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In this paper, we use the formalism of the first directional an evaluation of the adequacy of the experimental methc
derivative of the matrix exponential, to analyze and compare emp|oyed_ If, in some domain of values of the other experi
seyeral experimental schemes des_igned_to measure cross-relax-  mental parameters, the level of independence of the evolutic
ation rate constants t_)etv\{een _two spins, without having to calculate \\:+h respect tox is satisfactory, we can simplify the descrip-
the effects due to spin diffusion. - © 1999 Academic pres - tion of the evolution of the system, by excluding from it the

Key Words: first directional derivative; matrix exponential; gen-
erator of the evolution; cross-relaxation rate constant; spin parameterK_' . .
diffusion. If a basis is chosen in operator space, assumed to be

dimensionn, the generator of the evolution is represented b

ann X n matrix and the same is true of its exponential. In the
. INTRODUCTION following the same symbol will be used to describe a supel

operator or the matrix representing it. The spdteof n X n

In some situations it is interesting to manipulate a spimatrices is a vector space of dimensioh In this space a
system or its environment so that the evolution of the spparticular matrix@ is a vector; therefore it specifies a direction
system becomes independent of one or several parametersithit The first derivative of the matrix exponential &f in the
would otherwise affect it. For example, by applying a decoulirection of a matrix® of the same order as the matrik
pling sequence to a particular nucleus or group of nuclei tisbaracterizes to first order the sensitivity of the evolution witt
effects of some scalar couplings can be removed. Anothespect to the variation of the parameters associated dith
example is given by the mechanical rotation of a powddihe matrix? can be thought of as the X n matrix with zero
sample along an axis inclined at the magic angle with respesterywhere, except at the positions where the parameter whc
to the statidB, field, in order to remove or at least to reduce theffect on the evolution we want to study is located.
effects of chemical shift anisotropy and dipolar or first order In this paper we apply the method of the first derivative of
quadrupolar couplings. the matrix exponential to analyze and compare experimen

Proving that the response of a spin system to an experimémat were proposed to avoid the effects of multi-step magnet
tal method does not depend upon a parameténat would zation transfer, referred to as spin diffusion, in the measure
otherwise affect its evolution requires that we first describe theent of the cross-relaxation rate constant between a pair
evolution under this methodology including the parametén  spins. Four experiments will be considered: MINS2);(a
this manner we can determine the extent to which the evolutisimplified version of BD-NOESYJ3-5), which we shall denote
has become insensitive to the variatiorkpind the domain of BD1I-NOESY; QUIET-NOESY 6); and the Modified sYn-
values of the other parameters in which the evolution remaiolsronouS nutatloN method, or MYSIN7(8). We do not
independent ok can be specified. pretend that our list of methods is exhaustive. Major experi

We shall consider representations in which the density omental methods that are left out of the calculations but not ot
erator describing the state of a spin system at tinme con- of the discussions are BD-NOESY itself and the related CBD
nected to the corresponding operator at time zero by meansN@ESY (@), as a detailed mathematical analysis was given fc
a mathematical expression that contains the exponentialtioém in L0). MYSIN was analyzed in some detail iaX). For
some time-independent (super-) operator, the generator of the methods studied, systems containing a maximum of fot
evolution &, multiplied by the duration of the evolution. Inspins will be considereds B, vy, and ). The dependence of
such cases the first directional derivative of the matrix expthe transfer of magnetization from spinto spin 8 will be
nential (L) can be used to quantify, to first order, the extent tanalyzed as a function of the pattern of cross-relaxation ra
which the evolution is independent of a paramedieallowing constants between the spinsg, y, ands. Isolation of the spin

a and the spirB with respect to cross-relaxation with the spin

! Fax: 626 301 8186, E-mail: bboulat@hahn.coh.org. v and the spind, as well as sensitivity issues regarding the
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magnetization transfer between the spiand the spirB, will ~ derivative of the matrix exponentiaf, = exp(¥t) in the
be derived from the result of the calculation of the first deriwdirection of the matrix3.
ative of the matrix exponential in appropriate directions. The first directional derivative of the matrix exponential
€ (¥) = expt) evaluated aff in the direction? is defined
Il. THEORY as @)

