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*Département d’Inge´niérie des Prote´ines, and†Service de Chimie Mole´culaire, Laboratoire Commun de R.M.N.,
C.E.A./Saclay, F-91191 Gif sur Yvette, France

E-mail: hdesvaux@cea.fr

Received May 1, 1998
ic
se
ati
ing
rm

pr
f t
en
ua
es
1%
de
-
tion
duc
ap

cle

s
I e of
t ects
a ontri-
b ort a
r and
p the
s r on
t n
f

ining
t ap
g xel
( the
f field
s led
b e of
t eti-
z sting
i the
d ase
o eme
b

nd
a spin
I as
0 We
c
d
p
A tion
t ents

t Un
We describe a method allowing the determination of the effec-
ive B1 field amplitude distribution in a high-resolution NMR
pectrometer. This method which can be adapted to almost any
equence, essentially consists of a nutation followed by a purging

0 gradient pulse. Experimental results obtained with this ap-
roach are described in homonuclear and heteronuclear cases. The
xperimental distributions are used to estimate the biases induced
y B1 inhomogeneity, as well as the loss of RF power on hetero-
uclear transverse self-relaxation rate determination. In this type
f measurement, the experimental biases induced on the intensities
an be as large as 5% for long mixing times. © 1999 Academic Press

Key Words: RF field homogeneity; heteronuclear relaxation.

I. INTRODUCTION

The classical NMR method to explore protein dynam
onsists of measuring the longitudinal and transverse
elaxation rates and the heteronuclear dipolar cross-relax
ates (nOe) (1–4). It has recently been shown that promis
nformation on protein structure or dynamics, such as dete
ation of the anisotropic Brownian reorientation (5–7) or lo-
alization and characterization of fast chemical exchange
esses (8), can be deduced from precise measurements o
elf-relaxation rates usually followed by statistical treatm
he uncertainties of the determined relaxation rates are us
erived by considering the errors in the measured intensiti
ual experiments and are found to be on the order of
owever it was statistically shown that this leads to an un
stimation of the uncertainty by a factor of 4 (9). This discrep
ncy may, at least in part, arise from hardware imperfec

hat can introduce systematic biases not detected in repro
xperiments. To avoid biases resulting from the CPMG
roach (10), one generally rather measures the heteronu

1 Present address: Bijvoet Center for Biomolecular Research, Utrech
ersity, Padualaan 8, 3584 CH Utrecht, The Netherlands.

2 To whom correspondence should be addressed.
118090-7807/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
s
lf-
on

i-

o-
he
t.
lly
of
.

r-

s
ed
-

us

pin–lattice relaxation rate in the presence of an RF field (R1r).
nterpretation of the obtained rates requires the knowledg
he RF field strength in order to correct for the offset eff
nd to evaluate the presence of fast chemical exchange c
utions to the relaxation. In the present paper, we rep
eliable experimental procedure for determining quickly
recisely the effective RF field strength experienced by
ample, as well as its inhomogeneity. Effects of the latte
he measured intensities in a typicalR1r experiment are the
urther explored.

II. B1 FIELD INHOMOGENEITY IN
AMPLITUDE AND PHASE

Two different schemes can be considered for determ
he RF field inhomogeneity, either building a pictorial 3D m
iving the RF field amplitude and direction in each vo
11, 12) or measuring the distribution of the RF field, i.e.,
raction of the sample which experiences a given RF
trength (13–16). The first scheme is obviously more detai
ut actually difficult to exploit, because it requires the us

he reciprocity theorem (17). Indeed one measures a magn
ation summed over the sample volume so that the intere
nformation does not lie in the spatial distribution but in
istribution all over the sample of the amplitude and/or ph
f an applied RF field. This is what gives the second sch
ased on a simple nutation experiment (13).
We consider a spin1

2
, I , noncoupled to any other spin, a

n inhomogeneous RF field at the Larmor frequency of
. We neglectB0 inhomogeneity, since resolution as high
.1 Hz is now classical on commercial spectrometers.
onsider a voxel with an associated magnetizationI (v) 5 I0

v. In this voxel, the RF field amplitude is 2v1(v) while its
hase in the rotating frame relative to theOx axis is f(v).
fter application of an on-resonance irradiation of dura
long relative to the transient phenomena, the compon

i-
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119COMMUNICATIONS
f a magnetization initially aligned along theOz axis be-
ome in the frame rotating at the irradiation frequencyvI

