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In this paper an exact description of the observed transverse
magnetization of spin 3 nuclei, coupled to quadrupolar spins which
are subjected to RF irradiation, is presented. It is shown that for
on-resonance CW decoupling at weak to intermediate irradiation
levels, the transverse decay of the spin 3 magnetization is modu-
lated with a period of 1/v,, where w», is the amplitude of the
decoupling irradiation. When the spin 3 signal is created as a spin
echo, and the quadrupolar resonance continuously irradiated dur-
ing the echo evolution, the echo amplitudes experience much
stronger modulation with period 2/v,. In previous treatments of
such spin systems, the regime of weak decoupling power was
usually neglected, and approximate analytical expressions seeking
to define the “adequate” or “minimal” decoupling power, neces-
sary to achieve the collapse of the spin 3 multiplet into a single
narrow line, were derived. It is demonstrated here, both by exper-
iments and by simulations using a full Redfield formalism, that
simple analytical predictions for the T, decay of the spin  mag-
netization are still possible, even when the scalar relaxation is not
in the “fast exchange” limit and the transverse decay is consider-
ably modulated due to insufficient decoupling power. In this case,
the expected single exponential decay rate is obtained for the
nonmodulated component of the signal. The theoretical solution
for spin I =  coupled to S = 3 is derived, and results for the proton
decay in B-enriched sodium borocaptate in aqueous solution are
presented. The effects of irradiation by several composite pulse
decoupling sequences are also considered. © 1999 Academic Press

Key Words: SEDOR; scalar relaxation; borocaptate sodium; *°B
inverse detection; decoupling.

INTRODUCTION

presence o5-spin irradiation. More recently, Murali and Rao
(4) published an extensive treatment of the<(3; S= 1) spin
system, paying particular attention to cross-relaxation effect
which may be expected fofC—"H moieties in peptides and
proteins. Skrynnikowet al. (5) extended the analysis to situa-
tions where both thd and S spins are irradiated simulta-
neously, revealing interesting effects of enhancement ,pf
relaxation. However, the phenomenon of strong cyclic modt
lation caused by the decoupling was not described in su
systems, to the best of our knowledge.

There is, of course, a vast amount of literature coverin
decoupling in [ = ¥S = 3) spin systems. Cyclic effects,
leading to “coherence sidebands” in the frequency domai
received some recent attention in the context of adiabat
decoupling 6,7 and decoupling by composite pulse se-
quencesg). Coherent, on-resonance CW decoupling was als
predicted to lead to the appearance of sideba@dd ). Free-
man and Hill (2) noticed the periodic effect of decoupling on
the apparenfl, values measured by Hahn spin-echo puls
sequences. The effect of scalar relaxation was usually ignor
in such spirg systems, but must be taken into account wBen
is a quadrupolar spin.

The recent interest in the exact effects®§pin irradia-
tion onl-spin lineshapes and linewidths is mainly motivatec
by the increasingly popular practice of conducting high
resolution multidimensional NMR experiments on deuter
ated proteins, usingH decoupling to narrow the signals of
adjacent™®C, N, or proton resonances. Our own interes
stems from a somewhat different motivation, namely th
possibility for indirect detection of low-sensitivity quadru-

The liquid-state lineshape (or transverse relaxation) of sgiolar spins, such a$B (spinS = 3), via protons exhibiting

| = 1 magnetization, with scalar coupling to a quadrupolar spm scalar '"H-"B coupling interaction 13, 14. Pulse se-

S, is usually affected both by the static effect of the couplinguences for such indirect detection, in particular sequenc
interaction and by its time-dependent modulation through tléhich also achieve spatial resolution of some form, wil
rapid spin—lattice relaxation of the quadrupolar spin (scalasually be based on spin-echo detection, and selective
relaxation of the second kind)). The analysis of such sys-appliedS-spin irradiation (combined with appropriate phase
tems, in the presence of irradiation of tBespins, was pre- cycling) can be the basis for selectively detecting only th
sented in several publications, starting in the early days of Cjivotons coupled to th& spins (L5). Such pulse sequences
NMR spectroscopyd). Browneet al. (3) presented analytical can usually be classified as spin-echo double-resonar
equations for the calculation of ITf, the residual scalar relax- (SEDOR) experiments1¢). Therefore, we were mainly

ation contribution to the transverse relaxation of dpii the interested in characterizing the time-domain evolution of th
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TABLE 1
Diagonal Elements of Matrix A