We assume that the master equation describing the evolution 1
of the density operator representing the state of the nuclear spin Dy(t, &) = L'”l h (€L + hB) — E(£)). (6]
system can be written in the laboratory frame as

d The numbeth € C, C the space of complex numbers. The
— o(t) = —[H(1), ()] + R[c(t) — o + Eo(t), matrix D4 (t, &) represents the dominant term in the expansiol
dt ot [H{®), (V)] Lo(® = o] ot of the evolution with respect to matrix perturbatibf eval-

(1] yated at¥. More formally stated,

where. = V —1, o(t) is the density operator at timeando™ €L + hB) = € (L) + hDy(t, £) + O(h*B?), [7]

is the density operator at thermal equilibriutd(t) is the

hamiltonian at tim&, % is the (Redfield) relaxation SUPeropyhere O(h%2) denotes elements of degree two or higher ir
erator, andg is the exchange superoperator. We assume tip@jB, with lim,,_o (O(h?B2)/h) equal to the null matrixD.(t,

the equation above can be transformed to an interaction fra@)& can be calculated according to a formula that depends ¢
in which the explicit time dependence of the transformegle computed eigensystem f (1),

hamiltonian and relaxation and exchange superoperators are
zero or can be neglected. In this frame the master equation

_ o -1
where® = ¥ 'R¥, ¥ the matrix whose columns are the
EU*(t) = —[H%, o* (D] eigenvectors ofé. The expressior’s © &(t) denotes the
dt w Hadamard product (entrywise product) of the mafixand the
+ RE(* (1) — o) + EXo*(1). 2] matrix ®(t), whose entries are given by

exp(tA;) — exp(ta;))

The superscript refers to quantities that have been trans- if A # A
formed to the interaction frame, while the subscAptefersto ~ Pi(t) = ®;i(t) = Ai = A _ 9]
quantities that have been approximated. A formal solution to t exp(ta) if A=A,
the equation above is given b$3)

whereA, i = 1, 2,..., 5, are theigenvalues of. If F is the

. (1) — * . " product of two exponentialsf = €,(£,)é(<,), it can be easily
o* (1) = expEtH(0™(0) = 0™ (=) + ¥ (=), 31 proven using Eq. [6] that the first directional derivativedoin the

_ i direction® satisfies the “Leibniz rule” for derivations
where® = —i[H%, -] + R, + E% and o*(«) is the

interaction frame steady-state solution attained asymptoticall

(i.e., defined as lim.. d/dt o(t) = 0). The superoperator Dot 1, %2 = Dalt, LDE(E2) + (L) Da(t, £2).

[H%, -] acts on any operatdB as [10]
[H%, -1(B) = [H%, B]. [4] Generalization to superoperatd, consisting of the products
of more than two exponential& (%,), €.(%,), ..., and

gossibly containing other time-independent superoperators
product elements, is straightforward and will be exemplifiec
below.

