Available online at www.sciencedirect.com

SCIENCE(C%DIRECT(@

PRESS Journal of Magnetic Resonance 163 (2003) 149-162

ACADEMIC

JMR

Journal of
Magnetic Resonance

www.elsevier.com/locate/jmr

Sensitivity-enhanced phase-corrected ultra-slow magic angle
turning using multiple-echo data acquisition

Jian Zhi Hu and Robert A. Wind”*

Pacific Northwest National Laboratory, P.O. Box 999, MS K8-98, Richland, WA 99352, USA

Received 13 December 2002; revised 7 March 2003

Abstract

The increase in the sensitivity of the phase-corrected magic angle turning (PHORMAT) experiment at ultra-slow spinning rates
by means of multiple-echo data acquisition (ME-PHORMAT) is evaluated. This is achieved by replacing the acquisition dimension
in the original experiment with a train of equally spaced n-pulses. It is shown that the echoes following the odd and even m-pulses in
the CPMG train must be processed differently in order to avoid spectral distortions. The method is illustrated for *C CP-ME-
PHORMAT on solid 1,2,3-trimethoxybenzene and for 'H ME-PHORMAT on excised rat liver tissue, both at a sample-spinning
rate of 1.3 Hz. Sensitivity enhancements of a factor 4 for the solid and 2.3 for the liver were obtained. Finally, it is shown that with
ME-PHORMAT one of the two RF pulse sequences, in standard PHORMAT used to obtain a pure absorption mode 2D spectrum,
can be eliminated, thus reducing the usually long measuring time by a factor 2.
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1. Introduction

It is well known that in systems where the NMR
linewidths are for a major part inhomogeneously
broadened, a spin-echo train can be obtained in time
domain by applying a Carr-Purcell-Meiboom-Gill
(CPMGQG) RF m-pulse sequence after an excitation pulse,
and that the resulting enhanced signal information can
be used to enhance the NMR sensitivity per unit mea-
suring time. This approach has been used, e.g., in MRI
and in solid-state NMR of quadrupolar nuclei. In MRI
the decay of the water signal after an excitation pulse is
determined by both externally applied field gradients
and by a variety of other macroscopic and microscopic
field inhomogeneities such as the external field inho-
mogeneity and magnetic susceptibility gradients arising
at the boundaries of cellular structures, tissue structures,
organ-tissue, organ—air, and body-air interfaces [1],
which can all be refocused with a m-pulse. The echoes
have been used to sample more than one line in k-space,
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thus reducing the MRI measuring time [2]. Examples of
such techniques are rapid acquisition with relaxation
enhancement (RARE) imaging [2] and echo-planar
imaging (EPI) [3]. In solid state NMR of integer and
half-integer quadrupolar nuclei CPMG has been used
successfully to enhance the signal-to-noise ratio of a
single acquisition [4-7]. As the first- and second-order
quadrupolar interactions often give rise to very fast
decays, the spacing between the refocusing n-pulses can
be made much shorter than the time constant 7, gov-
erning the decay of the echo envelop. The result is that
many echoes are observed, tens or more, and a signifi-
cant increase in sensitivity, an order of magnitude or
more, is obtained [6,8]. The method has been applied
in combination with both standard and multiple-quan-
tum quadrupolar NMR and without and with magic
angle spinning (MAS) [4-11]. In all cases the resulting
decay (in case of MAS the decay governing the rota-
tional echo’s), observed during the acquisition time, is
determined by a residual time-independent quadrupolar
interaction that can be refocused by a m-pulse.

In solid-state NMR of spin 1/2 nuclei the multiple
echo (ME) approach to increase the NMR sensitivity
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has received much less attention. Here the spectral in-
formation is usually determined by the isotropic and
anisotropic chemical shift interactions. In a static sam-
ple both interactions are refocused by a m-pulse, so
CPMG works well when the time between two succes-
sive m-pulses is small compared with 7.. However, in
static samples the spectra often consist of complicated
patterns of overlapping chemical shift anisotropies,
which makes the spectra difficult to analyze. Therefore,
in almost all standard experiments MAS is applied to
eliminate the chemical shift anisotropy, and the resulting
rotational-echo decay is analyzed. If the time constant 7;
governing this decay is determined by interactions that
can be refocused by a n-pulse then the ME method still
works by making the time interval between the m-pulses
large compared to 7;. This situation may arise, e.g., in
amorphous solids where a large, continuous dispersion
of isotropic chemical shifts may occur. However, usually
the decay of the spin-echo train is governed by the in-
trinsic spin—spin relaxation time 7> and/or the spin-lat-
tice relaxation time in the rotating frame, 77,, which
arise from time-dependent interactions that cannot be
refocused by a m-pulse (the latter time constant becomes
important when the effective B; field, generated by the
pulse train, is so large that the magnetization becomes
spin-locked along this field). Then no or only a weak
echo is observed, resulting in at best a minimal gain in
sensitivity. On the other hand, if the spacing between the
pulses is reduced to values comparable to or smaller
than a rotor period, the situation becomes complicated.
The decay after the excitation pulse due to the aniso-
tropic chemical shift is rendered time-dependent by the
sample spinning. This time dependence is different be-
fore and after the m-pulse, resulting in an incomplete
refocusing. Moreover, the m-pulse refocuses the decay
due to the isotropic chemical shift as well, resulting in
seriously distorted spectra.