k Ms, Ms A k ms, Ms A

1 3,3 i3 — 75, — 30j, 15 1,2 i(Aws + 23) — Zj, — 2, — 81,

2 2,2 i2) — 120, — 60j, 16 0,1 i(Aws + 7)) — 3j, — &j, — 111,

3 1,1 iJ’ — 51, — 102, 17 -1,0 i(Aws — 23 — 3j, — $j. — 1173,

4 0 ~12j, - 120, 18 —2,-1 i(Aws — 23) — Zjo — 2, - 81,

5 -1,-1 —-iJ’ — 51j, — 102, 19 -3, -2 i(Aws — 37) — Bj, — 2, — 45,

6 —-2,-2 —i2J — 120, — 60j, 20 3,1 i(—2Aws + 23') — 96j, — 63}, — 66},

7 -3,-3 —-i3J — 75j, — 30, 21 2,0 i(—2Aws + J') — 24j, — 66);, — 90,

8 3,2 i(—Aws + 2J) — 2j, — ), — 45, 22 1,-1 i(—2Aws) — 51j; — 102,

9 2,1 i(—Aws + 2J) — Zj, — 2, — 81, 23 0,—-2 i(—2Aws — J') — 24j, — 66}, — 90,
10 1,0 i(—Aws + 33) — 3jo — &j, — 111, 24 -1,-3 i(—2Aws — 2J') — 96}, — 63j, — 66],
11 0,-1 i(—Aws — 3J3) — 3jo — ), — 111, 25 1,3 1(2Aws + 2J') — 96), — 63, — 66],
12 -1,-2 i(—Aws — 20) — Zj, — 2j, — 81, 26 0,2 i(2Aws + J') — 24j, — 66j, — 90,
13 -2,-3 i(—Aws — 2J") — Bjo — ¥8), — 45, 27 -1,-3 i(2Aws) — 51j, — 102,

14 2,3 i(Aws + 3J') — Bj, — ¥2j, — 45, 28 -2,0 1(2Aws — J') — 24j, — 66, — 90},
29 -3,-1 i(2Aws — 23") — 96}, — 63}, — 66),

Note. The assignment of the various, and ms values to the indexe] of the matrix is, in principle, arbitrary. However, conventionally, the matrix is
subdivided into blocks of different coherence ordems = 0 (k = 1-7),Amg = =1 (k = 8-19), andAms = =2 (k = 20-29). For all thecoherences
listed in this tablem, = 3 andm; = — 3. Therefore, all diagonal terms should also include the quai(titAw,), i.e., the rotating-frame resonance offset of
thel spins, which can be set to 0 without loss of generality, and which, experimentally, does not affect the evolution of the magnetization, if spire ech
detected. As indicated in the text, a parameter,, can be added to the diagonal terms to account for independent transverse relaxatioh sfitise)’ =
2m].

'H spin echo, as function of th&-spin decoupling power, sured at different temperatures a8 irradiation power
including the case of no irradiation, which was also adevels, and the results were shown to be in very goo
dressed in a previous publicatioh?). The consideration of agreement with theoretical predictions.
weak decoupling power is very important from a practical
point of view: in medical MRI practice, the RF coils are THEORY
large, S-spin resonance frequencies will be very low, and
irradiation power levels must be limited due to safety con- The energy level manifold for an= 3, S-spin pair contains
siderations for the patient. 2(2S + 1) energy levels for all the possible combinations o

The problem of proton-detected spectroscopy (or imagk and ms. Since we are ultimately interested in detectabl
ing) of a low-sensitivity quadrupolar spin, usingspin |-spin magnetization, we consider all transitions for whicl
decoupling, also arises for the indirect detection'&® Am, = 1 andAms = 0, =1, =2. There are 18 — 1 such
(18, 19, although in this case the interaction is also moddransitions, which will be labeled by the index@s andms of
lated by chemical exchange of the protons from tf@- the two connected energy levels. The time evolution of th
labeled molecules, a complication which is not considerédagnetization can be found from solving
in the present contribution.

Here we derive the time-dependent evolution ef 3 spin do i
magnetization, coupled to &= 3 nucleus, in the presence at —i[Ho(t) + 2l - S+ HX(Y), o], (1]
of S-spin irradiation, following the approach used by Murali
and Rao 4). Only the quadrupolar relaxation mechanism ignere
considered fof5, and cross-relaxation effects are ignored, as
these assumptions seemed to be justified for the syste :
which was inFi/estigated experimentjally. The sodiumysaltrﬂ'()(t) = loals + 0wS,] + w(Scosed + Ssinwg).
of mercaptoundecahydrdescdodecaborane, NBj,H3,S [2]
(BSH), enriched in'°B, was dissolved either in deuterium
oxide or in deuterated glycerol, to achieve a wider range af, and o, are the Larmor frequencies férand S, respec-
quadrupolar relaxation time$,,. The echo-time-dependenttively, ws is the frequency at which th® spins are irradiated,
intensity of the '°B-coupled proton resonances was meand w, is the amplitude of this irradiation] is the hetero-
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TABLE 2
Off-Diagonal Elements of Matrix A

