in the large volume investigated. theory of Eq. [2] underestimates the decay of the second ec
Skeletal muscles also present anisotropic apparent diffusi@mplitude withr. With increasingr, i.e., for a shorter pitch of
coefficients of 2x 107> cn? s™* and 1.1X 10 ° cn? s%,  the spatially modulated longitudinal magnetization, the expe:
parallel and perpendicular to the fibers, respectively. For thient probes shorter diffusion lengths. For short diffusior
calf, we have used these two values for the the two orientatiqaagths, the water molecules are less likely to encounter boun
of the gradient ¢ andx, respectively) 18). _ aries, and the apparent diffusion coefficient is larger. Thi
The discrepancy between theory aimdvivo data is not mignt cause the faster decay of the MSE signal observed f
surprising. In fact, Eq. [2] is obtained by solving the modifieqiOng 7s. In our set of experiments, the pitch of the modulate:
Bloch equations (Eg. [1]) for an homogeneous system, whilg, hatization ranges between 1.17 mm and 0.167 mm, whi
tissues are highly heterogeneous. The amplitude of the MSEi§;|| |arge when compared with the size of the fibers. It woul
sensmvg to '_[he “35”9 _structure via s_everal parameters_. be interesting to extend this study to shorter pitches, to increa
The diffusion coefiicient of Eq. [1]. Is a constant only in th(?he resolution and probe the tissue at shorter length-scales. T
case of homogeneous systems. In tissues, the measured aqi%{i_ng factor is the sensitivity, which should be better at
ent diffusion coefficient depends on the length of the diffusion . ! .
égherBo fields. Large deviations from the function of Eq. [2]

path probed by the experiment (i.e., for a certain value of t | b din th I In that set of : ts. il
gradient, on the echo time and restricted diffusion boundariegae aiso observed In the call. in that set of experiments,

In fact, water diffusion in biological tissues is hindered by tha ) ) .
presence of cell membranes, organelles, and supracellulaf®" comparison, we have also acquired first and secor
structures. For short paths, the probability of a molecule e®Choes in a gel sample (5% gelatine by weight in distille
countering a barrier is smaller than for long paths. For multipé@ter, T, = 750 ms). The ratio of the second to first echc
spin echoes, the relevant diffusion path length is related to f@Wplitude is shown in Fig. 10 as a function effor two

pitch of the modulation of the magnetization: different gradient strengths. In this case, Eq. [2] accuratel
describes the dependence of the signal ratio on the experime

tal parameters. The fit reported in Fig. 10 gives a diffusiol
coefficientD = 2 X 10 ° cn? s L. Thus, tissues present a
higher degree of complexity, and gels do not seem to be a go
By varying the pitch, it should be possible to weight thenodel for the tissue heterogeneity.

ortest pitch was 0.0585 mm.

P = 2m(yGr) ™% [6]
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8 ———— T problem of sensitivity could be mitigated by increasing the
field strength.

o Gz=2mT/m
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