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Application of AFP (adiabatic fast passage) pulses for removal
of systematic errors associated with multiple spin—echo sequences
is demonstrated. The adiabatic fast passage pulses facilitate min-
imization of cumulative pulse errors for all three components of
magnetization. It is also shown that off-resonance effects present
in conventional CPMG sequences which degrade image quality in
magnetic resonance imaging and introduce systematic errors in
measured T, relaxation time peak amplitudes can be suppressed
by introduction of AFP pulses without any degradation of overall
signal intensity. The technique has been tested on the >N spin—
spin relaxation time measurements of a 110 amino acid domain of
the F-actin cross-linking protein.  © 1998 Academic Press
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INTRODUCTION

Multiple spin—echo (MSE) sequencels @) are widely used
in magnetic resonance imaging (MRI) of tissues (3, 4) and
nuclear magnetic resonance (NMR) relaxation studies gﬁg
biomolecules (5). Both applications are based on the formati

showed that application of a 90° phase shift between the 9(
excitation and 180° refocusing pulses can be used to preser
the magnetization which is in-phase with the refocusing pulse
despite pulse imperfection®)( Phase alternating schemes
have been suggested for experiments in which it is essential
remove cumulative errors for all three magnetization compo
nents (14-16). Other proposals were the use of gradients
defocus unwanted echoe6«8 and suppress off-resonance
effects (17). The use of composite puls&8)(for elimination

of systematic errors was also investigated but only with limitec
success (7, 12, 13). All these methods suffer, however, fror
some kind of drawbacks. On the other hand, pulses based
adiabatic fast passage (AFR)( 20) can achieve inversion of
magnetization in the presence of large frequency offsets ar
with high tolerance to spatial variations in the RF field intensity
(21, 22). A spectral phase roll is observed as a function o
frequency offset after a single AFP pulse is used as a refocu
iﬂg element (23). Elimination of this phase roll can be achievet

optimizing shapes of AFP pulse24 25), by composite

iabatic pulses (23, 26-28), by a series of AFP pulses sep
Pled by flips of the effective magnetic fihtL (29), or by the

of echoes decaying exponentially with the transverse Spin_sP(')eration of even-numbered echoes using any pair of identice

relaxation timeT, in the absence of imperfections. MSE S€; diabatic inversion pulses (18, 30).

quences, originally introduced by Carr and Purcell to minimize In this contribution we demonstrate that two identical adia-

:R/Z 'ggggtns Cgfc;:nmgrlfeccliliréglﬁuj::gsl’ ngjgtigg;nffoumml;la'urbatic fast passage pulses used as a double refocusing elem
o ) per puises. - PURR Mse sequences remove systematic errordjrmeasure-
180° rotation of a single refocusing pulse can originate from

: o ...ments. Deleterious effects due to both pulse imperfections ar
mistuned 'pul'se parametgrs, from Stat'(.: field |nhomogeng|t| Ti-resonance effects are suppressed. The method is insensiti
fr?m ipaﬂal mf:ﬁmogenellty Ofl the radu;fr?:quenc%/f (RF) fiel 0 radiofrequency field inhomogeneity, works well for very
lnﬁentSI onvgr i s?mpfe volume, lan rolm od-'reson’ag rge sweep widths, and, utilizing a MLEV-4 cycling scheme
etiects. ntr:mper' ectre octusmg putse; emﬁioye mr? 1), preserves all three components of magnetization. Tt
sequence then gives rise 1o unwanted ec . 1), phase SE sequences augmented with AFP pulses were tested on 't
distortions, and off-resonance dependent intensity losses of T, relaxation times of amide backbones of segment 4 o
signal of interest (12, 13). These deleterious effects reSUIttWe r02d domain of a F-actin cross-linking protein, the gelatior
image artefacts in MRI and in a decay of the magnetizatiqn o '

SOl . ) . : actor fromD. discoideun(32).
which is not solely governed by irreversible spin—spin relax-
ation processes6¢13). The latter effect leads to substantial
systematic errors iif, measurements and therefore to degra-
dation in MRI image quality §—12) or misinterpretation of
protein mobility by NMR (13). To overcome these problems a In order to better understand the importance of achieving th
variety of approaches have been suggested. Meiboom and @itist perfect 180° rotation in MSE sequences and to apprecia
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the usage of AFP pulses in MSE sequences, we briefly outlim®tion during the pulse. As a result, magnetization which is
the theoretical foundations of AFP pulses and the cumulatitransverse before the pulse is also perfectly transverse at t
pulse errors in MSE sequences. end of the AFP pulse whefi is antiparallel tdH,. SinceH
According to the Bloch equations in a frame rotating witllepends on the frequency offset the spins experience a fr
the frequency of the applied RF field; a single pulse of quency-dependent phase variatidruring the application of
durationt, and RF fieldH, rotates the macroscopic magnetithe pulse given by
zationM about an effective fieldH () = H4(r) + AH (33,
34) by an angle .
P(t) = Vj Herr (t")dt’ [3]
6 = yt,Hegr. [1] 0