I x~v! 5 I 0sin~v1~v!t1!sin f~v!dv [1a]

I y~v! 5 2I 0sin~v1~v!t1!cosf~v!dv
[1b]

I z~v! 5 I 0cos~v1~v!t1!dv. [1c]

The components of the total magnetization are obtaine
ntegration on the sample volume9:

I x 5 I 0 E
9

sin~v1~v!t1!sin f~v!dv [2a]

I y 5 2I 0 E
9

sin~v1~v!t1!cosf~v!dv [2b]

I z 5 I 0 E
9

cos~v1~v!t1!dv. [2c]

We can now replace the sum on the volume by an integr
he proportion of the voxels that experience an RF fiel
mplitude v1 and of phasef. We respectively deno
(v1)dv1 as the fraction of the sample experiencing an

eld amplitude in the range [v1; v1 1 dv1] and3(f; v1)df
s the fraction of the sample experiencing an RF field
mplitude v1 and of phase in the range [f; f 1 df].
quations [2] may then be rewritten as

Ix 5 I0E
0

` FE
0

2p

3~f; v1!sinfdfG3~v1!sin~v1t1!dv1 [3a]

I y 5 2I 0 E
0

` FE
0

2p

3~f; v1!cosfdfG3~v1!sin~v1t1!dv1

[3b]

I z 5 I 0 E
0

`

3~v1!cos~v1t1!dv1. [3c]

● Recording the transverse magnetization following th
adiation gives a signal proportional toI x 2 iI y, that is,

2iI0SE
0

` FE
0

2p

3~f; v1!e
ifdfG3~v1!sin~v1t1!dv1De2iv2t2. [4]

ourier transformation alongt2 makes it possible discrimina
he studied nuclei according to their resonance frequencyv ).
2
y

n
f

F

f

-

he condition of on-resonance RF irradiation leads us to
ider the spin such thatv2 5 vI. The free-induction deca
btained can be further analyzed by real Fourier transform
iving a dispersive spectrum that characterizes the RF
xperienced by the different nuclei during the irradiation.

ng a Hilbert transformation (which is blindly done by adju
ng the zero-order phase correction to 90°), one ends up w
bsorptive spectrum along the indirect dimension, the inte
t each frequency being proportional to3(v1)[*0

2p 3(f;

1)eifdf], according to Eq. [4]. It thus depends on the a
litude and phase distribution of the RF field during the i
iation. The expected shape of the spectrum is thus a

unction for a perfectly homogeneous RF field. Actually,
esign of the coil induces restraints on the RF field amplit
nd therefore the resulting spectrum is asymmetrical. P

nhomogeneities at a given field strength will lower the
erved intensity at this frequency. The effects on the obse
pectrum are thus hard to predict but should not restor
ymmetry lost by amplitude distribution.

● We consider now the case where a purging gradient p
as been applied to destroy any transverse magnetiz
hen applying a read pulse of durationT908, the observe

ignal becomes

I 0SE
0

`

3~v1!cos~v1t1!dv1DFrpe
2iv2t2, [5]

here

Frp 5 2i E
0

` FE
0

2p

3~f; v1!e
ifdfG3~v1!sin~v1T908!dv1

[6]

s a multiplicative constant resulting from assuming that
ndependent of the irradiation pulse. This assumption wi
iscussed below. As above, Fourier transformation alont2
llows the discrimination of the studied nuclei, while a r
ourier transformation of the resulting interferogram dire

eads to an absorptive spectrum in which the intensit
roportional to3(v1) (Eq. [5]), which is only a function of th
mplitude distribution of the applied RF field.
The inhomogeneity which should be considered depend

he sequence. In the case of a simple spin-lock pulse
elative phase of the RF field over the sample influence
nal observed intensities through a weighted average
3a] and [3b]). In contrast, taking advantage of the axial s
etry aroundOz by projecting (or rotating) the magnetizati

rom this axis to the effective field and back again at the en
he spin-lock allows one to disregard the effect of the p
istribution and to restrict the dependence of the magnetiz
volution to the RF field strength only.
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120 COMMUNICATIONS
In the above calculation, we have assumed that the
eld v1(v) is time independent in frequency, amplitude,
hase. It can however be extended to the time-depen
ase by integrating the Liouville–von Neumann equat
lthough Eqs. [1] must be replaced by more complex
ressions, the final results (Eqs. [3]–[5]) are the same ex