The refocusing of the isotropic chemical shift can be
avoided if a 2D experiment is applied where the iso-
tropic decay can be determined separately from the
multiple-echo decay observed in the acquisition domain.
Several experiments with this property have been de-
veloped. Examples are five m magic angle turning (5-n
MAT) [12a], FIREMAT) [12b], original MAT [13], and
its successor, the phase-corrected MAT (PHORMAT)
[14], which all are based on the magic angle hopping
(MAH) experiment [15]. In these methods the decay
during the evolution time is determined by the isotropic
interactions, whereas the decay observed during the
acquisition time is governed by both the isotropic and
anisotropic interactions. Hence the acquisition dimen-
sion can be extended with a CPMG sequence without
affecting the isotropic decay during the evolution time.
However, a problem with 5-t MAT and FIREMAT is
that the MAS frequency has to be fast compared with
(Tz)f1 in order to avoid serious signal attenuations.

Since the maximum evolution time equals one rotor
period, in 5-t MAT the isotropic decay becomes trun-
cated if its decay time is longer than a rotor period,
resulting in a distorted isotropic spectrum. In MAH the
sample is ‘hopped’ over 120° during part of the evolution
period, and is stationary during the acquisition time, so
that a w-pulse refocuses completely the decay during this
time [15,16]. However, a difficulty with MAH is the
experimental realization of the intermittent hopping of
the sample.

The problems associated with 5-t MAT, FIREMAT,
and MAH are avoided in PHORMAT. In PHORMAT
the sample is rotated continuously rather than inter-
mittently. Moreover, in PHORMAT the spinning fre-
quency has to be large compared to (7 1)71 rather than
(T5)"", which means that in general much lower MAS
frequencies can be used than in 5-t MAT or FIREMAT
[14]. Hence in this experiment the truncation in the
isotropic decay during the evolution time is avoided, and
the slow spinning speed makes it possible to use an
unsynchronized train of w-pulses with a pulse spacing
large compared to the decay time of the anisotropic
interactions and small compared to the rotor period.
This means that all the anisotropic information is re-
tained and that the time dependence in the anisotropic
chemical shift before and after the pulse can be ne-
glected, so that the anisotropic decay is completely re-
focused. A disadvantage of PHORMAT is its intrinsic
signal loss of at least a factor 4 [14], but it will be shown
below that this can be compensated by the gain obtained
in a ME experiment.

The purpose of this paper is fourfold: (I) A brief
discussion will be given of the sensitivity gain in a
CPMG experiment and the optimal way to process the
echo train. (IT) It will be shown that the odd and even
echoes in a multiple-echo PHORMAT experiment (to be
called ME-PHORMAT hereafter) need to be treated
separately in order to avoid spectral distortions. More-
over, it will be shown that the even echoes can be used to
replace one of the RF sequences used in standard
PHORMAT, thus reducing the minimum measuring
time by a factor 2. (III) The utility of ME-PHORMAT
for solid-state spin 1/2 NMR will be illustrated experi-
mentally for 3C NMR using 1,2,3-trimethoxybenzene.
(IV) Finally, the application of 'H ME-PHORMAT
spectroscopy in biological samples will be discussed. The
linewidths of the NMR metabolite spectra in biological
samples are for a major part broadened by magnetic
susceptibility gradients [1,18,19], and it has been found
that in a 7T magnet with PHORMAT isotropic spectra
are obtained with linewidths up to an order of magni-
tude smaller than those observed in a static experiment
[17]. Moreover, spinning speeds as low as 1 Hz could be
used, which makes it possible to perform PHORMAT in
large biological systems, perhaps even live animals,
without causing any harm by the centrifugal forces
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associated with the sample spinning. In this paper results
of a 'H ME-PHORMAT experiment will be shown
obtained on excised rat liver tissue.

2. Theory

2.1. The data handling and sensitivity gain in a ME
experiment

The echo train can be analyzed in two ways [6,8],

which are illustrated in Fig. 1.

(i) By Fourier transforming (FT) the echo train as mea-
sured. Then a so-called spikelet spectrum is ob-
served, consisting of a series of sharp intensities
with a width determined by the time constant T
characterizing the decay of the echo envelop, sepa-
rated by a frequency equal to the inverse time be-
tween two successive refocusing m-pulses, and with
an intensity distribution determined by the inhomo-
geneous line shape, see Fig. la. This will be called
the spikelet method.