ThereinAH represents the offset field caused either by differn addition to the phase reversal. However, if one applies
ent chemical environments experienced by the nuclear spisscond identical AFP pulse to the system this offset-depende
AH = Hy + o4/y = —wyx/v (y: gyromagnetic ratio), or by phase roll does not add up but cancels because the frequer
static magnetic field inhomogeneities. In the presence of theeep is performed in the same direction. This is equivalent t
offset field the rotation therefore takes place about the effectiaa inversion ofH.; between the two AFP pulse23). To
field H.¢, which makes an angl¢ = arctan (AH/H) with H,. demonstrate this phase compensation, the evolution of magn
From these equations it can be seen that different sources gaation during a double spin—echo (DSPE) with two identical
give rise to a deviation ob from the desired 180°. TheseHS pulses for a system of two scalar coupled spins in a
sources are either incorrectly sgf a spatially varying or isotropic medium has been simulated (Fig. 1A). Thus, neithe
mistuned RF field intensityH,, or an offset fieldAH. For off-resonance effects nor pulse imperfections lead to deviatior
simple pulses none of these imperfections can be removiesin a pure exponential decay of transverse magnetizatio
completely; both incomplete phase reversal of the transversith increasing echo number for even-numbered echoes in
component takes place, i.e., antiphase magnetization is geM&E sequence employing AFP pulses.
ated, and a longitudinal magnetization component is created.
Employing such pulses in a MSE sequence leads to a complex RESULTS AND DISCUSSION
interaction of different magnetization components as antiphase
components can be rephased and longitudinal component¥hree questions must be addressed in order to assess
rotated back into the transverse plane. As a result the magpessibility of employing adiabatic fast passage pulses in mul
tization in a MSE sequence withrefocusing pulses no longertiple spin—echo sequences. First, is the stability of the hardwa
decays exponentially with the transverse spin—spin relaxatisufficient to generate two equal AFP pulses so that the pha:
time T,, M,, = My exp(—2nr/T,), whereM,, is the magnetiza- roll is compensated in a double spin-echo? Second, are sy
tion after a perfect 90° excitation pulse, but is given by theematic errors associated with standard MSE trains eliminate
relation when replacing the rectangular hard power pulses by AFI
pulses? Third, does the usage of AFP—MSE trains in standal
M, = Mofo(0, &, 7, Ty, To). [2] experiments lead to error free results without any degradatio
in overall signal intensity compared to the case when a star

' 2
f.(0, ¢, 7, T1, T,) depends nonlinearly on different parametersd:ard CPMG sequence is employed

it oscillates as a function of the effective flip angl€7-13),
the frequency offseb; (12, 13), and the echo delay(13). It
is also a function of the spin—lattice relaxation tifigdue to In Fig. 1A the simulated time evolution of in-phase single
contributions to the signal from components that spent part gfiantum coherence during a double spin—echo with two ider
the pulse sequence along the static magnetic field (8—10). tical HS pulses for a system of two scalar coupled spins in a

For pulses based on adiabatic fast passage prindiplésa isotropic medium is shown. Both chemical shift evolution anc
function of timet with t € [0, t]. In the case of the well-known divergence of spin vectors due to scalar coupling are refocuse
hyperbolic secant (HS) puls€Z), for example, the frequency The mechanism of the scalar coupling refocusing is similar t
is modulated according tAw(max) tanhBr’) with 7 = 1 — that of chemical shift refocusing. The experimentally recordec
2th,, Aw(max) is the maximum frequency excursion, and thefocusing profiles of a single HS pulse and two sequentiall
truncation factog is chosen such that se@)(= 0.01. The HS applied identical HS pulses are presented in Fig. 1B. In th
pulse has the advantage of an offset-independent adiabacifyper panel of Fig. 1B the offset-frequency-dependent, que
i.e., d/dt[H,(t)] < yHX(t), for the whole duration of the pulse.dratic phase roll produced by a single HS pulse employed as
Therefore, provided that the RF field intenshyy exceeds a refocusing element is clearly visible. This nonlinear phast
certain threshold, the angle between the magnetization and ¥iagiation with respect to offset frequency would complicate the
direction of the effective magnetic field is a constant of the use of AFP pulses iff, relaxation time measurements. In the

Quality of an AFP Double Spin—Echo Sequence
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FIG. 1. (A) Simulation of the time evolution of a starting magnetizatign+ S, for a 2-spin system in an isotropic medium during a double spin—echc
experiment employing two HS pulses. The AFP pulses were on-resonance with redpeantbhad relative phasea duration oft, = 360 us, a sweep width
of 20 kHz, and a maximal RF field intensity gH}"®* = 22 kHz. TheS spin had a chemical shift offset of 550 MHz with respect toltepin (chemical shife=
0 Hz) and was weakly coupled to thespin via a scalar coupling constant of 90 Hz (approximating the situation found for the backbone amide atom anc
bound amide proton in proteins at 11.4 T). The absolute duration of a single de/refocusing delay was 1 ms. Relaxation effects were neglected. Time e\
of all possible coherences in a system of érm)ins are shown. The simulation was performed with the program PENIZ)Lufilizing the Bloch equations (33).
(B) Symmetric refocusing profiles of a single HS pulgg)(and two identical HS pulses (upper and lower panel, respectively). De/refocusing delays were (
ms. The resonance offset was stepped fref5 to 7.5 kHz in increments of 500 Hz. The on-resonance signal was phased into absorption mode and the
phase correction was applied to all other peaks. Prior to Fourier transformation an exponential window function of 0.3 Hz was applied.

lower panel of Fig. 1B the profile shown was obtained by usimgents might the stability of the hardware not be sufficient tc
two identical HS pulses as a double refocusing element. Asdnhieve complete compensation of the phase roll. In additior
the simulation in Fig. 1A phase distortions are completekFP pulses are insensitive to RF field inhomogeneity, and eve
removed. Moreover, there is no reduction in overall signaktremely large frequency offsets are feasible as the swee
intensity with increasing frequency offset within a frequencwidth of AFP pulses is not limited.
range of at least 6 kHz, i.e., for at least 60% of the frequency
sweep width of the HS pulse. The same perfect phase COBmination of Systematic Errors Due to Pulse Imperfections
pensation was obtained for echo delays ranging from 0.32 to
10.32 ms, indicating that the hardware is stable enough toFigure 2 shows the results of extending the double spin
generate two HS pulses which are sufficiently identical for oecho with AFP pulses into a MSE train. Spin—echo amplitude
application. for an increasing number of double spin—echoes were record
Disadvantages of a double spin—echo with AFP pulses ame-resonance and at 2 kHz off-resonance in order to investiga
an increased minimal total length of the spin—echo sequengbether RF field inhomogeneity or pulse imperfections lead tc
due to the longer AFP pulses and that an echo with no phasduction of signal intensity with increasing number of AFP
distortion is obtained only for even-numbered echoes. Howulses. To find out whether magnetization components parall
ever, increased minimal total time length of the echo sequerared perpendicular to the phase of the AFP pulses are treat
could be a problem, if at all, only in imaging, and a remedy fazqually, amplitude profiles of each MSE train were recordec
this has already been propos@®). The number of pulses andtwice with the overall phase of the MSE sequence differing by
the requirement for even-numbered echoes do not represedt. In Fig. 2A the deleterious effect of the imperfections of
problems for the application investigated here. It is thus cleggctangular hard power pulses, when used in a CP train, a
that with modern hardware two identical AFP pulses can lodearly visible. Deviations from a pure 180° rotation accumus-
used as a double refocusing element without producing alaye and lead to rapid decay of the signal. When applying a 9C
phase distortion of the signal of interest. Only on older instrgphase shift to the refocusing pulses relative to the excitatio
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FIG. 2. Relative echo amplitudes for increasing number of double spin—echoes for various MSE trains on-resonance and at 2 kHz off-resonance |
relative phase and relative phase of the MSE train. In all cases the recovery delay was set to 5 s and a rectangular hard power pulse) (@hBsefield
intensity 33.3 kHz was used for excitation of transverse magnetization. For the amplitude profiles shown in (A) to (C) a single spin—echo had a durati
ms and for those displayed in (D) of 1.1 ms. The phase of the excitation pulse and the receiver were cychearalengo select only magnetization originating
from the first pulse. The experimental errors are discussed under Experimental. All echo amplitudes have been scaled relative to the spin—echo amplitude
with four double spin—echoes employing rectangular hard power pulses ofyfusefocusing. In (A) to (C) the different experimental conditions are indicated
in the following way: overall phasg and on-resonance (— — —/<); overall phgsend 2 kHz off-resonance (/ f); overall phase and on-resonance (- — -