hat 3(v1)dv1 represents a convolution of the fraction
he sample experiencing a given RF field by the probab
f finding it. None of the experiments we have run h
roved that this more complex treatment gives a cl
escription of the reality.
The extension of the derivation to the case where the

eld is not applied on-resonance is straightforward. The m
etization vectors process then along an effective field
hich is tilted by an angleu from the static magnetic fie
irection

tanu 5
v1

D
, [7]

hereD is the frequency offset. Following the evolution
he transverse magnetization does not lead to a direct d
ination of the RF field distribution, while the evolution

he longitudinal magnetization still gives access to the
omogeneity in amplitude of the effective fieldV, where

V 5 Îv1
2 1 D2. [8]

his solution can then be used to determine precisely th
eld strength for an irradiation out of resonance, a useful i
hich takes into account the variation of theQ value of the coi
ith the irradiation frequency.
One should also take into account the magnetization deca

o relaxation occurring during the irradiation (exp(2R2r
off.t1)).

owever, this relaxation rateR2r
off. 5 1

2
(sin2uR1 1 (1 1 cos2u)R2)

s on the order of the longitudinalR1 and transverseR2

elaxation rates of the studied nuclei, that is, hertzs or te
ertz. As will be shown below, the magnetization decay du
F field inhomogeneity is faster by at least one orde
agnitude, enabling us to neglect this contribution in

ollowing.
The generalization to a real spin system of the calcula

erformed on an isolated spin1
2

reveals that (i) the dipola
ross-relaxation between the spins is almost never se
ince due to the difference of their offsets, their differe
f precession frequencies is much larger than the c
elaxation rates; and (ii) theJ coupling Hamiltonian can b
eglected as soon as the RF field strengthv1 is much large

han theJ value. A consequence of this resides in the n
f proton decoupling when the RF field distribution onX
ucleus is studied.
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III. MEASUREMENT OF B1 INHOMOGENEITY

. Homonuclear Case

Figure 1 shows two sequences used to measure th
eld inhomogeneity. The sequence of Fig. 1A was sugge
y Bax (15) and is designed to measure the RF field
omogeneity arising from amplitude and phase variat
ll over the sample. It can only be used when RF irra
ion is applied exactly on-resonance. The sequenc
ig. 1B allows determination of the RF field inhomo
eity in amplitude. It essentially consists of a nutat
xperiment followed by a purging gradient pulse to k
nly thez component of the magnetization and finally a r
ulse, here, a simple 90° hard pulse. Figure 2A show
xample of the RF inhomogeneity measured on-resonan
given RF field strength observed via the sequences of
A and 1B on a broadband inverse probehead. It ca
bserved that the RF field inhomogeneity is rather s
about 4.4% at half-width). The curves exhibit an asymm
ical shape as expected. The highest probability fi
trength is found to be the same in both cases. Howeve
robability is higher for the RF field amplitude distributi
pectrum than for the amplitude and phase distribu
pectrum. Moreover the full-width at middle-heig
FWMH) is larger when considering the complete inhom
eneity than that for the amplitude inhomogeneity (
ersus 280 Hz).
According to Eqs. [4] and [5], the ratio between these

pectra gives the phase inhomogeneity at each field stre
f one neglects the multiplicative constant. This ratio (F
B) is not constant withv , meaning that the phase a

FIG. 1. Pulse schemes used to determine the RF field homogeneit
ives the RF field inhomogeneity in amplitude and phase while (B) give
F field inhomogeneity in amplitude only. The open box corresponds t
utation period of durationt1. The narrow filled box is a 90° pulse that can
pplied at high power or at the power used in the nutation period. Gp
urging gradient pulse.t1 is incremented by a value of 1/(2p nmax), according

o the Nyquist criterion, when one wants to study the response of the irrad
n the range [0:nmax]. Further data processing are described in the text
equence (B), if the distribution of effective field amplitudeV is desired, th
utation can be applied off-resonance. The offsetD is then the distanc
etween the RF frequency and the Larmor frequency of the studied
efined by the chosen column.
1
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121COMMUNICATIONS
mplitude are not fully independent. This statement relie
he assumption that the irradiation and read pulses
ndependent. If we assume now that in each voxel the p
nd amplitude homogeneities are constant during the
equence, then after a read pulse applied on-resonanc
t the same power level as the irradiation pulse, the reco
ignal becomes