(k, 1) A (k, 1) A
1,2 (6,7 75, (21, 22) (22, 23) -3V30j,
(26, 27) (27, 28)
2, 3) (5, 6) 45, (8, 10) (11, 13) 30V2j,
(14, 16) (17, 19)
(3, 4) 4, 5) 6. (9, 11) (10, 12) 12V/30j,
(15, 17) (16, 18)
1,3)(5,7) 30, (20, 22) (22, 24) 12V/15j,
(25, 27) (27, 29)
(2, 4) (4, 6) (21, 25) 60j, (1, 8) (2, 14) (6, 13) /6
(24, 28) (7, 19) (12, 24) i w
(15, 25)
(3, 5) 73, (1, 14) (2, 8) (6, 19) /6
(7, 13) (9, 25) —i 5w
(18, 29)
(8, 9) (12, 13) 15V15;, (2, 9) (3, 15) (5, 12) 10
(14, 15) (18, 19) (6, 18) (8, 20) i@
(16, 26) (11, 23)
(19, 29)
(9, 10) (11, 12) 3V30j, (2, 15) (3, 9) (5, 18) J10
(15, 16) (17, 18) (6, 12) (14, 25) i
(10, 21) (17, 28)
(13, 24)
(10, 11) (16, 17) —6j, (3, 10) (4, 16) (4, 11) J12
(5, 17) (9, 21) =5
(10, 22) (17, 27)
(18, 28)
(20, 21) (23, 24) 5V18, (3, 16) (4, 10) (4, 17) J12
(25, 26) (28, 29) (5, 11) (15, 26) i

(16, 27) (11, 22)
(12, 23)
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for the S-spin irradiation. A formal solution to Eq. [3] is of the
form

a'(t) = e*o’(0), (6]

whereg’ is the density matrix in the high-temperature approx
imation (16).

Immediately following a 90° proton pulse, the density ma
trix representing the proton spin magnetizatieri(0), will
consist of a column vector with values of 1 for the element
representing the 2 + 1 transitions for whichAmgs = 0 and
with values of 0 for all the remaining elements.

The terms of the matripA are given by

. 1 1 1
Ak,=l{8k|[<2,a Hz+ HJ 2,a>—<—2,a’ HZ
1 1 1
+ H; _E, Ol'>:| + 5,1,3<_2, Oé,‘HX _E' B,>
1 1
- 8a’[3’ _E! (X‘ Hx _El B> + Rmx’BB’
. J
= I{Sk'[Z (a+a')—Aw, + (a' — a)Aws}
+ w2(8aﬁ<a,|SX|B,> - 8&’B'<a|SX|B>)}
+Ruapp [7]

Note. A, = A,, andw, = 2mw,. All remaining off-diagonal elements are 0. Wherea = mg(k), a’ = my(k), B8 = mg(l), andB’ = my(l).

nuclear coupling constant, aktP(t) is the Hamiltonian for the
quadrupolar relaxation. Equation [1] can be transformed into a
doubly rotating frame in whicl, is time independent. In this

frame,

do*
dt

= —i[H*, o*] — I'(o* — 0,),

(3]

wherel is the Redfield relaxation superoperator, and

Aw, is the offset between thespin Larmor frequency and the
reference receiver detection frequency, anals is the differ-

H* = H,+ H, + H,
HZ: _(A(D|IZ+ A(Dssz)
H, = 2718,

HX: (l)zSX.

[4]

(5]

The assignment of the indexksndl to the different values of

90 180
H a) | | acquisition
180
X b) |
180

a —

e

e] ! ]

FIG. 1. Schematic diagram of the different SEDOR pulse sequence
applied to obtain the results in this study. In all experiments, sequence a w
applied to the'H channel, while one of the sequences b through e was applie
to the "B channel. Broadband WALTZ-16 decoupling was applied to'tBe

ence between th&-spin Larmor frequency and the frequencyhannel during signal detection in all cases.
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1
“=[3S2- S(S+ 1)]
\r‘6

Qo =
1
Q=+ 2 (S,S. + S.S)
1 2
Q.= S% [12]

As already mentioned, in this model we are considering onl
the quadrupolar relaxation mechanism, and we are furthermc
neglecting any coupling between the spin—lattice relaxations

bom 15 10 spinsl andS (cross relaxation). At least for tHel—'°B pairs in

BSH, these assumptions seem to be justified by experimen
observations (see below). However, the proton transverse |
laxation is also affected by contributions other than the scal
relaxation contribution, and these contributions can be ir

, R - . _cluded by an empirical parametetr,, which is added to the
o B, o/, andp' is, in principle, arbitrary. However, conven %agonal elements of the matri. The elements of the matrix

FIG. 2. 'B-decoupled 400-MHz proton spectrum of BSH in@ ac-
quired in a single scan.