(i1) By separating all signal transients before and after
the echo maxima, negating the sign of the imaginary
parts of the transients before the echo maxima, in-
verting the real and imaginary parts in time, shifting
the resulting decays in time so that they all start at
t =0, and adding them together. Then after FT
the full spectrum is obtained, see Fig. 1b. This will
be called the superposition method.

In general the superposition method provides the best
results. In order to clarify this we consider a time-de-

pendent signal consisting of a signal decay Gy(¢) and a
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Fig. 1. Illustration of processing the signal acquired in a conventional
1D CPMG sequence using the spikelet method (a) and the superpo-
sition method (b). (al) The CPMG sequence; (a2) the echo train; (a3)
the spikelet spectrum; (bl) the CPMG sequence; (b2) the transients
before and after an echo are separated, the transients before the echo
are inverted in time, and the sign of the imaginary FID is negated;
(b2'): the starting points of all decays are shifted to t = 0 and added;
(b3) the full spectrum.

noise transient with a standard deviation ny after the
first excitation pulse, followed by a train of N echoes,
decaying with a time constant 7; that can be determined
by the intrinsic 75, Ti,, and, for biological samples and
other systems containing mobile molecules and internal
magnetic gradients, by the diffusion of the molecules in
these gradients [17,20,21]. We assume that Gy(¢) decays
with a characteristic time 75 much shorter than the ac-
quisition time 7, so that this decay is not truncated.
Finally, it is assumed that Nyquist’s sampling theorem is
fulfilled, hence that the spectral width is equal to or less
than the width of the audio filter, i.e., less than twice the
cutoff frequency of this filter. It follows:

2.1.1. The superposition method

For reasons of simplicity we ignore the effects of the
finite widths of the RF pulses and the impact of T
during each signal transient before and after an echo.
Then the resulting signal in time domain is enhanced by
a factor [1 423 exp(—2nt/T.)], and the resulting
frequency spectrum Fj(w) is given by

= Fy(w) [1+2) exp(—2n1/T.) |, (1)

where Fy(w) is the Fourier transform of Gy(¢). The noise
in time domain is enlarged by a factor /(1 + 2N), and
the noise in frequency domain is enlarged by the same
factor. Hence the use of N echoes results in a sensitivity
gain, Gy, both in time and frequency domain, given by

L+ 222’:1 exp(—2nt/T:)
(I+2N) '

In Fig. 2 the sensitivity gain G is given as a function
of N for different values of the ratio 7,/2t. It follows

G
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Fig. 2. The sensitivity gain, Gy, as a function of the number of echoes
(NV) for different values of the ratio 7. /2t in a conventional 1D CPMG
experiment, where the data are processed with the superposition
method. The values of 7 /2t are: 1 (a), 2 (b), 4 (¢), 7 (d), 10 (e), 20 (f),
30 (g), 60 (h), and 100 (i), respectively.
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that as a rule of thumb G; becomes maximal when the
amount of echoes approximately equals 7./27, which
means that the last echo amplitude that needs to be ta-
ken into account is approximately a factor 1/e less than
that of the first decay Gy(¢). It is worth noting that the
same result is obtained if the pre-echo transients are time
inverted but the sign of their imaginary parts is not
negated, and processed separately. By shifting them in
time so that they all start at # = 0 and adding them to-
gether, after Fourier transformation a spectrum is ob-
tained where the direction is inverted compared to the
spectrum obtained from the post-echo transients. Hence
by inverting the direction of one of the spectra both
spectra can be added, and the resulting sensitivity gain is
given by Eq. (2) again. This method is sometimes easier
to perform with the existing spectrometer software than
the operation of both inverting and negating the imag-
inary parts of the pre-echo transients in time domain.

2.1.2. The spikelet method

The decay after the nth echo, G,(¢), is given by
G,(t) = Go(t — 2nt) exp(—2nt/T;). Hence compared to
Gy (t) this decay is delayed by a time 2nt, which after FT
introduces a first-order phase shift in the corresponding
frequency spectrum F,(w): F,(w) = exp(—iw2nt)Fy(w)
exp(—2nt/T). The total signal in frequency domain,
Fa(w), is given by

Fa(w) = Y F(0) = Fi(o)

N
x |14 ZZ exp( — i2wnt) exp( — 2nt/T,) | .
n=1

(3)