2iI 0FE
0

`

39~v1!cos~v1t1! E
0

2p

3~f; v1!e
ifdfG z e2iv2t2

[9]

ith 39(v1) 5 3(v1)sin(v1T908). The final spectrum is thu
he same as that obtained by sequence 1A except tha
easured probabilities are multiplied by sin(v1T908). The

equence of Fig. 2B is then no longer suited for determina
f the RF field amplitude distribution, since it also contains
hase inhomogeneity information. Figure 2B shows tha
atio between the probabilities found using sequences 1A
B is not proportional to sin(v1T908) (reducedx2 of 42.1).
his proves that the RF field inhomogeneity is not cons
long a pulse sequence. It is not sufficient to conclude o

FIG. 2. (A) Distribution of1H RF field observed on a Brukerz gradient br
s a 10 mM solution ofa cyclodextrin in D2O at 298 K. Displayed are traces
ccording to the procedure described in the text. The carrier frequency w

n amplitude obtained by the sequence of Fig. 1B, while the dotted line h
trength of the 90° hard pulse of the sequence of Fig. 1B is the same as
hile gB1 nom., the RF field for which the probability is maximum, is larg

rom estimation of the noise calculated from the fluctuation of theB1 field in the
in(v1T908). A clear discrepancy between the curve and the data points
pectral width in theF1 dimension is 10 kHz, the 2D spectrum is comp
imension. The spectrum corresponds to the column for the on-resona
n
re
se
se
and
ed

the

n
e
e
nd

t
he

ndependence of two successive pulses but this would si
ead to an overestimation of the RF field amplitude inho
eneity since the distribution obtained by scheme 1A is bro

han that of scheme 1B. Anyway this result clearly indic
hat the RF field inhomogeneity should be determined
dapting the sequence with which the measurement is do
articular when one wants to take it into account in further
nalysis.

. Heteronuclear Case

It seems particularly relevant to adopt the same approac
ny heteronuclear measurement, since two different coil
sually involved. Indeed the effective inhomogeneity (
hich influences the measurements) is expected and

ively observed (data not shown) to be different from
omplete inhomogeneity of the heteronuclear coil (usually
uter coil in an inverse probehead). We have considered
xample of a reference experiment the self-relaxation
easurement in the presence of an off-resonance RF ir

ion with adiabatic rotations (18, 19). Since in that experime
he 15N magnetization is adiabatically rotated from the st
agnetic field direction toward the tilted effective field at
eginning of the spin-lock and back at its end, the rela

band inverse probehead equipping a Bruker DRX500 spectrometer. The
ngF1 at the frequency of the H1 proton extracted from the 2D spectrum obt
fixed to this proton Larmor frequency. The solid line corresponds to thetribution
been obtained by the sequence of Fig. 1A. For this particular spectrumeld
t used during the nutation. ThegB1 field value measured by a 360° pulse is 6.6 k

6.89 kHz (16). (B) Ratio of the two previous distributions. The error bars de
ngs of the distribution. The solid line superimposed corresponds to the fu
observed, showing that the RF field inhomogeneity depends on the se
d of 400 FIDs, while the processed spectrum contains 512 real pointsF1

peak. No apodization function was applied alongF1.
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hase of the RF irradiation experienced by each voxel ha
nfluence on the signal intensity, and the only relevant in

ogeneity is the amplitude one. The pulse sequence use
ts determination is displayed in Fig. 3A. It was designed
imply replacing the spin-lock irradiation of fixed duration
he R1r

off pulse sequence (18) by a nutation period followed b
purgingB0 gradient pulse. Figure 3B shows a result obta
n a Brukerz gradient inverse broadband probehead wi
5N-enriched Toxina sample in water (20). The distribution o