tionally, A is divided into submatrices with coherence orde for S — 3 are listed in Tables 1 and 2. In the absence ¢

|r_1cr"easm_g from the upper _Ieft o the lower right ("Redfie spin irradiation, the coherences witlmg # 0 are not mixed
kite”). This leads to the assignment . : o C
into the observablé-spin magnetization, which is representec
by the upper left 7X 7 submatrix. Therefore, setting, =

k=(S+1—-a)d.e +(3S+ 2~ a)dua1 27v, = 0 is equivalent to solving Eq. [6] using this X 7
+(5S+1— a)dppq+ (7S+2— a)8uuis mgtrix @7). In the presence gﬁ‘rspin irra@iation, intensities are
mixed between the submatrices for which the coherence ord
+(8S+ 2 - a)d, 42 [7a] differ by =1. It may also be noticed that relaxation connect

some of the elements within themg = *+1, =2 submatrices.
The elements of the Redfield relaxation matrix are given byrhese terms were not included for spin4),(but cannot be
neglected if relaxation is strong enough to cause partial overl
1 between these coherences, for which the frequency separat
Ruapp = > {Juparp t Ipa'pa is of the order ofJ.
The Redfield elements within thAmg = 0 submatrix
= Bup 2 Juypy — Oap 2 Jyargphs 8] represent the spiB spin—lattice relaxation, while the elements
¥ y in the other submatrices\fns = =1, Amg = *=2) are those
of spin—spin relaxation for the single-quantum and double
guantum transitions, respectively.

where
Equation [6] describes the density matrix evolution for the
[-spin FID in the presence &spin decoupling. The detectable
Z ’ ) transverse magnetization in the time domain is found by
‘]aBa’B’ =2 E Jq<a|Qq|B><a |Qq|B >’ [9]
q=-2 7
_ Cr, ML(t) = > o' (b). [13]
I 1 (G 1ol
TABLE 3
and Experimental B Spin-Lattice Relaxation Times (T,), in ms
3772X2(1 + 772/3) In glycerol-dg In D,O
T 10s(2s- 117 1] 320 K 4.9
312 K 2.85
300 K 435

x = €°qQ/h is the quadrupolar coupling constant in herty, (
m is the asymmetry parameter, amdis the rotational corre-
lation time. The quadrupolar relaxation operators are given byNote.Uncertainties are estimated to be&5%.

296 K 37.4
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FIG. 3. Experimental results and simulated curves'féisignal decay of BSH dissolved in,D at 300 K, in the absence §B irradiation. O) Experimental
points for “dual+r pulse” sequence (b)) Experimental points for single-pulse sequence (d). Both simulated curves (solid line for sequence b, dashed
for sequence d) were calculated with= 24 s* and7, = 2.28 X 10" s, which leads to the measured valueTg§ = 43.5 ms.

When pulses are applied simultaneously on bothltlaed In the absence of irradiation, the lineshape of the gpin
S channels, the combined effects are such that the evolutimsonance depends updnand T,,. When 1T,, < J, the
described by Eg. [6] continues as if no pulses were appliegkpected resolved multiplet structure will be observable
except for the influence of the resonance offSet,, which is (seven lines in the case 8f= 3), corresponding to a strongly
refocused at the time of the echo peak. Following the magmaedulated time-domain signal (“slow relaxation limit”). When
tization intensities at the echo peaks is therefore equivalentltfl ,, is of the order ofl, the proton signal will exhibit a broad,
observing an FID evolution in which thespins are on reso- featureless lineshape, corresponding to a rapid decay of t
nance and the magnetic field is perfectly homogeneous. \Wansverse magnetization (“intermediate relaxation”). Finally
shall refer to this experiment as a “dualpulse echo.” How- when 1T,, > J, a single narrow Lorentzian proton signal will
ever, when amr pulse is applied only to thé channel, the ensue, corresponding to a single exponential decay in the tir

evolution leading to the echo time,= 21, changes to domain (“fast relaxation limit”). In this limit, the contribution
of the scalar relaxation to the sgitineshape can be described
o' (21) = e®P(m)er" o’ (0). [14] by a relaxation rate given byl
The action of the operatd?() is to change the vectar’ i = (2mJ)? S(S+1) T [15]
into its complex conjugate. At the same time thgulse also LES 3 1

interchanges the spin statésand — 3 for all | spins. As a

consequence, the evolution matrix changes. The new mBirix, Ifthel spins are excited by §{—=—r—) pulse sequence, the
is identical toA, except that the signs dws and of w, are echo signal at 2will not be affected byJ-coupling modula-
reversed. This experiment will be denoted as a “singlaulse tion, but will be affected by scalar relaxation. Therefore, in th
echo.” slow and intermediate relaxation regimes, the singlpulse
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echo intensity

35

TE(ms)

FIG. 4. Experimental results and simulated curves ‘fdrsignal decay of BSH dissolved in glycerol at 320 K. Experimental resulisséquence d;+)
sequence e, nominah = 174 Hz; (J) sequence e, nominah = 278 Hz; (X) sequence e, nominab = 439 Hz. All simulated curves were calculated using
7. = 2.24X 10" s. Other parameters used in simulations: dotted fipes 21.6 s*, v, = 0; solid line,r, = 26 s*, v, = 185 Hz; dashed ling,, = 26 s,

v, = 300 Hz; dash-dot line;, = 20 s, v, = 480 Hz.