o*() is related to the equilibrium density operator by th
equation

— edx
Lo () = Rac®. [5] 11l. APPLICATION
If a basis is chosen in operator space, the superope¥ator We apply below the formalism presented in Section Il tc
generator of the evolution, becomes a matrix. The dependemelyze a class of experiments that were designed to avoid t
of the evolution upon a particular matri& of the same size as calculation of the effects of spin diffusion in the measuremer
¥ can be determined to first order by analyzing the firgif the cross-relaxation rate constant between a pair of spin
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The direct measurement of cross-relaxation or exchange rat€?2) Irradiation in MINSY and MYSIN is assumed to be
constants via conventional multi-dimensional methods is madentinuous and at a constant amplitude Off-resonance ef-
difficult in large molecules, due to multi-step magnetizatiofects due to RF fields and interference of RF sidebands are r
transfer processes, also known as spin diffusion. In structia&en into account. For the effects of the interference of Rl
calculations spin diffusion is usually taken into account bsidebands, the reader should consult RES).(
performing refinement procedures using a full relaxation ma-(3) The inversion pulses in BD1I-NOESY and QUIET-
trix analysis (4). This method, computational by nature, iNOESY are assumed to be instantaneous. For the effects
partially based on theoretical assumptions. As a consequenea soft inversion pulses the reader should consult Réj. (
ulse sequences are sought to provide a direct experiment
P 9 ght to p P .aéymbols of the formg, and p},, © = «, B, v, §, stand
measurement of cross-relaxation rate constants, at least in . Lo " :
. N . respectively for longitudinal or transverse self-relaxation rat
particular situations, so that the assumptions used for structure
. . . .cc{nstant. Symbols of the form,,, u, v = «, B, v, 8, stand for
calculations can be supported experimentally. Using the fir§ . :
oo o . . .Cross-relaxation rate constants between spinand v. The
directional derivative of the matrix exponential four expené mbol w is reserved for the amplitude of a radiofrequenc
ments are analyzed: MINSY2); BD1I-NOESY, a simplified y @ P q )

version of BD-NOESY -5: QUIET-NOESY 6); and the flgld. The calc.ulat'lons. of the matrl|x e>§ponent|al and its .f|rsi
. . o directional derivative, in suitable directions, are made using
synchronous nutation methods) in its modified form, MY-

. . . program written by the author that utilizes routines of the C
SIN (7, 8. We want to stress that even if BD1I-NOESY Ig\jersion of the linear algebraic package LAPACKY) for

derived from the BD-NOESY experiment, our results appl]y di . | d ei ; .
only to the simplified version and not to the original experi-m INg €lgenvaiues an eigenvectors of matrices.
ment itself. As mentioned above BD-NOESY and CBD- Within t'he assumpt'lons expressed. a}bovg, the generator
. - . the evolution?,,nsy active during the mixing time of a MINSY
NOESY were carefully analyzed in earlier works. In this paper : . ) . . : .
we wish to be able to compare QUIET-NOESY with a Simv_axperlment is written in a three-spin system and in the basis s
plified version of BD-NOESY. We shall discuss the respecti
advantages of BD-NOESY and CBD-NOESY later in the
paper. For each method studied we derive expressions for the Pu Oup Oay O
first directional derivative in appropriate directions in systems Ponsy = — Tag Ps Opy O
containing a maximum of four sping(, y, ands), but often Oay Tpy Py @
it will be sufficient to consider three-spin systems onty S, 0 0 —wp
andvy), especially in the cases of MINSY and MYSIN. In the S )
four methods, NOE transfer can take place during the mixingAt the end of the mixing time in the MINSY experiment the
time 7,,. During that time each method proposes a schemengnS'ty operator(T,) is written according to Eq. [3] as
isolate spina and spinB with respect to cross-relaxation with
spiny and spiné. o (1) = eXPLrynsy Tt (0(0) = ounsy (%)) + ounsy ().
MINSY attempts to isolate the spinsand 8 with respect to [12]
cross-relaxation with the spingand é by continuously irradiat-
ing, during the mixing time, selected bands of frequencies into
which the sping ands resonate. BD1I-NOESY performs a single
band-selective inversion at specific instants during the mixing -
time, in frequency bands containing the spinand 8. QUIET- Fusy = EXPLvinsy Tmf [13]
NOESY inverts selectively spina and 8 at specified instants
during the mixing time. During MYSIN the spins and 8 are in directionsd, that is, according to Eq. [6], quantities of the
forced to nutate synchronously for the entire mixing time; at hd@'™m Da(Tm, Lunsy) With

the duration of the mixing time the phase of the RF field is

Izuu IZBv Izyv Iyy} as

[11]