1 field is still asymmetrical. We define the15N nominal field,

1 nom. 5 v1 nom./g, as the RF field for which the probabili
(v1) is maximum. In order to have an analytical descrip
f the experimentalB1 field distribution which can be used
imulate, for instance, the effect of the inhomogeneity on
OHAHA coherence transfer, we have noticed that the ex

mental distribution can appropriately be described by the

FIG. 3. (A) Pulse sequence allowing the determination of the RF
easurement using adiabatic rotations. Narrow and large filled boxes
ATERGATE sequence are denoted Gw. The phase cycling is the sa

osition where off-resonance RF irradiation can be added to follow the
nhomogeneity observed in a Brukerz gradient broadband inverse probehe
xperimental observation. Its equation is forv1 , 1785 Hz, 4.21024e2(v1217

he first Gaussian is replaced by 4.21024e2(v121785/15)2. This spectrum has b
RX500 spectrometer. TheF1 spectral width is 2.5 kHz, 200 FIDs have
no
-
for
y

d
a

e
r-
m

f two Gaussians and two half-Gaussians. The two half-G
ians are centered atB1 nom.. As an example, a fitted curve
uperimposed on the data points in Fig. 3B. Finally if
eplace in the pulse sequence the nutation followed
urging gradient pulse by just the nutation, as done in
omonuclear case (Fig. 1), we still do not observe the s
istribution curve as for protons (Fig. 2).
The sequence of Fig. 3A has appeared to us as a ver

nd accurate method for determining the heteronuclear RF
mplitude whatever its value. Indeed for a 5 mM 15N protein,

he determination ofB1 nom. requires about 10 mn. Relati
eterminations by physical methods based on signal sent
robe (oscilloscope, powermeter, etc.) are, of course, fast
o not take into account every mismatching condition w
an appear on the excitation line, resulting from nonlinear
n the response of the probehead, the preamplifier, the a

d inhomogeneity relevant for an off-resonance heteronuclear self-rela
esents 90° and 180° hard pulses, respectively. The encoding gradients of the
as that used for longitudinal self-relaxation measurement. The arrow

riation of the RF power after a strong irradiation. (B) Distribution of15N RF field
The solid line superimposed is a visually adjusted analytical representa

1)21 1.81024e2(v121750/40)21 0.81024e2(v121700/80)2and forv1 . 1785 Hz
n acquired at 310 K on a15N-enriched sample of Toxina in water on a Bruke
n acquired, the processed spectrum contains 512 real points in that di
fiel
repr
me
va
ad.
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er, or the coil and which can vary along the sequence. T
an simply result from heating. The approach based on
equence of Fig. 3A makes it possible to check the respon
he spectrometer after long irradiation or strong decoupling
or example, adding an irradiation period just before the n
ion (Its position is indicated by the arrow on Fig. 3A. We w
enote its strength asB1 irr, while the nominal RF field mea
ured by the nutation will be notedB1 nut.). On all the Bruke
ystems we have tested (three DRX spectrometers, each
wo 300-WX amplifiers and the following 5-mm probehea
gradient broadband inverse (BBI), one- or three-axis g
nts 15N/13C/1H inverse (TXI), and or three-axis gradie
5N/BB/1H inverse (TBI)), applying an irradiation at a pow
f 5 W during 500 ms induced no significant power drop at
ower level but significant power drops, up to 20%, at h
ower (.100 W). Consequently the hard pulses following

rradiation period are no longer well calibrated. This result
ensitivity losses that vary with the duration of the irradia
eriod. When a series of experiments is recorded with va
ixing times to evaluate the magnetization decay rate in
resence of RF irradiation, these sensitivity losses du
ower drop will bias the results. The extent of the ampl
ower losses depends on many parameters (tuning, ma
nd choice of the probehead, amplifier, duration and pow

rradiation, recovery delay after the irradiation, recycling
ay, etc.). It always increases with the power request afte
rradiation period (increase ofB1 nut) and with the strength o
he long irradiation (increase ofB1 irr). This effect does no
imply result from heating. Indeed if the irradiation period
mplitudeB1 irr is applied before the recovery delay, as s
ested when performing measurements at constant avera
ower delivery (21), the power loss onB1 nut is extremely
educed whatever the choice of the power level. Also, if
00-WX amplifiers are used to produce the15N pulses, one fo

he long irradiation (B1 irr) and the second for the hard pul
nd the decoupling period, or if a 500-W amplifier is used w

he same powers for the irradiations as those used w
00-W amplifier, no power loss is observed. This set of re
roves that the principal reason for the power loss resides
roop of the amplifier, but since we have never observ
hen the signal is directly sent to an oscilloscope, it shoul