echo signal will be very different from the dualpulse signal, = The effect of coherent, on-resonance CW decoupling was pi
while the two signal types become very close, and ultimatetijicted to be cyclic over a period ofi4/ and the relative ampli-
identical, in the fast relaxation limitl{). tudes of the resulting modulation sidebands were predicted to
In the presence of decoupling irradiation of Bspins, the of the order of (2rJw,)® (10). No detailed analysis for the
I-spin lineshape also depends upon the parameters of théhavior of singler pulse echo signal evolution was presented s
irradiation, such as its strength (or amplitude),(=2mv,). If  far, to the best of our knowledge, although cyclic effects in suc
the irradiating field is strong enough to create a single Lorersituations were noticed for spimuclei (L2).
zian signal for thd-spin magnetization, the residual linewidth The detailed theory for quadrupolar relaxation of spin 3 wa
of this signal (due to scalar relaxation) was predicted to obescently derivedZ0). It was shown that for the entire practically
3 relevant range ob,7., spin—lattice relaxation can be considerec
single exponential, while spin—spin relaxation is very close t
single exponential fow,7, values up to about 1.5. The relaxation

1_ , S5+ 1) Tio rates can then be described by the analytical equations
sc (277‘]) 2 . [16]
T3 3 1+ 03Tl

1 : :
Equation [16] assumes that tBespin irradiation is coherent Tio =901+ 4j2) [18]
and on resonance. If the quadrupolar relaxation is in the ex-

treme narrowing limit, the above equation can be written as 1 _ 2 ; ; ;
Too 2 (3jo + 5j1 + 2j2), [19]
L) ,S(S+ 1) Tio 17
TS (2m) 3 1+ wiTh) 71 here the spectral densitigsare defined in Eq. [10].
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ments*°B broadband decoupling was applied during acquis
tion, using a WALTZ-16 composite pulse sequence. Sequenc
b and c lead to a duat-pulse echo, and sequences d and e t
a singlesr pulse echo, without and with on-resonance C@&/
irradiation during the echo evolution time. Signals were ac
quired for different values of TE, using a single scan per Tl
value, and were processed by Fourier transformation (FT) a
phase and baseline correction. The intensity of one of tt
proton resonances (see Fig. 2 below) vs TE was used
b characterize the time-dependent evolution of the transver
20 0005 001 0015 002 magnetization under the different conditions of sequences

TE(s) through e. High-power 90° pulse lengths were aboun2dor
the 'H channel and 23ss for the'°B channel. Nominal values
of v, for weaker power levels were found by determining the
90° pulse lengthtg,) for direct excitation of the'®B signal
(v, = 1/4ty). The values off ,, for the different solvents and
temperatures were measured by inversion recovery expe
ments.

~

»

E-S

echo intensity
(4]

w

-

[¢)]

RESULTS AND DISCUSSION

N

echo intensity
[}

3 Time Dependence of Magnetization with and without CW
Irradiation
2
0 0005 001 0015 002 The proton spectrum of BSH dissolved in@is displayed
TE(s) in Fig. 2, showing the signals expected for the three inequiv:

FIG. 5. Experimental results and simulated curvesdrsignal decay of €Nt proton sites in BSH at 1:5:5 intensity rati@d). The peak
BSH dissolved in glycerol at 312 K (a) and® at 296 K (b). All results were at 1.22 ppm was used for measuring the magnetization evo
obtained and all curves were simulated with= 340 Hz. In both graphs the tion, and the center of the correspondi“ﬁ@ doublet @0) was
circles represent results of the singtgpulse experiment (sequence e) and ‘h%hosen as the irradiation frequency. The coupling constant w

plus signs represent the results of the duglulse experiment (sequence c)., . . .
Further parameters used in the simulations were as follows: for BSH ‘Pn_ 43 Hz, and the values of theB spm—lattlce relaxation