<~

We calculate directional derivatives of the expression

switched by 180°, so that the nutation is performed in the reverse -5 1 3 0
sense as compared to the first half of it. Of the four methods, _ 1 -7 3 0
H H « ” $MINSY - — . [14]
MYSIN is the only one that does not necessitate a “read” pulse to 3 3 7 75
record the results of the experiment. At the same time that cross- 0 0 —-75 -9
relaxation is active between the spingnd 3, the same process
is used to overcome spectral overl&@p. ( The values chosen for the various self- and cross-relaxatic
Our analysis is performed in the idealized situation charaate constants are quite arbitrary but may correspond to tt
terized by the following assumptions: relaxation rate constants of spins of proton in a particula

residue of a small proteinl@). In Fig. 1 the dotted—dashed
(1) Relaxation behavior is based only on dipole—dipoleurve represents, as a function of the duration of the mixin
interactions, neglecting dipole—dipole cross-correlations. time, the quantity
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FIG. 1. Variation as a function of the mixing time, of the quantitiesTr(Dg:(TmLrinsy)lza:l2s) (dotted—dashed curve), DGi(7r, BD1 L., |4)
(dashed curve), THg:(7m QUIET)!,,, |,) (long-dashed curve), TB:(7m, MYSIN)I,,, 1,4) (solid curve). In each cas@’ is the matrix of the same
dimensions as the generator of the evolution for the particular experiment, with zero everywhere except at the positions which in the generato
evolution contain the elements,, which are equal to one. See the text for explicit details about the values of the matrix element of the partic
generators of the evolution.

Tr(Dgys(Tmy Lrinsy) 2 128) [15] B are well isolated from cross-relaxation with the spin
Isolation becomes almost perfect for long mixing time.
BD1I-NOESY and QUIET-NOESY share exactly the same

where Tr is the symbol for the trace agil is the 4X 4 matrix generator of the evolutioffsomquer, NaMely in the basis set

with zero everywhere except at the positioits, and B3, Lo L 1 1)
which are equal to one. The quantity in Eq. [15] thus represel’;tf" wr Ta Tnbh
the sensitivity of the transfer of longitudinal magnetization

from spin a to spin B with respect to a variation of the Pa Oap Oay Oas

cross-relaxation rate constamt,. In Fig. 2 the dotted—dashed P _ _| 9« Ps Opy Ops [17]
. . .. BD1I/QUIET o o o

curve represents, as a function of the duration of the mixing ay Ogy Py Oy

time, the quantity Oas Ops Oy Ps

In this paper we shall assume that both BD1I- and QUIET
NOESY perform two experiments, whose outputs are sult
tracted. In the first experiment, the spinis inverted. The
where®? is the 4X 4 matrix with zero everywhere except aoperator performing this inversion will be denoted By.
the positiongB?, and%, which are equal to one. The quantityFollowing a durationr,/2 after the inversion of the spin,
in Eq. [16] thus represents the sensitivity of the transfer &D1I-NOESY inverts selectively spins in the frequency banc
longitudinal magnetization from spia to spin with respect in which spiny (operatorJ,) resonates or in the frequency
to a variation of the cross-relaxation rate constapt band in which spird (operatorJ;) resonates. Alternatively the

The difference between the two curves is striking. We olspins in both frequency bands containing respectively spins
serve that the transfer of longitudinal magnetization from spandé can be inverted (operatdr,;). Then the system is again
a to spin B is much more sensitive to a variation of thdeft to evolve by itself for another period of time/2. QUIET-
cross-relaxation rate constaat, than to a variation of the NOESY follows the same time development except that in
cross-relaxation rate constasf,. To a good extent it can be stead of inverting the sping and 8, the sequence inverts the
said that during a MINSY experiment the spirand the spin spinsa and 8 at timet = /2 (inversion operatod,;). The

Tr(Dgo(Tme Lrainsy)l zao lzﬁ)v [16]
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FIG. 2. Variation as a function of the mixing time, of the quantities Tig2(Tm, Lunsv)lye 1ys) (dotted—dashed curve), DGa(Tm, BDLI) ., |44)
(dashed curve), THy(7m, QUIET)I,,, 1,5) (long-dashed curve), TB(;2(Tm MYSIN)I,,, 1) (solid curve). In each cas®? is the matrix of the same
dimensions as the generator of the evolution for the particular experiment, with zero everywhere except at the positions which in the generato
evolution contain the elements,; which are equal to one. See the text for explicit details about the values of the matrix element of the partic
generators of the evolution.