It follows that the frequency spectra of the various
echoes contain oscillatory terms that interfere with each
other. This reduces the overall signal intensity except
when exp(—i2wnt) = 1, resulting in the spikelet spec-
trum described above. It follows from Egs. (1) and (3)
that the signal intensity is the same for both methods
when exp(—i2wnt) = 1, but that the integrated signal
intensity is considerably larger when the superposition
method is applied. This difference in integrated intensi-
ties arises from the fact that the integrated intensity of a
spectrum in frequency domain equals the initial value of
the corresponding decay in time domain. In the super-
position method the signal in time domain and, hence-
forth, the integrated signal intensity in frequency
domain are enhanced. However, in the spikelet method
the untreated echo train is used and the decay amplitude
at t = 0 is the same as that observed when only the ex-
citation pulse is applied, resulting in an unaltered inte-
grated signal intensity. Hence the signal increase at the
spikelet maxima must necessarily be accompanied by a
signal decrease between the spikelets. The standard

deviation of the noise of the echo train in time domain is
the same as that observed after the first excitation pulse,
i.e., it is a factor /(1 4+ 2N) smaller than the time-do-
main noise observed after the data manipulation used in
the superposition method. However, after FT the noise
is the same for both methods, because the noise in fre-
quency domain is proportional to the square root of the
acquisition time, which is a factor (1 + 2N) larger for
the full echo train than the acquisition time 7 obtained
after adding the transients in time domain. Hence here
the sensitivity gain G,, obtained with the spikelet
method, is given by

1423 | cos(20nt) exp(—2nt/T,)

Gy
(14 2N)

; (4)

taking the real part of the signal given in Eq. (3). It
follows from Egs. (2) and (4) that this sensitivity gain is
the same as that obtained with the superposition method
at the spikelet maxima, and reduced elsewhere. Also, the
gain becomes maximal for the same value of N as found
in the superposition method. This means that for smaller
values of N the echo decay becomes truncated, resulting
in a distorted spikelet spectrum. In principle damping
the echo train can solve this problem. However, this
causes the spikelet lines to broaden, often to such an
extent that the overall sensitivity gain is reduced.

The fact that the integrated signal intensity is not
increased when the data are processed with the spikelet
method has for a 2D experiment like PHORMAT the
important consequence that the signal-to-noise ratio of
the isotropic spectrum is often not enhanced as well.
Here the isotropic spectrum is obtained by projecting
both the anisotropic signal and the noise within the
frequency range containing the anisotropic spectrum
onto the isotropic axis. It follows from the above that
for the superposition method the sensitivity gain of the
isotropic lines is still given by Eq. (2). However, for the
spikelet method the sensitivity gain in the isotropic
spectrum depends on the 7./2t value. For large values
of T. /2t many echoes are observed and most or all of the
spin-echo decay can be used to optimize the sensitivity.
Then the spikelet spectrum consists of relatively sharp
lines with a width determined by 7!, which are well
separated from each other. In this case only the spikelets
and the noise present within the spectral areas encom-
passing the spikelets need to be projected, whereas for
the superposition method the total noise within the full
anisotropic spectral width needs to be used. Hence in the
spikelet case the isotropic noise becomes a factor of the
order of \/T./2t smaller than the isotropic noise re-
sulting from the superposition method, and similar
sensitivity gains may be obtained with both cases.
However, for smaller values of T./2t, where only a few
echoes need to be used, the spikelets become distorted or
broadened if a damping in the echo train is applied. In
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this case the anisotropic spectrum contains usually
partially overlapping spikelets, and both the total an-
isotropic signal and the noise within the full anisotropic
spectral width need to be projected. As a consequence,
in this case the ME approach does not provide any
sensitivity gain of the isotropic spectrum. We conclude
that for ME-PHORMAT the superposition method is
the method of choice to process the data, also because
the full anisotropic signal information is retained.

2.2. The ME-PHORMAT experiment

Two variants of ME-PHORMAT have been used. In
the first variant ME-PHORMAT is combined with
'H-13C cross-polarization (CP), and this so-called ME-
CP-PHORMAT experiment is applied for '*C experi-
ments in solids. The second variant is used for 'H
experiments in biological samples. Here the CP part is
replaced by a single excitation pulse (SP), and a
DANTE water suppression sequence is added. This
variant will be called ME-SP-PHORMAT hereafter.

Fig. 3 shows the ME-CP-PHORMAT sequence.
Compared to the original PHORMAT sequence given in
[14] two modifications were made. The first modification
is the addition of the CPMG sequence consisting of a
train of m-pulses separated by a time equal to 21, in
phase with the magnetization at ¢t; = t, = 0. The second
modification is that the rotor is evenly marked by three
precision marks that are mutually 120° apart. An optical
detector is used to generate TTL pulses associated with

these markers, which serve as trigger pulses to syn-
chronize the time instants labeled (I), (II), and (III) at
end of the CP pulses (xy), (xc) and the 90° pulses (—y),
respectively, to 1/3 of the rotor period 7;. The locations
(D, (II), and (II1) are delayed by the time “tau’ that is
equal to the sum of the duration of the initial 'H 90°
pulse (a) and the contact time of the CP pulses. This
modification is made in order to separate the three po-
sitions (I), (IT), and (IIT) by exactly 1/3 of the rotor pe-
riod over each rotor period, thus relaxing the
requirement of stable spinning over a long period of
time; the only requirement is that the spinning has to be
stable during one rotor evolution.