glycerol (graph a)r, = 25 s* andr, = 4 X 10 s (leading toT,, = 2.85 times which were measured are listed in Table 3. In one of tf
ms); for BSH in DO (graph b)y, = 22.5 s*andr, = 2.9x 10 s (leading cases (BO, 300 K), the relaxation rate was measured in th
to Tyo = 37.4ms). presence and absence #f irradiation, and the results were
identical, confirming that the neglect of cross relaxation i
justified in our system.
MATERIALS AND METHODS Figure 3 shows some experimental results and simulatio
for the singlesr pulse and duafr pulse cases in which n6B
“B-enriched BSH £95%) was purchased from Boron Bio-irradiation is applied during the echo evolution, (= 0). The
logicals (Raleigh, NC), and used without further purificatiorpulse sequences for tH&8 channel therefore correspond to b
BSH was dissolved in ED, or in perdeuterated glycerol-tll; and d (see Fig. 1). The simulated curves were calculated usi
98%, Cambridge Isotope Laboratories (Cambridge, MA), &gs. [6] and [14]. Apart from the independent transverse pr
concentrations of 30—75 mM. NMR experiments were comen relaxation rater(,), there are no other variable parameter
ducted on a Bruker Avance DMX-400 spectrometean the curve simulations. The values (43 Hz) andT,, were
(Karlsruhe, Germany), on which thiH and *°B resonance used as determined by independent experiments. Singe
frequencies were 400.1 and 43.0 MHz, respectively. A 10-mitself is not directly a parameter for the simulation, the value c
broadband, temperature-controlled probe was used, where th&as chosen to generate the experimental valdg®(in this
'H signals were excited and detected through the outer RF caihse 41 ms; see Table 3), using Eq. [18] (the Larmor frequen
normally used for decoupling, and théB resonance was w., is of course fixed by the magnetic field strength, an
irradiated via the inner observe coil. xV'1+ n’/3was set to 1.25 MHz, as determined in R20).
'H—{"°B} SEDOR experiments were conducted using the The results in Fig. 3 demonstrate that, over a certain range
pulse sequences depicted in Fig. 1. In all experiments, seho times, the signal produced by the singlpulse sequence
quence a was applied to the proton channel. Signal acquisiti@ is much stronger than that resulting from the dagtulse
started at the echo maximum, denoted by TE. In all expegequence (b), so that the subtraction{(c) can be the basis
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FIG. 6. The graphs in this figure show simulated behavior, which was calculated either by the full formalism for FID evolution or by Eq. [20]. Paran
used for the complete simulatioridf 7, = 1 X 10 °s (Tyo = 10.8ms),», = 130 Hz; O) 7. = 6 X 107°s (T = 2 ms),», = 200 Hz; 0\) 7. = 5 X 10"
s (Tio = 21.6ms), v, = 200 Hz. In all cases, = 20 s " andJ = 43 Hz. The solid lines show the best fits for each case, using Eq. [20] and parameters li
in Table 4.

for a sensitive inverse detection scheme (of course, for protdnshould diminish, a¥$,, becomes shortefL ). In this case, the
not coupled td°B, sequences b and d should generate identiase of continuousB irradiation, aimed at eliminating the
signals). This method was indeed applied in inverse detectimfluence of both thel-coupling modulation and the scalar
experiments previously reported f&B (13, 14. However, it relaxation effects, can be expected to be the basis for a m
is expected that the signal difference between sequences d effidient SEDOR-difference technique. Indeed, the practitic
ners of inverse’O detection 18, 19 basically used the sub-
traction of scan d from scan e (singtepulse echo without
decoupling subtracted from singtepulse echo with decou-
pling).

At very high irradiation power levels, one should ultimately
reach a situation in which the protons no longer feel th
A, presence of attache8 spins, in which case both sequences ¢

TABLE 4
Parameters Used in Simulating the Curves in Fig. 6 by Eq. [20]

Curve 1 Curve 2 Curve 3

— 0.169 0.339 0.086 ) ) . )
As+ A and e should produce identical results, reaching the maximnr
%(HZ) 200 130 200  Possible signal level at each_ echo time TE. But since su
™ s 54 1216 252 power levels may be impossible to reach, particularly whe
(re = 12" (s ) ' ; using large RF coils foin vivo applications, we were interested
(re—r)*(sH 8.62 40.7 859 . o : . L
) in characterizing the behavior at weak to intermediate irradi
(%) (s 8.50 40.0 79.7  tion power levels. In Fig. 4, some representative results ft

