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This is a trial to simplize sequences to get the relaxation function need not be limited to double- or triple-quantum coherence
f3,(t), which is usually detected by the double- or triple-quantum We call a sequence a mixed coherence transfer (MCT) s
indicate that only two phase cycling is needed to get the f,(t)  coperence levels include all levels. DQF sequences may
function, which shows the advantage of S/N (signal-to-noise ratio) in composed of at least two steps, however, it is usually used
a minimum acquisition time. The filtering of coherence levels in the 8-step phase cycling ' '

creation time need not be limited to double- or triple-quantum co- a7 . .
herences. An ®Rb signal from a 4% (w/w) agar powder in 500-mM The™Rb signals from 4% (w/w) agar powder in 500vin

RbCI solution is recorded at 130.9 MHz as a Larmor frequency using RPC S°|Uti0'_1 are recorded at 130.9 MHz as a Larmo
a Bruker MSL 400 spectrometer. © 1998 Academic Press frequency using with a Bruker MSL400 spectrometer. Thi

sample with rubidium is a typical sample of biological
systems which acts biexponentially to transverse relaxatic
INTRODUCTION characters9).

In many biological systems, the nature of multiex- THEORY
ponential decay of aAMR signal, which usually has two
components (the satellite and the central transitions) in anA new filtration (mixed coherenceransfer, MCT) sequence
isotropic slow motion system has been used to analyze iorignsisting of threer/2 pulses and one refocus pulse is
motion. The condition of an isotropic slow motion is thelemonstrated here. The sequence is
relation of wg < ot < wp where ¢5 and ¢, are the quad-

rupo_lar s_plitting and Zeeman frequency_ amdis a cor- (12) 1=t 2~(70) y —tad 2771 2) ot )71 2) -t ACT ) o
relation time between the nuclear electric quadrupole mo-
ment and fluctuating electric field gradients. The usual

i . . where the phases,, ¢., ¢, @3 and ey are phases of each
double- or triple-quantum filtered (DQF or TQF) NMR has ulse and a receiver, and its phase cyclings are listed in Tat

been “S?d as a _pow_erful tool to analyze the dou_blg_ The creation timg, is taken into consideration in calculating
exponential decay in this system. An advantage of multlplﬁ;'e density matrix of this system, bt is zero finally in the

quantum filtering NMR is the new spectra of the reIaxatiopACT experiment

function f5,(t) = VE/5(expRit) —expRy), versus the re- The evolution of the density matrix of this spin-3/2 iso-

laxation functionf,(t) = F(3expRyl) + 2 expRyl)) derived tropic system can be calculated as follows: A density opel

_by the c_onvent_|onal smglef—pulse NMR. The k_e-y t0 analyza-tor in the thermal equilibrium state is expressed with th
ing the isotropic slow motion phase of the spin 3/2 system

was the double-exponential treatment of FID, 2, 4— |rr_edu0|ble tensor operatoflg, andT,,. The notations 1 and
11, 14-16. p in the operatofT,, correspond to a rank and a coherence

. . T level which in turn are related to modulations of free pre
This paper shows a trial sequence to simplize sequences to_ . . :

. . . . : cession with transverse relaxation, and to RF pulse, respe
get the relaxation functioffi;;(t) in an isotropic phase. The

results indicate that only two phase cycling is enough to get tH\éely' TO(.’ can b_e |gn_ored anytime, because it is represente
f5,(t), and filtering of coherence levels in the creation tim‘évIth a unit matrix which does not change by any modulatior
s1Ih and which cannot be detected at acquisition tifg, on the

1present address: Brainway Device Group, BSI, RIKEN, 2-1 Hirosaw@ther hand, transfers infb,; andT,_, by the first=/2 pulse.
Saitama, 351-0198, Japan. The coherence levelp and —p in the tensor operators
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TABLE 1
Calculated Results of @ and B in Eqg. [4] for a Pulse Sequence Composed of Three 90° Pulses and a Refocus 180° Pulse