control experiment that is to be subtracted from the first ex- Depending on the nature of the inversidrthosen at time
periment follows the same time development, with the diffefs,/2, oapu(Tm) OF Touer(Ty) IS Obtained.

ence that the initial inversion of the spinis not performed. It  In the following we calculate directional derivatives in the
thus consists of an inversion at timg/2, the same one that isdirection® of expressions of the form

performed after this duration in the first experiment, followed
by a period of free evolution of duration,/2. After subtrac- T
tion, and with the operator utilized for the inversion at time F BD1IQUIET = {exp{ }J
/2 denoted agd, the density operator reads

gBDlI/QUIET 7

Tm
X eXp{ £ epiQuiet 2} } . [20]

Denoting byD (7., BD1I/QUIET) the directional deriva-
T . . tive of Fepuouer iN the direction® and using the “Leibniz
X ex $BD1I/QUIET7 (Joo™ = 0%). yle,” Eqg. [10], we can show that

T
UBDlI/QUIET( Tm) = { EXp{ £ ep1iQuieT Zm} J

[18] D, (7., BDLI/QUIET)
e e — Tm
As (‘]“0- ‘-0 q) = 2., we get = D%(z! <§£BD1I/QUIET) ‘]%T,“IZ(‘SgBDlllQUIET)
m 8 (F )ID,[ " & [21]
TgpuiQuieT(Tm) = | €X ££BD1|/QU|ET? J /21 BDIQUIET/~ =8 o v ¥ BDLVQUIET | -
% exp{éB Tm}}ZI [19] In the following we shall, when necessary, particularize
BOL/QUIET 2 - D (7 BDLI/QUIET) to Dy (7, BD1I) or Dy (7, QUIET). It
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FIG. 3. Variation as a function of the mixing time, of the quantities T 5 (7m, QUIET)l,,, |,), where® is a matrix of the same dimensions as the
generator of the evolutioff ouer, With zero everywhere except at the positions which in the generator of the evolution contain the etgmenith are equal
to one. The solid curve represents a single inversion in the middle of the mixing time. The dashed curve represents two inversions during the noiring ti

taking place at,/4, the other at 3,/4. The dotted—dashed curve represents three inversions during the mixing time, one taking plé&etet second at,,/2,
and the third at 5,/6. See the text for explicit details abaifityyer-

should be noted that multiple inversions during the mixing time With £ oyer = Lgpy the long-dashed curves in Figs. 1 and
were proposed for both methods, but to the author’s knowledgerepresent, for QUIET-NOESY, quantities corresponding

they were never implemented (see discussion below). to those given in Eqgs. [22] and [24]. These curves demor
In Fig. 1 the dashed curve represents, as a function of thieate that in a three-spin system BD1I-NOESY and QUIET
mixing time, the quantity NOESY are up to a sign totally equivalent. With these twc
methods isolation of spine and spinB with respect to
Tr(Dgy1(Tm, BD11)1 44, 155) [22] cross-relaxation with spiry is very good for short mixing
times but tends to degrade rapidly for longer times. The
with sensitivity of the transfer of longitudinal magnetization be-

tween spina and sping to a variation ofo,; is the best of

-5 1 3 0 the four experiments analyzed. One should keep in min

1 -7 3 0 however that the inversion in the middle of the mixing time

Leou=| 3 3 -7 o0 [23] was assumed to be instantaneous. In a real experiment t
0O 0O 0 -5 sensitivity will be reduced.