2

BSH in glycerol at 320 K are displayed. These results wel

2Usingr, = 20 s,

obtained using pulse sequence e at different power levels

10 . i ; N
 Calculated by Eq. [17], using the values of and T, appropriate for each Fhe B channel (including also the results_ Wlthout |rrad!at|on
curve; i.e. Ty, = 21.6 ms for curve 1, 10.8 ms for curve 2, and 2 ms for curve 3.€., sequence d). The echo peak intensities clearly display
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strong modulation with period 24. The modulation depth r. andr,, respectively. Figure 6 shows some examples whic
diminishes with increasing irradiation power. In the simulatedemonstrate the agreement between the exact simulations
curves, the parameters were adjusted to fit the experimeritg. [20] for a variety of conditions which are listed in detail in
value ofT,o, (4.9 ms), and) was set to 43 Hz, as usual. Thehe legend to Fig. 6 and in Table 4. In all these cases, the sy
values forr, and v, were adjusted to give the closest fit to th8 relaxation is in the extreme narrowing limit. As can be see
experimental results. The nominal values fer were also from comparing the values in the last two rows of Table 4, w
determined by 90° pulse measurements on'Besignal, and found excellent agreement with
the best-fit values deviated from these nominal values by less
than 9% (see the legend to Fig. 4). While the results are well 1
fitted by the formal theory, some of the aspects in Fig. 4 may fe=T2t TS [21]
seem surprising. For example, for short times (before the first
modulation maximum), the signal obtained in the presence where 175 has the value predicted by Eq. [17]. The authors c
decoupling is actually weaker than the signal obtained WRef. @) argued that Eq. [17] rather than Eq. [16] should b
sequence d, without irradiation. An intuitive explanation foused to calculate the residual scalar relaxation rate even wh
this phenomenon may be as follows: For weak irradiatiomot in the extreme narrowing limit. However, as the result
power and short times, the entire irradiation acts likepulse shown in Fig. 7 demonstrate, Eq. [16] seems to be correct, aff
for the S spins, in which case the singlepulse experiment all. The circular points in Fig. 7 were calculated by the exac
with irradiation (sequence e), actually performs like a dmal-simulation using parameters correspondingltg = 1.4 ms
pulse experiment without irradiation (sequence b), for whichndT,, = 0.411 ms f,7. = 1.5). The curves were calculated
the signal is indeed weaker than that obtained with sequenceatording to a simple exponential decay, using the decay re
(see Fig. 3). as expressed in Eg. [21], and calculating i /either by Eq.
The observation that, for weak power levels, the use Bf6] (solid curve) or by Eq. [17] (dashed curve). Equation [16
continuous irradiation in a singlepulse echo experiment mayclearly provides a better approximation to the exact simulatiol
actually be counterproductive led us to a more careful corwhich is not too surprising, in view of the fact that the evolu-
parison between sequences ¢ and e, i.e., the applicationtiofi matrixA (Table 1) contains the spectral densifigswvhich
continuous irradiation for duat pulse vs singler pulse ech- contribute toT ,, but not toT,.
oes. Representative results for this comparison are shown iin general, the modulation (or sideband intensity) will be
Fig. 5, in which all the experiments were conducted with therominent if the lineshape in the absence of decoupling is
same decoupling power level, and also fitted with the sartiee slow to intermediate relaxation regime, i.e., ferJ¥ o =
value ofv,. The results show the following: (a) The decay foil. The relative intensities of the modulated component are
the dualsr pulse echo amplitudes is modulated with periothe order of §/v,)?. The apparent decay time of the modulatec
1/v,, as predicted for an FIDLQ). (b) The modulation depth is components (If) is approximately equal to the time over
indeed much deeper for the singtepulse than for the duar which J-coupling modulations can be observed in the nonde
pulse decay. (c) The overall decay rate (the time courseupled FID. AsT,, becomes shorter and the relaxation is ir
through the local modulation maxima) is similar for both typethe fast limit, the modulations caused by weak irradiation wil
of pulse sequences, and closely related to the analyticailg quenched, both by decreasefgfand by increase aof.
predicted value of I5°, as will be shown below. It should also The above description applies to the daalpulse echo
be pointed out that some experiments were conducted in whigpnal. As apparent in Fig. 5, the modulation of the single-
the irradiation was turned on well in advance of the initial 90dulse echo signals is much more prominent, with both large

excitation pulse, and the results were identical. amplitudes and slower decay rates of the modulated comg
nent. A description by Eq. [20] is still possible (with,
Approximations by Analytical Equations replaced byw,/2) and approximates the exactly simulated (o

. experimental) data well, although not as accurately as for tl
The FT of FIDs, or echo peaks obtained by duapulse dual-r pulse case. In the cases which we examined, eith

excitation, as shown in Fig. 5, yields spectra in which th . : : :
. : . tall lations, it found that th
decoupled peak has sidebandstat,. The time-domain evo- gxpenmen ally or by simulations, it was found that there wa

. ; close agreement between the values dfound by fitting the
lution can be described by data to Eq. [20], and T7%° calculated by Eq. [16], for low
values of 1T3°, but that deviations of up to 50% were observe

ML (1) = Aexp(—rd) + Acoswt)exp(—rd), [20] when 17T reached values of the order of19* (correspond-
ing to w3T,o ~ 3 X 10°%).
where A, and A, denote the centerband and sideband ampli- . .
tudes, respectively, corresponding to the integrated peak argggoupllng by Composite Pulse Sequences (CPD)
in the FT’ed spectrum. The apparent decay rates (linewidths)Under certain experimental conditions, decoupling by CV
of the center- and sidebands are not equal and are denotedriadiation may not be satisfactory, if a rangeaf frequen-
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FIG. 7. Circles were calculated by complete simulation, usipg- 5.55X 107° s, which corresponds 6, = 1.4 ms,T, = 0.41 ms, and’, = 200 Hz.
The solid line was calculated by Eq. [16] {&f = 212 s ) and the dashed line by Eq. [17] (¥ = 100.6 sY).