/00); overall phasex and 2 kHz off-resonance (- -x/). (A) Hard power rectangular refocusing pulses wyth, = 33.3 kHz. CPMG, overall relative phagef
MSE train; CP, overall relative phase (B) HS pulsest, = 1 ms, sweep width= 10 kHz, yHT"™ = 24.5 kHz, digitization= 1024 points). (C) As (B) but
incorporating the AFP—-DSPEs into a MLEV-4 cycle. (D) Comparison of long-term behavior of various MSE sequences: CPMG),(AFRLMLEV-4-y
(-- 4D, XY-16-x(- - — - /O), AFP—MPFn-x(- - -/X) (note the large number of DSPES!).

pulse, i.e., using a CPMG trai), a DC signal is obtained asplaced by HS pulses (sweep width 10 kHz; pulse duration,
long as the influence of relaxation is negligible. This indicateés = 1 ms; adiabacity factor on-resonane@, ~ 9.6 (35)).
that the quantum mechanical propagator describing the eddepending on the relative phase of the AFP—MSE train and o
train commutes with the initial state of the spins. At 2 kHthe offset of the AFP pulses, the echo amplitude was reduce
offset, the decay is also solely governed by relaxation, highy up to 40% with respect to the standard CPMG sequenc
lighting the compensational properties of the CPMG sequen¢Eig. 1B). With regard to the very fast decay in conventional
An oscillation of the echo amplitude, as described below, is NGP sequences this demonstrates that the HS pulses are far |
visible for an echo delay of 1.5 ms, offset of 2 kHz, and Rprone to pulse imperfections and RF field inhomogeneity tha
field intensity of 33.3 kHz, because the amplitude variation f&ard power rectangular pulses. For the AFP—MSE train applie
approximately 0.1%13)—one order of magnitude below theon-resonance and with relative phaze-the AFP-CP se-
experimental error associated with a single spin—echo ampjisence—the signal decay was equal to about that for th
tude. To reduce the deleterious effects of pulse imperfectiostandard CPMG sequence. On the other hand, when appli
in CP sequences the rectangular hard power pulses werewih relative phasey (AFP—CPMG) the echo amplitude de-
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cayed to about 36% within 64 DSPEs. Compared to MSBagnitude of the oscillation of, could be substantially re-
trains employing hard power pulses, a significant improvemethiced in the simulations. However, employing this HS pulse ir
is obtained in the way magnetization components parallel atite measurement of spin—echo amplitude profiles did not rest
perpendicular to the phase of the refocusing pulses at thea decay solely governed b, relaxation pointing to an
beginning of a MSE train are treated. This improved propertgxperimental source of imperfection of the AFP pulses (dat
together with the significantly reduced sensitivity to pulseot shown). Investigations concerning these imperfections at
imperfections and RF field inhomogeneity, might especiallyurrently under progress.
prove useful for imaging experiments. In MRI experiments Although an accelerated decay apparent in Fig. 2B might b
stimulated echoes which are magnetization components rotaéedeptable for some imaging experiments, a MSE sequence
along the static magnetic field by imperfect refocusing pulsegsirable in which the decay of magnetization components ¢
and then rotated back into the transverse plane by subsequebttrary phase is exclusively governed By relaxation, is
pulses lead to severe image artefacts (6—12). For removalirtdensitive to RF field inhomogeneity, and works well for very
these artefacts the application of gradients has been proposede spectral widths. Incorporating the AFP—DSPES into i
(6—8. The gradients, however, destroy the phase relationsifb EV-4 cycle results in such a sequence. From the theory ©
between the magnetization and the refocusing pulses. As thisadband decoupling we know that applying a MLEV-4
relationship is pivotal for the compensational mechanism s€heme to an inversion elemeRtinduces perfect decoupling
pulse imperfections in a CPMG train, this MSE train is nin cases wheiR? is the identity operator irrespective of reso-
longer a pure CPMG sequence with its favorable propertiesgance offset (for the approximation regarding only the zeroth
magnetization components perpendicular to the phase of trder average HamiltonianB{, 36). As two sequentially ap-
refocusing pulses decay rapidly with an increasing number gifed, identical AFP pulses act as an identity operator within
spin—echoes (Fig. 2A). To account for this part of the decayequency range of up to 80% of the width of the frequency
which is not governed by, relaxation, one has to deconvolutesweep, we applied a MLEV-4 cycling scheme to the AFP-
the decay with a weightening function. This weightening fund®SPEs. This was further encouraged by the simulations of Fic
tion also has to take into account the oscillatory behavior of tB& (upper panel), which proved that frtomponent generated
decay of the magnetization component of inter@tlh AFP— during the MSE train is responsible for the enhanced deca
MSE sequences, on the other hand, far more perfect 188tes thereby suggesting the combinatiorCof RRRRwith
rotations are obtained. Therefore the magnetization compontte phase-inverted sequen¥" (36). The compensational
of interest, i.e., the one which should be perfectly refocusetechanism of the AFP—MLEV-4 sequence is demonstrated b
during every spin—echo, decreases mostly duB, telaxation the simulated excitation profile of Fig. 3A (lower panel). The
and stimulated echoes are significantly reduced, thereby avadiount ofl, magnetization generated during the AFP—MSE
ing the need for gradients. If a large number of spin—echoes &r&n is reduced by more than three orders of magnitude