Isolation is improved by using multiple inversions (curves

and %' defined as the 4< 4 matrix with zero everywhere N0t shown). However, as presented in Fig. 3, the transfer ¢
except at the positior®, andZ, which are equal to one. In Iongitudinal magnetization between spinand spinf be-

Fig. 2 the dashed curve represents, as a function of the mixfFffnes insensitive to a variation of the cross-relaxation rat
time, the quantity constanto, if multiple inversions are used. In this figure

the quantity

Tr(Dg (7, BD1D 4, 1,5) [24]
Tr(Dg(Tm QUIET) 4, 125) [25]
for the samef gy, as above anéB? the 4 X 4 matrix with zero
everywhere except at the positiait$, and% 2, which are equal is plotted as a function of the mixing time, for one inversion ai
to one. To/2 (solid curve); two inversions, one at/4, the other at
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FIG. 4. Variation as a function of the mixing time, of the quantities TiD (7, BD1I)l,,, |,5) when the spingy and é are both inverted in the middle
of the mixing time (solid curve), TR 4(7., BD1I)l,,, |,5) when only the spiny is inverted in the middle of the mixing time (long-dashed curve) PTy(r .,
BD1)l,., 1,5) when only the spird is inverted in the middle of the mixing time (dashed curve), andTKF., QUIET)I,,, |,,) (dotted—dashed curve). The
matrix & is of the same dimensions as the generator of the evoldignquer, With zero everywhere except at the positions which in the generator of th
evolution contain the elements,;, which are equal to one. See the text for explicit details aust, and Loyer.

3m./4 (dashed curve); and three inversions, one @, the be less than that in the experiment with only a single inversio
second atr,/2, and the third at B,/6 (dotted—dashed curve).during the mixing time. As the mixing time passes, the devi
All the inversions are assumed to be instantaneous. The saitien away from equilibrium of spia magnetization and spin

£ quier as that above is used afiis the 4 4 matrix with zero 8 magnetization tends to equalize. Thus the loss in magne
everywhere except at the positiofs,, and %, which are zation transfer experienced during the first part of the mixing
equal to one. Of course the control eXperiment is also mOdlflqﬂne cannot be recovered during the second part_ Thereforel
the inversions during the mixing time are made in corresponger mixing time would be necessary to compensate for thi
dence with those made in the experiment from which it will bRyss in magnetization transfer. This explains why an experi
subtracted. With our choices for the parameters and thiggnt with a greater number of doubly selective inversion:
inversions during the mixing time, the sensitivity of the tran%uring the same mixing time becomes less sensitive to

fer of magnetization from the spimto the spinB relative t0 a 4 iation of the cross-relaxation rate constant between the spi

variation ofe,, becomes very low. It is not identically zero astr]at are selectively inverted. This points to the fact that

the correspon_dmg curve in Fig. 3 seems to indicate. Th'? re_s{?]EJIET-NOESY experiment in which the doubly selective
may be explained by noting that the transfer of magnetizatio . ) : : :

: L . o inversions are considered to be instantaneous is not equivale
from spin « to spin B is proportional to the deviation of the. - . : : .

. . : oo in the limit of continuous inversions to the MYSIN experiment.
magnetization of spim from its equilibrium value. We con- BUL in h situations. we must b reful in the implemen
sider the experiment that utilized three doubly selective invetr-l:_’ ?ltf fs ual_o S ft?\ fyst d? C?. N ul deri et_ P ef tﬁ
sions during the mixing time. The spiais initially inverted ation ottne formafism of the Tirst directionai derivative ot the

and we choose a duration for the mixing time such that ﬂr]gatrix exponential. We will explain this later while discussing

maximum transfer from the spin to the spinB by cross- the BD"_\'OESY experiment.

relaxation will take place during the periods O#g6 andr,/2  1he difference between BD1I-NOESY and QUIET-NOESY
to 5r,/6. During the periodr./6 to 7./2 cross-relaxation is IS xemplified in Fig. 4. In this figure the quantity

reduced, as now the magnetization on the spis assumed to

be closer to its equilibrium value. Overall, during the period 0

to 7,/2 the cross-relaxation from the spinto the sping will Tr(Dg(7m, BDI/QUIET) 4, |44) [26]
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is plotted as a function of the mixing time, withgp;,ouer We calculate directional derivatives in the directi@rof an
equal to expression of the form