¢y b, b3 r a B p Uiy U5 b3 o a B p

0 0 0 0 0 0 even 0 2 0 0 0 0 even
0 0 0 1 S S even 0 2 0 1 -s -s even

0 0 0 2 0 0 even 0 2 0 2 0 0 even
0 0 0 3 -s -s even 0 2 0 3 5 S even

0 0 1 0 g4 -s even 0 2 1 0 —g4 s even

0 0 1 1 0 0 even 0 2 1 1 0 0 even
0 0 1 2 —-g4 S even 0 2 1 2 g4 -s even

0 0 1 3 0 0 even 0 2 1 3 0 0 even
0 0 2 0 0 0 even 0 2 2 0 0 0 even
0 0 2 1 -s -s even 0 2 2 1 5 S even

0 0 2 2 0 0 even 0 2 2 2 0 0 even
0 0 2 3 S S even 0 2 2 3 -s -s even

0 0 3 0 —-g4 S even 0 2 3 0 g4 -s even

0 0 3 1 0 0 even 0 2 3 1 0 0 even
0 0 3 2 4 -s even 0 2 3 2 —-g4 s even

0 0 3 3 0 0 even 0 2 3 3 0 0 even
0 1 0 0 0 0 odd 0 3 0 0 0 0 odd
0 1 0 1 0 0 odd 0 3 0 1 0 0 odd
0 1 0 2 0 0 odd 0 3 0 2 0 0 odd
0 1 0 3 0 0 odd 0 3 0 3 0 0 odd
0 1 1 0 0 0 odd 0 3 1 0 0 0 odd
0 1 1 1 -s -s odd 0 3 1 1 -s -s odd

0 1 1 2 0 0 odd 0 3 1 2 0 0 odd
0 1 1 3 s s odd 0 3 1 3 s s odd

0 1 2 0 0 0 odd 0 3 2 0 0 0 odd
0 1 2 1 0 0 odd 0 3 2 1 0 0 odd
0 1 2 2 0 0 odd 0 3 2 2 0 0 odd
0 1 2 3 0 0 odd 0 3 2 3 0 0 odd
0 1 3 0 0 0 odd 0 3 3 0 0 0 odd
0 1 3 1 -s -s odd 0 3 3 1 -s -s odd

0 1 3 2 0 0 odd 0 3 3 2 0 0 odd
0 1 3 3 s s odd 0 3 3 3 s S odd

Note.¢,, ¢,, @3, andeg are phases of the three 90° pulses and receiver phases. Phases of the 180° pulses are set to be the same as that of the first
(¢,). s stands for\/5 in this table.p represents the coherence level just after the second 90° puiserepresents 02, andodd representst1, =3,

appear in pairs, so that we will discuss the positive terms fathereR, is the satellite transition rate aiyj is the central one
simplifying discussions of evolutions of the density operatdf). The refocusr pulse has no effect on this density matrix
of this system. The negative terms will be taken into accouexcept that of reversing the coherence levels.
in the final results. The secondr/2 pulse produces another set of tensor operators t
During the evolution time&, the operatofT,, is converted represent various kinds of coherence orders,Tig.is converted
into T5, andT,; dressed with relaxation functiorig,(t,) and into T,; or T, and Ty, into T3 Ta,, Tay OF T, The relaxation
f,1(t;) as coefficients, respectively. Note that a second radkring the creation timé, along with the thirdm/2 pulse, serves
and single-quantum tensdr,; cannot be created during anyto modulate the density operator and to create various oth
precession period with relaxation in the isotropic systetensor operators dressed with proper relaxation functions. If v
(2, 13, 17. Explicit forms of the function$,,(t) andf,,(t) are simply take into account all tensors having all ranks throug
expressed as this pulse sequence, the final detectable density operator duri
an acquisition timé, is expressed with the nine terms

o)

fau(t) = fi5t) = V? (eft — ) [1] (@1, @2 @3 1, 1, ta) = Afy(ty) f14(to) F1a(ta) Toy