required the slightly enhanced decay can be taken into accowtieread, is still reduced by about one order of magnitude. No
by a weightening function which has to be determined prior tariation ofl, with respect to resonance offset is apparent. Tc
the experiment. further highlight the compensational mechanism the time evc
To explore the source of the off-resonance dependencelutfon of a single quantum in-phase coherence during an AFP
the decay rate apparent in Fig. 2B the off-resonance profile fdLEV-4 sequence was simulated for a two-séirsystem.
an AFP—CPMG train consisting of four double spin—echod&onth chemical shift evolution and divergence of spin vectors
was simulated (Fig. 3A, upper panel). Unexpectedly, notdue to scalar coupling were included. Figure 3B verifies tha
constant, coherence is retained but the sizd pbscillates for both chemical shift evolution and scalar coupling effects are
increasing offsets with increasing amplitude. For comparisom@focused by an AFP—MLEV-4 sequence. Although a varying
the off-resonance profile df, for a single double spin—echo isamount ofl, magnetization as well agS, longitudinal two-
also shown. Oscillations with the same frequency are alreaslyin order is created for a not fully completed MLEV-4 cycle,
visible, although with smaller amplitude. Therefore only foa very high degree of compensation is obtained at the end
certain, discrete resonance offsets is a pure DC signal obtaitieel sequence. These theoretical results were verified expe
(neglecting relaxation), whereas for all other offsets the mamentally by recording spin—echo amplitude profiles for AFP-
netization decreases with increasing number of spin—echod.EV-4 sequences on-resonance and at 2 kHz off-resonan
The oscillations of, with respect to offset are mainly due to arboth with overall phasg and x of the AFP—MLEV-4 train.
oscillating amount of, magnetization which is caused both byndependent of any fixed phase relationship and for larg
an imperfect adiabacity of the HS pulse and by the fact that thessonance offsets the magnetization decays solely due to irr
effective fieldB.4 at the beginning of the frequency sweep isersible spin—spin relaxation processes (Fig. 2C). Inhomoge
not perfectly aligned along the-axis (XO(Bg, z) # 0°). neities of the RF field intensity or improper tuning of pulse
When changing the cutoff level of the HS pulse to 0.084{ parameters do not lead to an accelerated decay of signal inte
8) and sweeping over 90 kHz with a maximal RF field intensityity. The long-term behavior of the AFP—MLEV-4 sequence
of 30 kHz—resulting in a deviation d from 0° by less than was compared to various other compensated MSE sequenc
0.05% and an adiabacity factor on-resonaike> 5—the on-resonance. CPMG, MLEV-1&T7) with overall phase,
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MLEV-16 with overall phaseg/ (data not shown), and XY-16 application of a filter). Their offsets and amplitudes correspond t
with overall phasex (16), all with carefully calibrated 180° the frequencies and magnitudes of these oscillations. The cor
pulses, lead to identical decay rates within the experimentmnsational mechanism of CPMG trains reduces the magnitude
errors (Fig. 2D). For the AFP-MLEV-4 sequence a slightlgide band intensities by about 75% with respect to CP sequenct
faster decay rate is apparent with an echo amplitude reducedN®wertheless significant oscillating components remain as higl
about 7% after 352 DSPEs relative to the other MSE skghted by various cross sections alofg(Fig. 5B). To evaluate

quences. This is due to the residyatomponent of the mag- the possibility of suppressing the oscillating behavior by the
netization generated during the MSE sequence by minimgiplication of gradients a (1, 0, 1, ...) gradient scheme wa
imperfections in the AFP pulses that are not completely conprcorporated into the CPMG train; i.e., every odd refocusing puls
pensated for by the MLEV-4 cycle (Fig. 3A, lower panel). Tquas surrounded by two equal gradieriy. (However, with our

compensate these residual deviations from the identity opeggperimental conditions, and opposite to observations previous
tor, the MLEV-4 cycle was replaced by a MPFn cyclingeported {7), we were not able to remove the oscillating behavior
scheme (38) in which each composite pulse was substitutedds¥he decay (Fig. 4C). The maximum intensity for the side band
an AFP-DSPE. With this Scheme all residual imperfectiong,id not be reduced (Fig. 5C right-hand side); only the deper
could be compensated for (Fig. 2D). dence of the frequency of the oscillating component on resonan

There are several applications for which the preservation gset was altered. This is caused by the fact that because

all three components of magnetization is importat#, (16, 4nnjied gradients, stimulated echoes are effectively suppregsed
18); excellent inversion of the longitudinal component hag these stimulated echoes otherwise mask the true depende
been shown by several groups before. These applications dpthe oscillating component on resonance offset. The increasir
clude imaging experiments in which utilization of phase-efqq ency of the oscillations for increasing resonance offset is i
coding gradients destroys the phase relationship between g, jance with the theoretical and experimental results of Mz
magnetization f’md the refocgsmg pulses, thereby e“m'nat'ﬂﬁjmar et al. (12). In the same way as gradients failed in the
the compensational mechanism of the CPMG sequetu}; ( removal of systematic errors associated with off-resonance e

the measurement of homonuclear dipole couplings in the PreSts composite pulses did not result in their suppresaniQ.