P rvsNTm £ Tm
-5 1 3 1 Fuysin = {eXp{ MYZSN }exp{ MYZSN }} . [30]
1 -7 3 0
°(£BD1I 3 3 _9 2 . [27]
1 0 2 -5 Denoting byD (1, MYSIN) the directional derivative of

Fuvsi IN the directior?8 and using the Leibniz rule enunciated

. . . . _above, we obtain an expression of the form
This quantity follows (up to a sign) exactly the same time

development in BD1I-NOESY and QUIET-NOESY if and
or_1ly if the spinsy and & are inverted ir_1 the middle of the Dy (7 MYSIN) = Dﬁ<7m EB-I{—AYSIN)%W/Z(‘%MYSIN)
mixing time. If however onlyy (resp.d) is inverted we can 2
observe that in BD1I-NOESY the quantity becomes more -
sensitive to spin diffusion with the non-inverted spin. BD1I- + €. 72(Lyvsin) D(}(Z':n £EMYS,N> .
NOESY requires, before the start of the experiment, knowl-
edge of the spin diffusion network of the pair of spmand3, [31]
if one wishes to obtain a spin-diffusion-free measurement of
the cross-relaxation rate constanf;. In suc.h situations it is |n Fig. 1 the solid curve represents the time developmer
advantageous to use QUIET-NOESY, which does not necggping the mixing time of the quantity
sitate this prior knowledge. However if the spin diffusion
network is known, BD1I-NOESY enables one to make a de-
tailed analysis of spin diffusion within the network, by allow- TH(Ba(7m MYSIN) Ly, 1) [32]
ing one to quench selectively specific relaxation pathways.

In MYSIN the spinsa and B8 are continuously irradiated With
during the mixing timer,, by means of an amplitude modulated

RF field with a modulation frequency equal to half the fre- -5 1 75 O 3

quency difference between the spinandg. Attimet = 7,/2 1 -7 0 75 3

the phase of the RF field is switched by 180° and keeps this Pwvsn=| —75 0 -7 O 0 [33]
value for the remaining half of the mixing time. During the first 0 =75 0 -9 0

half of the mixing time the superoperator, generator of the 3 3 0 0 -71

evolution for MYSIN, £,vsi, IS Written in the basis setl{,,

Lzgs lyar lygs 120} @S and %' defined as the 5< 5 matrix with zero everywhere

except at the position®i; and RB:,. In Fig. 2 the solid curve
represents the time development during the mixing time of th
Pa O-ozB w 0 Uay i
quantity
0w pp 0 0 0p
Pwysn=—| —@ 0 p, 0 0 |. [28]
0 - O p}; 0
og, 0 0 p,

Y%

Tr(Dg (T MYSIN) I, 1,5) [34]

for %B? defined as the 5< 5 matrix with zero everywhere
except at the position®?, and%3,. From these figures we can
During the second half of the mixing time the generator @fpnclude that during a MYSIN experiment the transfer of
the evolution for MYSIN is the transposétivsi of Luvs- It magnetization from spir to sping is extremely well isolated
is assumed that the resonance frequencies of the a@nsif  from any cross-relaxation transfer emanating from spin
are well separated so that transverse cross-relaxation cande®vever the transfer of magnetization from spito sping is

neglected. the least sensitive of the four methods studied to a variation ¢

At the end of the mixing time the density operator is writteg:
as In Fig. 5, we present for MYSIN and QUIET-NOESY the
dependence of the first directional derivative in an appropriat

in £. For MYSIN the quantity

}} direction upon variation of the value for some matrix elemen

gLYSINTm LrvsiNTm
ousin(Tm) = | €X 2 ex >

X (a*(0) — 0* () + 0* (). [29] TH(D (T MYSIN) Iy, 1) [35]
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FIG. 5. Variation as a function of the mixing tims, of the quantities T (7, QUIET)l,,, |,), long-dashed curves(,, = 3 s™), dashed curved,, =
2 s, dotted—dashed curve(, = 1 s™); and Tr@4(7m, MYSIN)I,,, 1,4), solid curve (superimposition of the three casgs= 1, 2, 3 s*). For all the curves
9B is the matrix of the same dimensions as the respective generator of the evolution with zero everywhere except at the positions which in the gemerat
evolution contain the elements,, which are equal to one. See the text for explicit details abukn and Louer.