cies must be covered. Such a situation may arise, for examgleaks are plotted as a function ofw}/ for which a linear

if field gradients are applied during the echo evolution. Wielation is predicted by Eq. [17], 3T, > 1. In this set of
therefore examined the echo amplitude evolutions in simgleexperiments, the irradiation power was sufficiently high t
pulse experiments, using three different CPD schemes gusitify this approximation, and also suppress the modulatic
irradiation levels for whichw’T3, > 1. Only on-resonance effects, so that decay rates could be measured by simple sin
irradiation is considered, to allow a direct comparison with CWxponential fits. In analogy to Eq. [17], we can define a
irradiation. The off-resonance behavior for different broadbarmmpirical relation:

decoupling schemes was recently evaluatedSor 1 (21).

The CPDieqqenceg consigted of a modified MLEV-4 pulse 1 (27d)2S(S+1) 1

train (RRRRA, in which a simple 180° pulse was used as 7=t 3 - 5. [22]
inversion elementR (22), as well as WALTZ-4 and 2 o Bo?

WALTZ-16 sequence2(3). The results are summarized in Fig.

8 and Table 5. In Fig. 8, the apparent decay rates of the echdable 5 lists the intercepts and values of the consfant
derived from the slopes of the linear fits shown in Fig. 8
One should recall that for the same sample and temperatu
the CW irradiation results could be fitted to theory using
values of about 24+ 2 s*, and B = 1 (see Fig. 4 for
representative results). Thus, it appears that the WALTZ-
and WALTZ-16 sequences are less efficient than on-res

TABLE 5
Parameters Relating the Residual Transverse Decay Rates to
Applied Irradiation Power for Different CPD Methods, According
to Eq. [21], Applied to BSH in Glycerol at 320 K

CPD r (s B nance CW irradiation at the same power level, since the
values ofp are smaller than unity. Moreover, one can detec
MLEV-4 32.1 0.95 a trend showing a decreasegwhich is commensurate with
WALTZ-4 24.6 0.61

the increase in the length of the effective unit inversiol

WALTZ-16 22.2 0-50 element in the CPD sequence. The MLEV-4 sequence wi
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FIG. 8. Single exponential relaxation rates derived from SEDOR experiments (sequence e), using CPD at different power levels during echo ev

conducted on BSH in glycerol at 320 KDY 180-180-180-180{1() WALTZ-4; (A) WALTZ-16. The straight lines were calculated using Eq. [2P} 43
Hz, T, = 4.9 ms, and parameters listed in Table 5.

R = 180 uses the shortest possible inversion element aattachedS spins were absent. When the irradiation is no
achieves approximately the same efficiency as CW irradistrong enough to accomplish this goal, thenagnetization
tion. However, it is also evident from the results in Fig. 8ignal is modulated and decays more rapidly than the lin
and Table 5 that the more elaborate decoupling schemtsg rate. The modulation frequency and depth, and th
WALTZ-4 and WALTZ-16 achieve an overall better pertesidual contribution of the scalar relaxation, depend upc
formance at the higher power levels, because the intercepttie coupling constant, the irradiation power, and the qu:
the fit to Eq. [22] for these sequences;)( is lower. We drupolar relaxation time of th& spins. The modulation is
tentatively interpret these differences in the intercept tmuch more prominent for proton spin echoes than for cor
reflect the varying sensitivities of the different CPD setinuous FID evolution (or “duals pulse” echoes).
quences to spatial inhomogeneities in the decoupling field,There may be some practical conclusions from this worl
since the order of decrease 1ip is commensurate with the concerning the experimental implementation of pulse s
expected increase in robustness to variation&4n quences aimed at selective, spatially resolved detection
In summary, the effects of irradiating a quadrupolar spiprotons which are coupled to quadrupolar nuclei. Such s
S = 3 (*B), coupled to spin = 3 (*H), on the FID and quences are often based on the subtraction of “low-intensit
spin-echo evolution of the proton magnetization were olscans, in which thes-coupled protons have minimal signal,
served and fully accounted for by theoretical simulationfom “high-intensity” scans, in which they have maximal sig-
which calculated the density matrix evolution under theal. S-spin irradiation will be used to generate the signal for th
Redfield superoperator. The experimental goal of such irfaigh-intensity scans. This paper provides the means for pla
diation is to achieve a transverse decay of thspin mag- ning the optimal parameters for such sequences, particula
netization at the limiting rate which would be obtained if théhe echo time TE. Even when the irradiation power is nc
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strong enough, the adverse effect from the cyclic modulatida. A.J. Shaka and J. Keeler, Broadband spin decoupling in isotropic
can be avoided by choosing TE to coincide with the predicted 'iauids. Prog. NMR Spectrosc. 19, 47-129 (1987).
modulation peaks.
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