An extensive description of the standard PHORMAT
experiment and the mechanism that leads to line nar-
rowing has already been published elsewhere [14,17].
Therefore, we shall confine ourselves to a brief summary
of the main features. The sequence starts with a stan-
dard cross-polarization (CP) experiment, consisting of a
'H 90° pulse (a) followed by a simultaneous irradiation
with the 'H (xyg) and '3C (xc) CP pulses satisfying the
Hartmann-Hahn condition. The CP sequence is fol-
lowed by the PHORMAT sequence. Here the 90° pulses
are labeled p;, p,, and —y, while the 180° pulses are
labeled by, by, and bs. The magnetization processes in
the transverse plane during the periods labeled
o1, B, @1, 00, B2, P2, 03, B3, and @3, and is stored along
the longitudinal axis during the periods labeled L; A is
an echo delay time determined by the probe-ring-down
and receiver recovery times. This echo delay significantly
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Fig. 3. The ME-CP-PHORMAT pulse sequences. 90° pulses are represented by narrow rectangles; two adjacent rectangles denote a 180° pulse. The
cross-polarization pulses are shaded and have fixed phases. The phases of the receiver and pulses labeled a, p;, p,, b1, b2, and bs are given in
Appendix A. The phases of all the n-pulses in the CPMG train are +x. The parameter A denotes half of the echo time along the evolution dimension
for each of the triple echo segments. The bottom trace is the TTL signal generated by the optical sensor of the MAS probe.
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improves the base plane of the 2D spectra, and by
placing the 180° pulses b;, by, and bz before (+) or after
(—) the three phase-accumulation periods a pure ab-
sorption mode isotropic—anisotropic 2D spectrum is
obtained. The pulses a, p;, p,, b1, by, and bs are sub-
mitted to 32 phase cycle steps, given in Appendix A. In
this way the effects of the phase accumulations of the
transverse magnetization during the periods o, By, oo,
B2, a3, and B3 can be eliminated, retaining only the phase
accumulations during the evolution periods # /3.

For ME-SP-PHORMAT following modifications
were made in the sequence shown in Fig. 3: (i) The
(modified) pulse sequences used for *C NMR in CP-
PHORMAT are now used for 'H SP-PHORMAT. (ii)
The cross-polarization segment (xc) was replaced by a
90° pulse. (iii)) Immediately before the 90° pulse (—y)
ending at time instant (III) a DANTE water suppression
pulse sequence [22] was applied. This was achieved by
switching the carrier frequency to the center of the
water peak prior to the start of the DANTE sequence,
and by switching this frequency back to its original
value at the end of the DANTE segment. In this way the
water resonance was shifted to the edge of the spectrum
along the isotropic dimension of the PHORMAT se-
quence. As we were mainly interested in detecting the
proton metabolite spectral lines with chemical shifts
smaller than that of water, this makes it possible to use
a reduced spectral width in the evolution dimension,
resulting in a decreased number of evolution steps and,
henceforth, a reduced measuring time of the experiment.
(iv) The two 90° pulses occurring immediately before
the time instants labeled (I) and (II) are delayed by the
same time as the duration of the DANTE segment. This
is done in order to separate the three 90° pulses in
the PHORMAT sequence by exactly 1/3 of the rotor
period 7.

2.3. Data processing of ME-PHORMAT

A detailed discussion of the signals arising in ME-
PHORMAT is given in Appendix A. It is shown that
the accumulated decays obtained after phase steps 0-15
for the (+) and (—) sequences have to be stored sepa-
rately from each other and from the accumulated de-
cays obtained after phase steps 16-31. These four
datasets have to be processed differently. It is also
shown that the odd echoes obtained with the (+) se-
quence have the same phase factor as the first decay
and the even echoes measured with the (—) sequence,
and vice versa. Hence the odd and even echo signals in
a CPMG sequence need to be processed separately,
and the odd echoes in the (+) and (-) sequence need to
be exchanged prior to the 2D data processing. More-
over, this result means that either the (+) or the (-)
sequence may be eliminated, as, e.g., the odd echoes
observed in the (+) sequence may be processed as the

signals obtained with the (—) sequence. In this way the

total amount of necessary phase cycles for each evo-

lution step, and hence the minimum measuring time,
can be reduced by a factor 2, which is important, as
usually it takes several hours to complete a standard

PHORMAT experiment.

Four methods were employed to process the data:

(a) The spikelet ME-PHORMAT method, following the
procedure outlined above.

(b) The superposition split-echo ME-PHORMAT meth-
od, where the transients before and after the echoes
are separated and processed according to the proce-
dure described above.