east partially, result from the detuning of the excitation l
his is confirmed as we observe that the choice of the pr
ead has a strong influence on the amplifier power loss. I
ands, among all the probeheads we have used, it wa

nverse broadband with one-axis gradient which gave the
esults. To illustrate these observations, we report in Tab
he results of the RF field amplitude measurementsB1 nut

erformed on a Bruker DRX600 spectrometer equipped w
hree-axis gradients TBI probehead and using the broad
hannel for the15N pulses. These measurements were ca
ut using the pulse sequence displayed in Fig. 3A, incorp

ng an off-resonance RF irradiation with adiabatic rotat
rior to the nutation period (position denoted by the arro
y
he
of
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ard pulses were applied at a power of 200 W with a 30
mplifier. This table also reports an estimation of the sens

ty losses (til about 5%) after the refocused INEPT tran
esulting from miscalibrated pulses. These estimations
omputed assuming the amplifier does not recover durin
0-ms duration of the refocused INEPT.

IV. EFFECT OF THE RF FIELD INHOMOGENEITY
ON THE HETERONUCLEAR SELF-RELAXATION

RATE DETERMINATION

In the presence of off-resonance RF irradiation, follow
he magnetization decay in a series of recorded experim
ith various mixing times gives the off-resonance self-re
tion ratesR1r

off of the one spin-order coherences (SZ) aligned
ith the effective field [22]

R1r
off 5 cos2uR1 1 sin2uR2 1 sin2uJex~V!, [10]

hereJex is an eventual fast chemical exchange contribu
onsidering a two-site jump model with populationsp andp

TABLE 1
High Power (200 W) Effective 15N Nominal RF Field Strengths
easured Using the Sequence 3A Modified to Include at the

osition Indicated by an Arrow an Extra Off-Resonance Spin-
ock of Different Durations and Strengths

gB1 irr

Duration

10 ms 150 ms 400 ms

gB1 nut % gB1 nut % gB1 nut %

.88 kHz 9.021 0.00 8.980 0.03 8.953 0
kHz 9.171 0.00 8.980 0.53 8.586 4.

Note. In the denotedgB1 nut columns are reported the measured RF
mplitudes in kilohertz. In the % columns is reported the calculated sens

oss after the refocused INEPT block assuming (i) that pulses were cali
ccording to the field strength observed in the 10-ms irradiation experi
nd (ii) that the delivered field strength remains constant during the 1
uration of the double INEPT sequence. The irradiation was applied w
ffsetD of 12 kHz, which is high when having a lowu angle (9.4° at 2.2 kH
nd 4.2° at 0.88 kHz, respectively), but moderate when staying in the fine
f optimal tuning/matching of the probe. Measurements were carried ou
5 mM sample of fully enriched Toxina on a Bruker DRX600 spectrome

quipped with a triple-axis gradient TBI probehead and a BLAX-H
mplifier (maximal delivery power of 300 W) to irradiate the heteronuc
he different nitrogen pulses were applied at powers of 200 W (hard pu
.3 W (decoupling during the 0.34-s acquisition time), 9.9 W (2.2-kHz s

ock), and 1.9 W (0.88-kHz spin-lock). The repetition time was fixed to
hich is a typical value used in experiments recorded to measure rela

imes. In theF1 dimension the spectral width was equal to 10 kHz, 64 F
ad been acquired, and the spectra had been processed on 512 real po
WMH was about 330 Hz; the precision of the nominalgB1 nut field could be
stimated to be less than 50 Hz (25).
a b
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nd difference of resonance frequencydn, and denotingte as
he exchange correlation time, one has

Jex~V! 5 papbdn2
te

1 1 V2te
2 . [11]

ue to B1 inhomogeneity, each voxel of the sample exp
nces a different RF field amplitude and thus a different a
(Eq. [7]). Because of Eq. [10], the relaxation rate varies f
ne voxel to the next as a function of inhomogeneity. For
oxel the decay is monoexponential, but as the syste
onlinear, the total magnetization decay is, a priori, no lo
onoexponential. Since the function used to fit the experim

al points (one exponential) does not correspond to the an
cal solution, the extent of the bias induced by the RF fi
nhomogeneity on the relaxation rate depends on the nu
nd values of the mixing times. However it is possible
umerical integration to compare the magnetization afte

axation during a mixing timetm in the presence of an inh
ogeneous RF field to that in the presence of an homoge
F field. In this reference experiment the RF field amplitud

aken to be equal to the nominal one,B1 nom.. We consider two
chemes where either magnetization relaxes toward 0 (23) or
oward its steady-state value which depends onu. Using an
xperimentally observed RF field homogeneity (Fig. 3B