. . . . ) TRE offset dependence was only modified; in addition, composit
dipole couplings in REDOR experiments 18). To achieve ulses are far more sensitive to RF field inhomogeneity compare

the preservation of all three magnetization components, differ : L
0 AFP pulses, especially when they are optimized for comper
ent compensated CP sequences have been propbéedq) .
tion of frequency offse@).

. . ; S

which all rely on phase alternating schemes applied to har%In Fig. 4D the pseudo-2D spectrum is presented which wa

power refocusing pulses. However, all these MSE sequenc%%a.ned hen the rectanaular hard power pulses of a GP tra

require practically at least 16 pulses for proper compensati8 ' \IN d by HS glu 0 F.)"V,\[/. puls ts'b "

of pulse imperfections, cause artefacts due to stimulated e 2re replaced by puises. Dscillaling contributions are
most completely removed. Only very weak residual side

oes, and are only applicable for limited resonance offsefs. q ible. Th ¢ eliminati f off
Moreover they are still fairly sensitive to proper tuning of puls ands are visible. The extent of elimination of ofi-resonance

parameters and to the homogeneity of the RF field intensf/ECtS iS highlighted in Fig. 5D. The maximum intensity of

(11, 14-16). All these drawbacks are eliminated when usifif!¢ Pands is reduced by two orders of magnitude (Fig. SC
AFP—MSE sequences. right-hand side). At 200 Hz resonance offset the side ban

intensity amounts to only 0.04%. Moreover the size of the sidk
band intensity at this offset is more than twice as large as th:
seen at other resonance offsets, indicating that on average o
only has to cope with off-resonance contributions of the size o

A source for deviations from an exponential decay govern€01%. These are almost of a magnitude of residual baselir
solely by the spin—spin relaxation tin¥%, even in the case of distortions caused by the applied filter for suppression of th
perfect 180° pulses, are off-resonance effects. Due to off-re§§noscillating component (Fig. 5D, left-hand side). Moreover
nance effects the refocusing transverse component of the maghey do not increase with increasing resonance offset but eve
tization is reduced and a longitudinal component is createdgcrease for higher offsets. The same quality of removal c
Thereby it is especially detrimental if the magnitude of thes¥f-resonance effects was retained when incorporatin
components is oscillating with resonance offset for successive RIEEV-4 cycling into the AFP-MSE train (data not shown).
pulses 12, 13. This oscillating behavior can be observed in Figgutting this together with the results of Fig. 2 it demonstrate:
4A and 4B for a CP and a CPMG sequence, respectively. THet oscillating components are not simply destroyed during a
acquired free induction decays were Fourier transformed bothArP-MSE sequence; rather, the creation of an oscillatin
the acquisition dimension and with respect to the number edmponent is avoided in the first place by the use of HS pulse
repetitions of the double spin—echo elements. Side bands aserefocusing pulses. Figures 4D and 5D demonstrate that t!
clearly visible in addition to the exponentially damped centapplication of AFP pulses as refocusing pulses suppresses t
signal with zero frequency i, (which was suppressed by thecreation of offset-frequency-dependent effects, thereby elim

Removal of Systematic Errors Associated with Off-
Resonance Effects
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FIG. 4. 2D representation of off-resonance effects in MSE trains with a double spin—echo as basic building block. The spectral width shéwisalonc
952.4 Hz given by [(A + T,509] . All profiles are displayed at the same contour level. (A) For refocusing, rectangular pulses of length We@e used.
The de/refocusing dela¥ was 475us. 180° refocusing pulses were applied with the same phase as the excitation pulse (CP scheme). (B) Same as (A) but
sequence. (C) CPMG train combined with a (1, 0, 1, . . .) gradient sch&mg] CP train with HS pulsed{= 360 us, sweep width= 20 kHz, yH"™ = 24.5
kHz, digitization= 512 points) replacing the rectangular pulses.

nating the need for any correction scheme or for careful asequence. The decay of signal intensity with increasing rela

justment of echo delays. ation delay T for Phe 24 determined both with the standar
. . _ sequence and with the one employing an AFP—MLEV-4 trair
Measurement of ;TRelaxation Times Employing AFP— is shown in Fig. 8A. The decreasing peak heights of Phe 2

MLEV-4 Trains measured with the two different pulse sequences are equ

The pulse sequences used for measuremen oélaxation within the experimental errors. Analogous results were ob
times of segment 4 of the rod domain of the gelation factéfined for the resonances of Glu 4, Ser 6, Glu 9, Glu 73, an
from D. discoideum(32) are presented in Fig. 6. AH-°N Thr 82. TheT, relaxation times of these resonances, thei
shift correlation spectrum recorded with the sequence of Fgprresponding errors, and the residyélvalues as measures
6B is displayed in Fig. 7. It demonstrates that a high qualif@' the quality of the monoexponential fit are listed in Table 1.
spectrum with no phase roll along théN dimension can be Within the errors determined by Monte-Carlo simulations, the
acquired by an AFP-MLEV-4 sequence. The absence of alrﬂN T, relaxation times determined with the pulse sequenc
phase distortion in the indirect frequency dimension is furthemploying an AFP-MLEV-4 train are equal to those obtainec
highlighted by the cross section &'H) = 9.23 ppm. This using a standard CPMG spin—echo train. In both cases residL
cross section shows two purely absorptive signals, the signafsvalues of the fits are below 7.82 for each resonance; 7.82
of Gly 12 and Lys 25 of segment 4, having a chemical shifbe critical value for three degrees of freedom of the exdct
difference ofAS(**N) = 15.31 ppm. TheT, relaxation times statistic at a 5% level of significanc89). Therefore, thel,
measured with the standard pulse sequence and with the AfRay curve of each single resonance obtained using an AF|
version were evaluated for a few resonances and compared/MiodEV-4 train can be adequately described by a monoexpo
each other. Resonances were chosen which were on-resonaectial model function.
or almost on-resonance and therefore have peak heights freéo demonstrate the improved properties with respect
from systematic errors when measured with the standard puts§eresonance effects for the AFP—MLEV-4 sequence a serie
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FIG. 5. Cross sections alonfg, from the off-resonance profiles in Fig. 4 at a resonance offset of 2.6 kHz (left) and at resonance offsets for which max
side band intensity was observed (right). On the right-hand side the maximal size of the side band intensity (within a resonance offset of 3.4 kHz) rel:
the on-resonance intensity (average value calculated from signals at resonance offsets free from systematic errors) is indicated for each MSE sequie
asymmetry visible especially in (A) and (B) of the left-hand side is introduced by baseline distortions from a neighboring line.