(c) The superposition full-echo ME-PHORMAT meth-
od. When many echoes occur, the dwell time in
the acquisition dimension has to be made relatively
large in order to avoid having to store and manip-
ulate very large numbers of data points. This
makes it difficult to precisely determine the echo
maxima and separate the transients before and af-
ter an echo. In this case it is easier to shift the full
echoes in time so that they all have their maximum
at t=0 or a constant value, add them together,
and Fourier transform the full echo’s rather than
the decays. In this method the datasets F* and
F~, given by Egs. (A.7) and (A.8), and (F") and
(F~), given by Egs. (A.15) and (A.16), need to be
processed differently than described in Appendix
A. Here the decay of F~ along the evolution di-
mension is inverted in time and combined with
FT in such as way that an echo in the #; domain
is generated, with F~ determining the ¢ -transient
before the echo and F* the transient after the echo.
Then after complex FT along both # and ¢, fol-
lowed by absolute value manipulation, a 2D spec-
trum is obtained with the same shape as that
resulting from the traditional phase-sensitive hy-
per-complex method, with an undistorted anisot-
ropy spectrum spectrum along the w, dimension.
In this procedure it is difficult to incorporate the
decay during the first time 7 in the acquisition di-
mension, as this signal does not have a counterpart
at negative times. Mirroring the decay might be
possible, but in practice it is easier to omit this de-
cay altogether, as this procedure was only used
when many echoes are observed, so that the first
decay represents only a small fraction of the total
signal information. The potential shortcoming of
the absolute value manipulation is that the noise
becomes positive, but this is usually not a problem.

(d) Single-sequence ME-PHORMAT. Here only the (+)
sequence is applied, and the echoes obtained after
the odd m-pulses in the (+) sequence have been used
to replace the signals normally obtained with the (-)
sequence. Then the data are processed further using
any of the methods outlined above.
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3. Experimental
3.1. General

The experiments were performed on a Chemagnetics
Infinity spectrometer, operating at a proton Larmor
frequency of 299.982 MHz. A standard Chemagnetics
'H-3C CP/MAS probe with a 7.5-mm pencil type
spinner system was used, with a sample volume of ap-
proximately 220 pl. In order to spin at low frequencies,
the rotor was equipped with a flat drive tip (i.e. it did not
contain grooves, which are normally used to drive the
rotor) and an airflow restriction was induced in the
driver channel. This frequency was controlled using a
commercial Chemagnetics MAS speed controller under
the automated control mode. All experiments were
performed at room temperature.

3.2. ME-CP-PHORMAT

For the '*C ME-CP-PHORMAT experiment pow-
dered 1,2,3-trimethoxybenzene (1,2,3-TMB), purchased
from Aldrich, was used. The 90° pulse widths for both
the *C and 'H channels were 5.25 ps, corresponding to
RF fields of 48 kHz during CP. During 'H decoupling,
the decoupling field strength was increased to approxi-
mately 58 kHz.

At present no theoretical evaluation has been per-
formed of the impact of the sample spinning on the echo
formation in the acquisition domain, so it is unknown
what the theoretical limit is of the highest sample spin-
ning speed that can be used in ME-PHORMAT without
inducing distortions in the spectra. Instead we investi-
gated this issue experimentally by performing '*C ME-
CP-PHORMAT on 1,2,3-TMB at MAS frequencies in
the range 1.3-8 Hz. The echoes were processed sepa-
rately and the resulting 2D spectra were compared with
those obtained by processing only the first decays ob-
served prior to the first m-pulse, i.e., obtained in a
standard PHORMAT experiment. No apparent spectral
degradation was observed at all MAS frequencies em-
ployed. It was decided to employ the lowest spinning
frequency that could be obtained with this spinning
system, i.e., 1.3 Hz. With the used speed controller the
long-term frequency stability in the range 1-10Hz is
about +0.3 Hz, which appears to be sufficient for our
experiments, even when spinning at 1.3 Hz. The cross-
polarization time was 2ms, and the 2D data were
collected using 150 ¢#; steps, incremented by 90 ps, cor-
responding to a maximum evolution time of 13.5ms
and an evolution spectral width of 11.1kHz, i.e., about
147 ppm. No signal averaging was applied, which means
that the total number of acquisitions equals 150 x 64
= 9600. The value of t was 500 us. In order to suppress
the dead time associated with probe-ring-down and re-
ceiver recovery, 100 us was left blank before and after

each m-pulse, leaving 400 ps for data acquisition during
each 7. This time was sufficiently long to measure most
of the anisotropic decay (although some truncation oc-
curs, see below). Sixteen data points were acquired
during each t with a dwell time equal 25 ps. The spectral
width corresponding to the acquisition dimension is
40kHz, or 530 ppm. The audio filter width used was
50kHz. It was found that for 1,2,3-TMB the time con-
stant 7, governing the echo decay is 21 ms, hence that
T./2t = 21. It follows from Fig. 2 that for this ratio the
SNR becomes maximal when the amount of echoes
N ~ 30, and hardly changes when N is within the range
10-60. In order to restrict the amount of data points and
the 'H decoupling time, 14 echoes were employed, cor-
responding to a total of 464 data points along the #,
dimension. The echo time (A) and the recycle delay times
were 50 us and Ss, respectively. The duration of each
scan is approximately one rotor period + the recycle time
~5.7s. Hence the total measuring time of this experi-
ment was 15.2 h.