FIG. 4. Relative errorse on the measured intensities resulting from R
xchange. Two experimentally determined RF field distributions are cons
our different offsets (200, 600, 1200, and 2000 Hz) are considered. Th
z respectively.
-
le

h
is
r

n-
yt-
d
er

y
e-

us
is

d

nother acquired at a lower RF power), we compute the
ive errore

e 5
I inhom. 2 I hom.

I hom.
, [12]

hereI inhom. is the intensity when RF field inhomogeneity
onsidered

I inhom.5 I0 E
0

`

3~v1!FS1 2
I`~v1!

I0
De2tmR1r

off~v1! 1
I`~v1!

I0
Gdv1,

[13]

hile Ihom. represents magnetization in a purely homogen
F field of amplitudeB1 nom., formally

I hom. 5 ~I 0 2 I`~v1 nom.!!e
2tmR1r

off~v1 nom.! 1 I`~v1 nom.!, [14]

hereI`(v1) is the intensity attm 5 ` which depends onv1

t least through the angleu (24).
In Fig. 4 the results computed considering different offseD

i.e., different anglesu) in the off-resonance15N self-relaxation
cheme (18) are displayed. First the relative error increa

eld inhomogeneity. The system relaxes toward 0 in the absence of fas
red, one ofgB1 nom.5 862 Hz (dashed lines) and the second of 1785 Hz (solid li
ngitudinal (R1) and transverse (R2) self-relaxation rates are taken equal to 2 an
F fi
ide
e lo
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ith the mixing time, reaching values of 2 to 4%. Larger va
re obtained, if we consider the scheme where the magn

ion tends toward its steady-state value (data not shown)
cheme in which the magnetization decays toward zero en
more precise determination of the relaxation rate by redu

he unknowns from 3 (I0, R1r
off, I`) to 2 (I0, R1r

off). In the presen
tudy, we show that this is strengthened by the fact tha
ong mixing time points are no longer required, i.e., those
hich the error is at its largest. Second, due to angular di
ion, e varies in opposite direction to the RF field stren

1 nom and is maximal at a particular offsetD.
When fast chemical exchange contributes to relaxation
F field inhomogeneity has two effects. First, as consid
bove, the direction of the effective field exhibits a cer
istribution. Second, the effective field amplitudeV (Eq. [8])
lso varies all over the sample. Consequently, even i
pin-lock is applied on-resonance, the RF field inhomoge
nfluences the magnetization decay through the chemica
hange contributionJex(V). The same comparison as abo
as carried out, indicating that the relative errore is abou

wice as large as that found in the absence of chemica
hange. In that case,e can reach values on the order of
hatever the used scheme.

V. CONCLUSIONS

According to the pulse sequence used, either the RF
mplitude distribution alone or the combined effect of
eld amplitude and phase inhomogeneities all over the
le influences the measurement. These distributions
xperimentally be determined respectively by a nuta
eriod followed by a purging gradient pulse and by a sin
utation period. The RF field inhomogeneity induces bia
n the heteronuclear transverse self-relaxation determ

ion. The measured intensities can be erroneous by a
%, when fast chemical exchange does not contribu
elaxation but can reach 5% if fast chemical exchang
resent. To avoid this, we suggest using the experimentB1

eld distribution to calculate the magnetization decay
hen to determine the transverse self-relaxation rate o
arameters of the fast chemical exchange. The flexibilit

he method has allowed us not only to determine the b
nduced by the RF field inhomogeneity on the meas
ntensities, but also to follow the RF power along
equence. Therefore it has revealed possible power l
fter RF irradiation which can induce an apparent deca
bout 5% of the signal intensity. To avoid this artifact
eems important to avoid working near the limit of maxim
elivery power of the amplifier. To still maintain short15N
ard pulses it is possible to resort either to very high po
mplifiers (.500 W) or to share theX pulses and irradia

ions between twoX amplifiers. These two results lead us
he conclusion that the error on relaxation rates canno
educed only from reproducibility measurements.
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