1 + Bfll(tl) f21(t2) le(tS)Tll
fu(t) = 5 (3 + 2¢™), [2] + Chy(ty) fau(ty) fuolty) Tuy
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+ Dfyy(ty) fra(to) f1a(te) Ty a 1.2 ' T ™
1.0 4
+ Ef21(t1) f22(t2) le(tB)Tll ’:T o8l N
+ Ffa(ty) fap(to) f1a(ts) Toy > 0.6 -
+ Gfyy(ty) fia(ty) Fra(ty) Toy é z: i 7
+ Hfgy(ty) fas(ty) fia(ts) Ty 0.0
+ 135ty faolty) fia(te) Ty, [3] “¢ é : l" 1 é '0'20‘ . é . ; . é
- -3 " -3
whereA, B, C, ..., are determined by phase setsof, (©,, ¢3). Time (x10~ sec) Time (x107 sec)
It would appear that several of the terms in Eq. [3] can be
overlooked for the following reasons. The termspfE, andF b T T T
should not be created in this isotropic system bec#@yisgoes not . 1.0 N
exist during evolution timé;, as mentioned above. For the same : 3
. X o . 8 S 051 -
reason—that is, the absenceTgf during the acquisition period z >
ty—the termdB andH can also be ignored. It should be noted here g 2 .0
that if we set the creation timgto be zero, theffy,(t,) andf, 4(t,) = £
will be zero, and;4(t,) andf;(t,) will be 1 (the explicit form of B 05
faq(t) is faq(t) = é(z exp Rit) + 3 expRyt)). Thus the final ‘ . .
density operator includes only the two terdsnd|. 0 2 4 6 0 2 4 6
We can now derive the final signal at acquisition times Time (x10™ sec) Time (x10” sec)
atrace of a product of the and shift operators™ = I, = il v
The final result is o — SE—
1.0t - 1.0} 4
Signaley, @2 @3, @r, 1, B, to) 3 53\%}‘ 35
& 0-5‘? D — & 0.5
= a(@y, @2 @3 @r) fau(ty) fia(ts) 2 \ k"i‘m § 2
2 0.0l i) 2 00
+ B(@1, @2 @3 @r) fraty) f1a(ts), (4] ~_{'5’ ' _'g )
-0.5 - 05 i
wherea and are as listed in Table 1. The phases of the RF L L
pulses in Table 1 are varied at 90° steps. The receiver phase is 0 2 4 6 0 2 4 6
the same as the first 90° pulse,). Time (x10” sec) Time (x10™® sec)

FIG. 1. Free induction decays 8fRb in 4% (w/w) agar solution detected
from sequences of (a) single pulse, (b) DQF, and (c) MCT. Number o

TAB_LE 2 accumulations for the single pulse experiment, as well as for the DQF ar
Examples of Phase Cycling of the MCT Sequence MCT experiments, was 1024. Signals of (b) and (c) are normalized by the pe
intensity of the on-resonance part of FID(c). The sampling time and filterin
() width for all experiments were 20s and 100 kHz.
o 0 1
@r 0 1 . . - .
@ 0 0 Each of the signals in Table 1 can be classified according
@3 1 0 the phase setspf, ¢,, @3, ¢r) as one of three types:
PR 0 0
(b) type 1: Signal=0 [5]
@ 0 1 2 3 0 1 2 3 type 2: Signal= a,f3(ty) fia(ts) + Bofia(ty) f1a(ty)
o 0 1 2 3 0 1 2 3 =
o 0 1 2 3 3 0 1 2 _\° E
s 1 2 3 0 3 0 1 2 =+ T fal(tl) f13(t3) * \f5f11(t1) fll(tS) [6]
Pr 0 1 2 3 3 0 1 2

type 3: Signa) = a;fa(ty) fia(ts) + Bafra(ty) fia(ts)

Note. (a) Examples of the simplest MCT; (b) examples including a
= i\/gfﬂ(tl) fiats) = \r‘/gfll(tl) fu(ty). [7]

CYCLOPS procedure.
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FIG. 2. Comparison of free induction decays using MCT (open circles) and DQF (triangles) sequerft@&bfor 4% (w/w) agar solution. A solid line is
fitted to the free induction decay of the MCT sequence with a functioiy ofwhereR, = —3235 s* andR, = —846 s *. Both signals are scaled to the
peak intensity of FID from the MCT experiment.