of six 2D spectra employing the sequence of Fig. 6B araf 0.6 for the HS pulses was sufficient when they were incor
stepping the offset of the AFP pulses from 0 to 2000 Hz wepmrated into an AFP—MLEV-4 train, because the frequency o
recorded. Relative deviations in peak heights from the averape HS pulse can be swept over 10 kHz, resulting in a suffi
value with respect to offset were determined (Fig. 8B). Withigiently large, usable spectral width in th&\ dimension. From
the experimental error of about 2%, given by the root-meathese considerations it becomes clear that the higher the ma
square baseline noise, no variation of peak intensities fional RF field intensities available the larger the spectral widtt
increasing resonance offset is apparent. The limiting factor flmr which the AFP—MLEV-4 train results in error free mea-
the usable spectral width in tHéN dimension is determined by surements ofT, relaxation times. Similarly, whert*C T,
the type of HS pulses employed. A few factors have to brelaxation times were to be measured the larger spectral widtt
considered. First, what is the maximal RF field intensity avaikecessary can also be covered, as higher maximal RF fie
able for the'>N nucleus? Second, how long may the duratioimtensities are available fdfC nuclei.

of de/refocusing delays be chosen to avoid significant evolu-We did not encounter any problems with sample heating fo
tion of antiphase magnetization with its acceleralgdelax- the parameters of the AFP—MLEV-4 train used in our investi-
ation? Third, which maximal duration of the HS pulse relativgations. The amount of power deposition by the AFP pulse
to the de/refocusing delays allows measurement.pofimes can be further reduced when ordinary HS pulses are replac
without influence ofT, active during some part of the AFPby AFP pulses that are optimized for minimal power depositior
pulses (Fig. 1A)? Fourth, which width of the frequency sweeguch as, for example, HS-81). In the pulse sequence of Fig.
is possible for the parameters determined by the above fact6Bthe rectangular 180° pulses during the INEPT, the revers
and still results in a HS pulse of sufficient adiabacity? FactthlEPT and the rectanguldH 180° pulse during the evolution
one is determined by the spectrometer—in our cgd8'® = timet, can also be replaced by AFP pulses. However, this dit
6.95 kHz. From previously reported investigatiod®Y it is not result in any improvement for theN T, relaxation time
known that a duration of 0.5 ms of the defocusing delay resulteeasurements performed in this study. On the other hand, f
in errors less than 1% in measurdd times. For such a *C T, relaxation time measurements replacement of the rec
duration the length of the HS pulse can be set to at leasu800angular 180° pulses oriC by AFP pulses might be necessary
without introducing significant errors in measur&g times. in order to avoid signal reduction for resonances at larg
This is apparent from the values of Glu 9 listed in Table 1. Gliwequency offsets. Also, complications associated with Hart
9 has aT, of 1.1 s, about 1.5 times as long as the average mann—Hahn transferd2) expected ifT,, experiments on’c
over the whole sequence of the gelation factor, but still givessonances of residues that have 1#@® resonances nearby
the sameT, times—compared to conventional sequencesshould be removed. In general, the measuremerit, oélax-
when measured with the AFP—MLEV-4 sequence of Fig. 6Btion times for basically unlimited frequency offsets without
As in our investigations an on-resonance adiabacity faQpr the necessity for any correction scheme should be the ma
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| . v e the measurement of, relaxation times without systematic
BH e ar 1 MSE train L1 ¢3'I—me—f5?if errors due to pulse imperfections, RF field inhomogeneity, o
N L el w2z afal B leamed off-resonance effects. Therefore, degradation of image qualit
PFG %g‘z s g; i A4 %_% in MRI is also avoided. Since all three magnetization compo.
—I > i nents are treated equally during an AFP—MLEV-4 train, appli-

cation of AFP pulses should be beneficial to NMR experiment
) = that rely on the premise that two sequentially applied refocus
// i I \\\ ing elements act as a true identity operator irrespective of th
H direction of the magnetization. At the same time careful pulse
3] calibration is not required. The usage of an AFP—MLEV-4
train in standard pulse sequences for the determinatidiNof
B f N T, relaxation times resulted in error-free results, demonstratin
/, [ \ that it is advantageous to use AFP—MSE train$jmelaxation
’] (ke ek wheleke oh s;;vwiw K'\fs’ﬂ's‘fe"g | time measurements.
! X X//

il
SN “ (ele) el cBe(cheeDele e Klz(slz'p
3x

EXPERIMENTAL
FIG. 6. Pulse sequences for the measuremerfNfT, relaxation times. .
In all sequences narrow and wide rectangles indicate hard power 90° and 1804l NMR expenmentg were PerformEd on a Bruker DRX
pulses, respectively. TH&{ hard power pulses had a RF field intensityyef, 600 Spectrometer equipped with a triple-resonarte#eN/
= 23.6 kHz,™N hard power pulses ofH, = 6.95 kHz. Smaller rectangles 13C) three-axes gradient probehead (TXI X/Y/Z-grad) operate
represent rectangular water flip-back pulses with a RF field inten#ity= " ¢ 300 K. In order to avoid modulation effects the samples wer
220 Hz. Pulsed field gradients are shown in grey. Unless indicated otherwis

A6t spun. To exclude radiation damping and to have a sing|
all pulses are applied along theaxis. For suppression of the solvent signal a pun. ping g