3.3. ME-SP-PHORMAT

The '"H ME-SP-PHORMAT experiment was carried
out on liver tissue, excised from Fisher 344 male rats.
Prior to removing the livers the animals were sacrificed
by CO; asphyxiation. The excised liver was snap-frozen
using liquid nitrogen and stored at —80°C until re-
quired. Prior to the measurements the liver was thawed,
and a piece of about 200 mg was inserted into the rotor.
Finally, one of the rotor end plugs, containing a narrow
opening in the middle, was squeezed tightly onto the
sample to remove residual air bubbles. For the NMR
experiments a 90° pulse width of 14.5 us was used. The
DANTE water suppression sequence consisted of 2000
pulses with a width of 1.2 ps and spaced by 50 us. A fast
switching diode box was used on the RF transmitter
channel to reduce the dead time associated with probe-
ring-down and receiver recovery. The audio filter width
was 50kHz. The 2D data were collected using 100 ¢
steps, incremented by 600 ps, corresponding to a maxi-
mum evolution time of 60 ms and an evolution spectral
width of 1.67kHz or 5.56 ppm. No signal averaging was
applied, which means that the total number of acquisi-
tions equals 100 x 64 = 6400. For the liver sample a
much longer t value of 6.45ms had to be used to pre-
serve the full anisotropic decay. In order to suppress the
dead time associated with probe-ring-down and receiver
recovery, 50 us was left blank before and after each «
pulse, leaving 6.40 ms for data acquisition during each 7.
The time constant 7. governing the echo decay was
measured to be 42 ms. Hence for the liver sample 7. /2t
is reduced to 3.3, which according to Fig. 2 means that
only 3-5 echoes need to be used to optimize the sensi-
tivity enhancement. Two hundred fifty-six data points
were acquired during each t with a dwell time of 25 ps,
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resulting in 512 data points for each full echo signal. A
total of 1792 data points were acquired along #, di-
mension, so that besides the initial decay 3 full echoes
are observed. The echo time (A) and the recycle delay
times were 50 us and 1s, respectively. The duration of
each scan is approximately 1.8s, resulting in a total
measuring time of 3.2 h.

4. Results and discussion

4.1. 3C ME-CP-PHORMAT of 1,2,3-trimethoxyben-
zene

Fig. 4a shows the 2D contour plot along with its
projections along the evolution (F}), i.e., the isotropic,
and acquisition (F,), i.e., anisotropic, dimensions, re-
sulting from a standard CP-PHORMAT experiment,
obtained by processing only the decay during the first ©
period along the acquisition dimension. The isotropic
projection was obtained by summing only a band of the
data containing spectral intensity, i.e., between aniso-
tropic chemical shifts in the range 0-240 ppm. Since the
spectral width for the /5 dimension is 530 ppm, such a
projection, equivalent to a digital filtering in the F, do-
main prior to the projection, increases the sensitivity of

71T 17 T 171
300 200 100 O
F,(ppm)

1,2,3-trimethoxybenzene

T
-100

the isotropic projection by approximately 49%. Also
given are the line assignments in the isotropic projection,
obtained from [23]. It can be observed that the quanti-
tative integrity of the isotropic projection is compro-
mised, which is a result of a variety of factors such as the
relatively low CP and decoupling fields employed, the
finite CP contact time, and differences in the 'H-'3C
contact times and 7j, values for the various carbons.
Fig. 4b shows the powder chemical shift anisotropy
(CSA) spectra of each of these lines, obtained by taking
a spectral slice parallel to the F; axis and at the center of
each resolved isotropic resonance. It follows from Fig.
4a that the isotropic projection consists of seven lines,
where the resonances arising from the methoxy carbons
M, and M3, separated by only 1 ppm, are well resolved.
This resolution, obtained at the ultra-slow spinning rate
of 1.3 Hz, is similar to that obtained with fast MAS at a
sample spinning rate of several kHz. This indicates that
the triggering mechanism outlined in Fig. 3 works very
well and the spinning rate is sufficiently stable during
each rotor period to avoid broadening of the isotropic
lines.