Subtracting Signalfrom Signa} makes a puré, 5(t5) function, EXPERIMENTAL PROCEDURE AND RESULTS

Signab = a, fai(ty) fs(ts) + Bafia(ty) fua(ts) Agar powder (4.0% w/w) was dissolv8e7d in 500vhRbCI
e B solution prior to the experiment®)( The °’Rb signals were
(7)Signak = asfai(ty) fiats) + Bafia(ty) fulty [g] recorded at 130.9 MHz as Larmor frequencies using a Bruki

Signalty, ty) = a'fa(ty) fi(ts) ' MSL400 spectrometer at room temperature. & pulse
used (15.0us) was short and the filter width (100 kHz) wide
wherea’ = a, — agandp, = Bs. enough to guarantee uniform excitation of the enfifRb

It should be emphasized that two phase cyclings are enouglonance.
to derive the relaxation functiofy,(t). The coherence order Figure 1 shows free induction decays from a single pulse, ar
just after the second 90° pulse of Signahd parts of Signgl from the DQF and MCT sequences, which clearly show th
is always areveninteger, such as 0 ot 2, and therefore may characteristic of double exponential decays. The 2-step phe
lead to a DQF sequence, although the usual DQF sequencesgoiing experiment such as MCT is more sensitive to phase offs
composed of 8 steps in phase cyclirig)( or may be also more sensitive for information from anisotropi

MCT is composed oévencoherence types Signaedndodd phase. There may be other possibilities to know different types
coherence types Signafsee Table 2). It includes all coher-information using the 2-step phase cycling procedure. A receiv
ences 0;+1, =2, =3 during the creation time. This is the firstphase and the carrier frequency were adjusted by carefully refe
sequence to get thg,(t) using mixed coherence pathways. lencing a peak of a spectrum of a single pulse experiment. If
these kind of 2-step sequences are used in a minimized acCY-CLOPS sequence is used with the MCT experiment, the a
mulation experiment, clearly the signal-to-noise ratio will bditional sensitivity such as phase offset and RF inhomogenei
four times better than that by the usual 8-step DQF sequenadl disappear. The left-hand side of Fig. 1 shows the on-resc

We assumed that this system was purely isotropic. As mamance part of FID, and the right-hand side shows the offset sic
tioned below (under Experimental), anisotropic phase signdlee number of accumulations for the single pulse experimen
can produce artifacts during the 2-step phase cycling sequenes 1024. Both the DQF and MCT experiments were accum
to derivef;,(t). Fortunately, however, we know that artifactdated 1024 times. The experiments in Figs. 1 and 2 indicate th
of the anisotropic phase signals, such as remaining quadrupdier sensitivities of DQF and MCT (see on-resonance side of FIL
splittings, will appear only in the offset phase of FID3( 17. are about the same. The FID of the MCT sequence in Fig. ]
By carefully adjusting the carrier frequency to the center ofiacludes DC offset on its baseline, while the FID of the DQF
spectrum from a single pulse experiment, we can prevent suetperiment in Fig. 1b does not. The MCT sequence used in Fi
artifacts from affecting the main phase of FID. 1c is the simplest sequence (Table 2a) not containing the C
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CLOPS procedure. The MCT experiment in Fig. 2 was record@QF typically requires eight phase cyclings. When a substal
by the sequence in Table 2b, which includes a CYCLOPS praal number of accumulation is required, the signal-to-nois
cedure. The CYCLOPS procedure may not be needed if ttaio of MCT seems to be equal to that of DQF. It is possible
spectroscopic facilities are precisely tuned. It seems that the uséhait, in the future, MCT will be four times as sensitive as DQF
the MCT sequence has no advantages over that of the DQite MCT with no CYCLOPS sequence is more sensitive to th
sequence, particularly in experiments requiring many accumuggiase offset or the information from anisotropic phase, whic
tions. It is worth noting that the MCT sequence derives the separated in the off-resonance part. The NMR signals
function f,,(t) most simply. Two phase cyclings are sufficient t§’Rb in 4% (w/w) agar solution were recorded as a typica
provide the relaxation functiofa,, while the usual DQF requires sample of an isotropic and slow motion phase. Our results al
eight phase cyclings. If an experiment has been done with sleowed that filtering of coherence levels in the creation tim
accumulation, MCT will be at least 4 times more sensitive thareed not be limited to double- or triple-quantum coherences
the usual simplest accumulation used in the DQF sequence,
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