WATERGATE sequence was employe&Bj. In both experiments the delays Signal spectrum with high signal-to-noise ratio a gdGample
were set as followst = 2.4 ms (<1/4),,), A = 2.75 ms (=1/4J,,), 7 = 0f 1% H,O in D,O doped with CuS@(2 mM) was utilized for
1.05 ms.**N decoupling during acquisition was achieved with a GARP-Imeasurement of refocusing, echo amplitude, and off-resonan
sequence (54) using a 0.96-kHz RF field. Gradients were applied ajorgge profiles. The AFP—MSE sequences were tested on a samy
sine shaped, and had the following relative strengths and duratipns: Containing approximately 21 mM of uniforml§75N-IabeIed
—43%, 1 msg, = 15%, 1 msp; = —90%, 3 msg, = 25%, 1 msgs; = 33%, " .
1 ms;ge = 80%, 1 ms. The maximum absolute gradient strength was approxegment 4 of the rod domain of the gelation factor frbm
imately 50 G/cm. For frequency discrimination in the indirect dimension thdiscoideundissolved in 90% BEO/10% D,O at pH= 7 (32).
STATES-TPPI method was applie85). Phase cycling employed in both The data were processed and analysed using the progral
experiments wasp, = X, =X ¢, = ¥, ¥, 7Y, ~¥i s = X, X, 7X, =X XWINNMR (45) and CCNMR @6). The freeware program

receiver= x, —X, —X, X. The CPMG sequence (2) was expanded according . .
Kay et al. (40) and Palmeet al., (56) by incorporatingH 180° pulses every ENUPLOT was used to display data curves. The amplitud

4 ms. To avoid significant influence of relaxation of antiphase magnetizatigfld phase profiles of the HS pulses fo_r both the simulation ar
(48, 49) in (A)e = 0.5 ms—0.5 pwn andck = € —0.5 pw were chosen where NMR experiments were generated with C programs and the
pwn and pw are the durations of the 188K and*H pulse, respectively. In (B) transformed to binary files using the xShape tool of Brukel
the AFP—MLEV-4 sequence is shown which removes systematic errors d“%ﬂalytische Messtechnik GmbH, Karlsruhe, Germany. Simu
off-resonance effects and pulse imperfections. The hard power#i8Qfulses lations were performed with th ' roaram PiENCIL 47'
of the standard CPMG train are replaced by HS pulsgs=(0.8 ms, sweep . p . e . € progra . ( )
width = 10 kHz, yYH'™ = 6.95 kHz, digitization= 1024 points) and a ~ Refocusing profiles of Fig. 1B were acquired by single-scar
MLEV-4 cycle is applied to the DSPEs. The MLEV-4 cycling is indicated wittspin—echo (upper panel) or double spin—echo (lower pane
the phases; = x andy;, = —x. The de/refocusing times have been adjustegequences in which the echoes were surroundedzbyradient
to e’ =0.5ms—0.5t, and«’= ¢’ — 0.5 pw to have the same duration of thepajr The two gradients had equal strength (within the hardwar
spin—echoes as in (A). e . . .
specifications) of about 40 G/cm and had either same (spir
echo) or opposite (double spin—echo) signs. In both cases tl
advantage compared to the spin—lock technique proposedrggovery delay was 5 s and the rectangular excitation pulse h:
Penget al. (43, 44). In addition, no reduction of signal ampli2 RF field intensity ofyH, = 33.3 kHz. Unless stated other-
tude due to defocusing of magnetization components nise, all HS pulses had a 1% cutoff level. Refocusing profile:

aligned parallel to the applied RF field arises compared to tf@ various echo delay durations ranging from 0.32t0 10.32 m
spin—lock technique. were recorded. The HS pulses had a duration of 1 ms,

frequency sweep width of 10 kHz, and a maximum RF field
CONCLUSIONS intensity of yHT"® = 33.3 kHz and were digitized with 1 K
points. To avoid phase problems induced by transmitter jump
Spectral phase rolls caused by single AFP pulses usedbaswveen different offsets, resonance offsets were created |
refocusing elements are removed for even numbers of spidding a phase ramp to the original phase-modulation functiol
echoes; the quality of this removal with modern hardware ®e on-resonance spectrum was phased to absorption mo
such that AFP pulses incorporated into MLEV-4 cycles alloand this phase correction was applied to all other traces.
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FIG. 7. H-'*N shift correlation spectrum of segment 4 of the rod domain of the gelation f&tprécorded with the AFP-MLEV-4 pulse sequence of
Fig. 6B, employing a relaxation deldy= 32 ms. Signals from backbone amide resonances are labeled with one-letter abbreviations of the amino acid typ
the corresponding sequence number. Resonances for Whidhcay curves were evaluated are marked with a circle. For Gly 1B ticeoss section a(*H)
= 9.23 ppm is shown.

Echo amplitudes for increasing number of double spire-CPMG train, i.e., placing every odd refocusing pulse betwee
echoes were acquired with the parameters given in the legewd equal gradients1@). The square-shaped gradients had &
of Fig. 2. The 4 K data points for a sweep width of 400 Hz werduration of 23Qus and a strength of 1 G/cm. The spectrum in Fig.
recorded for each single number of double spin—echoes atidlwas recorded in an analogous way to those in Figs. 4A and 4l
multiplied by an exponential window function of 0.3 Hz priorthe de/refocusing delay was adjusted to 450 account for the
to Fourier transformation. The resulting signal was baselinienger duration of the HS pulse.
corrected and integrated in order to obtain the magnitude of theThe T, relaxation times were determined with pulse se-
echo amplitude. For determination of the experimental error gliences based on a sequence reported by Fastaal (48)

a single echo amplitude the standard CPMG train was recordekich causes only minimal saturation of water. As no sensi
twice and the difference in amplitude for each single number tfity enhancement was used, an additional selective pulse c
DSPEs was calculated. The standard deviation of these diffetater had to be used in order to return water toz¥sis prior
ences times 2*V/2 was finally taken as an estimate for theo data acquisitioriT, decay curves were sampled at relaxation
experimental error of a single echo amplitude. The same puaelays of both 16, 32, 64, 96, and 160 ms and 19.2, 38.4, 76.
cedure was performed for the AFP—MLEV-4 train. For th&15.2, and 192 ms. These sampling points allow a two-paran
AFP-MLEV-4 train the standard deviation of the differencester fit to the decay curvel®). For the sequence in which the
was 10% higher than for the standard CPMG sequence. Tharkase of double refocusing elements was modulated accordi
fore for all MSE sequences utilizing AFP pulses this higheo MLEV-4 cycling HS pulses digitized with 1 K points and of
value was used as an estimate for the error. 0.8 ms duration, 10 kHz sweep width and 6.95 kHz maxima