is plotted as a function of the mixing time with defined as the good precision in the measurement of the cross-relaxation rz
5 X 5 matrix with zero everywhere except at the positiéhs constant.

and Bs, which are equal to one. For QUIET-NOESY the As mentioned at the beginning of the paper CBD-NOESY

quantity (9) and BD-NOESY 8-5 were carefully analyzed inl(Q).
The particular relationship that exists between the cros:

relaxation rate constant in the laboratory framge and the

Tr(Day(Tm QUIET) L, 159) [36] cross-relaxation rate constant in the rotating frameg: for

a rigid molecule in the spin diffusion limit1Q) is the
is plotted as a function of the mixing time with the 4 x 4 cornerstone on which CBD-NOESY is based, to provide
matrix with zero everywhere except at the positiéBg and cross-peak intensities connecting two different spectral re
B, which are equal to oneéyysy andLoyer are as given in gions, which are free of multistep magnetization transfe
Egs. [33] and [23]. The set of curves indicates, in particuléivolving one or more steps contained within a single re
cases, the times at which higher order terms in the developm@iftn. For spins belonging to parts of the molecule in whict

(see Eq. [7]) of the matrix exponential become effective. In tflBe spectral densities of motion ai, and/or v, are not
case of MYSIN we can observe that the quantity defined in Eggligible, the relation which we referred to above betweei
[35] is not sensitive at all to variation of the value @f,. On  onoe @nd oroe is NO longer valid, and the results obtained
the other hand in QUIET-NOESY the quantity defined in Eqrom the experiment cannot be interpreted as easily. |
[36] increases in absolute value with increasing values,of BD-NOESY the experimenter is advised to utilize multiple
We remark that in Fig. 2 all the curves intersectytaxis for selective inversion pulses to invert one or several spectr;
a mixing timet,, = 0. The curves in the figure represent #ands with a repetition rate for the pulses that is fas
variation in the transfer of magnetization from spimo sping compared to the cross-relaxation rate constant. In the lim
upon variation of the cross-relaxation rate constapt When where the pulses are square the irradiation becomes almc
the duration of the mixing time is zero there cannot be ampntinuous and the experiment is equivalent to MINSY. If
transfer of magnetization no matter how different the crostiie pulses are amplitude modulated, an analysis using tl
relaxation rate constant is. This result indicates that evéirst directional derivative becomes problematic as the
though it would be preferable to use a short mixing time tsteady-states*(), knowledge of which is necessary in
avoid the effects of spin diffusion, we must bear in mind therder to solve Eq. [3], cannot be approximated by the nul
fact that the mixing time must be long enough to allow fooperator. In such a case, Eq. [3] could be resolved step t
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step, with a different steady state for each piecewise cdonger mixing times are needed. MYSIN necessitates a caref
stant value of the amplitude modulated pulse, and the finadlibration of the double irradiation pulse. However, beside
value of the solution pertaining to one particular step musffering an almost perfect isolation for any duration of the
be used as the initial value of the adjacent step. Of coungeéxing time, MYSIN enables us to overcome spectral overlar
the same is true for the inversion(s) in QUIET-NOESY, oin some situations this method can thus be employed wit
for the single inversion in BD1I-NOESY. However, as longprofit.

as the durations of the inversions are kept short relative to

the entire mixing time, we can approximate the steady-state ACKNOWLEDGMENT

operatora*( ) to be the null operator at all times. We have

used this approximation in our analysis by considerin’%; The author_ls grateful to Th(_e Becl_(man Research Institute at the City of Hop
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