The 2D spectra in Figs. 4A and 4B demonstrating the existerR€ field intensity were used. The 2D spectra were acquired i
of off-resonance effects in CP and CPMG sequences were ae-interleaved manner, i.e., data were acquired for all five tim
corded and processed as described by Boak(13). The quality points beford, incrementation, to minimize effects both due to
of removal of off-resonance effects with gradients (Fig. 4C) wapectrometer drift and heating. Total measurement time for
investigated by incorporating the (1, O, 1, . . .) gradient schemeTig experiment with five sampling points was about 5 h. Single
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FIG.8. (A) Comparison of the decay of signal intensity with increasing relaxation defayPhe 24 of segment 4 of the gelation factor (see Fig. 7) measure
with the standard pulse sequence of Fig. 64 &nd with the pulse sequence utilizing an AFP—MLEV-4 train (Fig. 6B). (To highlight the exponential behavior
of the decays the fit curve of the AFP—MLEV-4 train is displayed. Errors of peak intensities were determined as described in the text. (B) Relative de
in peak intensity from average value with respect to offset of the HS pulses for Glu 9, Phe 24, Glu 73, and Thr 82. Offsets were created by additiol
appropriate phase ramp to the original phase-modulation function.

2D spectra were recorded as 64*1 K* data matrices with 16 train when used fof°>N T, measurements were demonstrated
scans for each, value and a spectral width of 32.9 ppmkp by recording a series of six 2D spectra employing the sequen
and 11.0 ppm irF,. The improved properties with respect tof Fig. 6B and stepping the offset of the AFP pulses from O tc
off-resonance effects for the newly proposed AFP—MLEV-2000 Hz (Fig. 8B). A relaxation delay of 96 ms was used (6
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TABLE 1
15N T, Relaxation Times, Their Corresponding Errors, and the Residual x* Values

Standard CPMG train AFP-MLEV-4 train
Frequency offset
Amino acid S(**N) [Hz] T, [ms] + error of T, [ms] Residualy? T, [ms] + error of T, [ms] Residualy?
E4 50 67.7 6.3 1.0 72.0 7.4 7.7
S6 76 109.3 3.1 1.9 103.2 2.7 2.0
E9 39 102.1 10.5 3.1 103.5 10.7 2.9
F24 117 97.2 9.9 3.1 95.6 3.2 2.5
E73 0 71.9 7.5 0.6 73.9 7.6 5.8
T82 55 91.4 3.0 3.0 93.9 2.4 1.1

times the basic MSE block shown in Fig. 6B). AFP pulses weletween the heights of corresponding peaks in the two spect
HS shaped, digitized with 1 K points, of 0.8 ms duration, 1fultiplied by 1A/2 (assuming identical distributions of the peak
kHz sweep width, and 6.95 kHz maximal RF field intensityheights of the amide backbone resonances) was compared to
Each 2D spectrum was recorded as 1282 K* data matrix estimated errors determined with the procedure described abo
with 16 scans and a recovery delaj ® s to obtain high and to the root-mean-square baseline noise in the spectra. T
signal-to-noise ratio and avoid the need for linear predictiorgot-mean-square baseline noise was determined in spectra e
thereby keeping the uncertainties in the peak intensities aplaying different relaxation delays. Similar to observations al-
minimum (50). ready reported49, 50, a decrease of root-mean-square baselin
The T, relaxation time experiments were processed amise with increasing relaxation delay was found (10—15% less
analyzed with the program CCNMR§). For determination of a relaxation delayT = 192 ms compared t@ = 19.2 ms).
decay curves andl, relaxation times two-dimensional Lorent-Uncertainties in measured peak heights were finally set equal
zian functions were fitted to the signals in the spectrum withe root-mean-square baseline noise of the spectra with the shc
the shortest relaxation delay. In the spectra with increasest relaxation delay, as this was the largest estimate for tr
relaxation delays positions and line widths were not changezkperimental error.
and only the amplitude of the two-dimensional Lorentzian From decaying peak heights and their uncertairifieselax-
functions was fit to obtain peak intensities. Peak heights weation times and their corresponding errors were obtained \y a
chosen for cross peak quantification, as they are known to m@imization combined with a Monte-Carlo simulation in a way
more accurate then peak volumé®). *H-'>N shift correla- similar to the ones described by Kamattel. (51) and Palmeet
tion spectra recorded as 64x 1 K* data matrices were al. (52). Instead of using a two-parameter nonlinear optimization
apodized with pure exponential functions, linear predicted dnowever, a combination of a one-dimensional grid search for th
to 128* data points irF,, zero filled to 256*X 2 K* data optimal decay constant and a linear fit of the signal amplitude ¢
points, and baseline corrected in both dimensions. Those m&a= 0 ms was used. A goodness-of-fit test with the resigigal
sured as 128% 2 K* data matrices were processed similarlyyalue as test statisti@9) was utilized to proof the monoexponen-
however, no linear prediction was applied. tial behavior of signal decays for both the standard sequence a
Uncertainties of measured peak heights were determined btha pulse sequence employing an AFP—MLEV-4 train.
three step process. First, a Monte-Carlo-type simulation was per-
formed in order to account for the frequency distribution of the ACKNOWLEDGMENTS
baseline noise, which has to be taken into account when a fit
procedure is used. In this simulation the uncertainty of the intenTThe authors thank Christian Renner for stimulating discussions and caref
sity of a single peak is determined by shifting the correspondif@dif_‘g of the manuscript. We are grateful to Chris_tian Ciesla_r for support ir
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same procedure was employed for each signal "J"ﬂqésN shift 5 . Meiboom and D. Gill, Rev. Sci. Instrum. 29, 688 (1958).
correlation spgctrum with the shortest relaxation delay in ordertg ~ ¢ Mills, L. E. Crooks, L. Kaufman, and M. Brandt-Zawadski,
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