Fig. 5a shows ME-CP-PHORMAT spectra of 1,2,3-
TMB obtained by utilizing the total acquisition decay
consisting of the initial decay and the 14 echoes, and
processing the data with the spikelet ME-PHORMAT

w N\
6 —
M3

50

100
F,(ppm)
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?

1T 71T 17T 17 17T 7T 17T 1T
300 200 100 0 -100
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Fig. 4. 3C spectra of a solid powder sample of 1,2,3-trimethoxybenzene obtained with standard CP-PHORMAT, i.e., by using the data from both
the (+) and the (-) sequences during only the first 7 period of the acquisition time. (a) 2D contour plot with isotropic and anisotropic projections. The
isotropic projection was obtained by only summing the data between 0 and 240 ppm. The line assignment was obtained from [23]. (b) Chemical shift
anisotropy (CSA) spectra of each carbon in the molecule. The amplitudes of the various spectra are scaled to the same size. The spectra were obtained
by cutting slices parallel to the acquisition dimension and at the center of each resolved isotropic resonance.
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Fig. 5. (a) 13C spectra of 1,2,3-TMB obtained with ME-CP-PHORMAT, using the spikelet method, processing the first decay and 14 echoes of both
the (+) and (-) sequences. (b) 3C ME-CP-PHORMAT spectra of 1,2,3-TMB with ME-CP-PHORMAT, using the full-echo superposition method.
Here the first decay was omitted and 14 echoes of both the (+) and (—) sequences were used for the data processing.

method. The quality of the resulting 2D spectrum is
good except for some low intensity artifacts around
75 ppm in the /i domain. At present the origin of these
artifacts is unknown, and is under investigation. In the
2D plot, the CSA spikelet spectrum corresponding to
each carbon is displayed along F, dimension. Since the
intensity of the 14th echo is still about 68% of the initial
signal intensity at t, = 0, the echo-train is truncated. This
results in small but visible Gibbs wiggles between the
spikelets, which are evident in the projection along F
and the individual spikelet spectra. Compared with the
standard PHORMAT experiment (Fig. 4a) a significant
gain in sensitivity, about a factor 4, is obtained in the
spikelet spectra, in accordance with the theoretical ex-
pectations, cf. Fig. 2. However, the isotropic projection,
obtained by projecting the band between 0 and 240 ppm,
is identical to that shown in Fig. 4a, which is due to the
fact that, as outlined above, the first data point along
the #, dimension, which is responsible for the isotropic
projection, is the same in both experiments. Hence there
is no gain in the SNR of the isotropic projection if the
spikelet method is used to process the data.

Fig. 5b shows the ME-CP-PHORMAT spectra of
1,2,3-TMB obtained by processing the data with the
superposition method. Here the full echo method was
used, because the small amount of data points during
each echo made it impossible to separate the transients
before and after the echo maxima accurately. As men-
tioned above, the signal during the first 7 period along #,
dimension had to be omitted because there is no
matching transient at negative times. However, this
hardly influences the sensitivity, because its contribution
to the overall signal intensity is small. Compared with
the results obtained from the regular PHORMAT, for
the non-protonated carbons a sensitivity gain of about a
factor of 4 is obtained for both the anisotropic and the
isotropic projections, again in accordance with the pre-
dictions given in the theory section. Moreover, the full
CSA patterns are retained, thus increasing the accuracy
in determining the principal values of the CSA tensors.
In some of the CSA patterns slight Gibbs wiggles are
observed near the sharp edges, which are due to the
truncation of the anisotropic decay. For the protonated
aromatic carbons C4—Cg the CSA powder patterns are
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Fig. 6. 13C spectra of 1,2,3-TMB obtained with ME-CP-PHORMAT,
using the single-sequence ME-CP-PHORMAT experiment, processed
with the full-echo superposition method. Here only the 14 echoes
obtained with the (+) sequence are processed, using the even seven
echoes as the (—) sequence.
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distorted, i.e., the spectral intensity around the edges of
the patterns are attenuated. This is caused by insufficient
strengths of the RF fields applied during both CP and
proton decoupling. It is known [24] that for protonated
aromatic carbons, the dipolar coupling between 'H and
3C is the largest around the break points in the CSA
patterns. Therefore, the CP fields will not completely
spin-lock the carbons with strong proton couplings, and
for later echoes in the CPMG echo train the signal for
the carbons with strong proton coupling attenuates
more than the weakly coupled or non-protonated car-
bons. This effect is also responsible for a reduction in the
isotropic projections of the protonated carbons, reduc-
ing the sensitivity gain for these carbons to about 3.
Increasing the strength of the CP and decoupling fields
or employing more efficient decoupling methods [25] will
improve both the quality and sensitivity gain of the ME-
CP-PHORMAT experiment.

Fig. 6 shows the result of a single-sequence ME-CP-
PHORMAT experiment, processed with the full-echo
superposition method. Here only the 14 echoes obtained
with the (+) sequence are used, employing the seven
even echoes as the (—) sequence. It follows that the
isotropic and CSA spectra are of the same quality as
shown in Fig. 5b, and that the sensitivity obtained with
single-sequence ME-CP-PHORMAT, which requires on
half the measuring time of a standard experiment, is still
a factor 3 larger than that obtained with standard
PHORMAT, which is in agreement with the anticipated
factor 2.8 (i.e., 4/V/2).

4.2. '"H ME-SP-PHORMAT of excised rat liver tissue

The complete results of a standard SP-PHORMAT
experiment, including the 2D spectrum, its anisotropic
and isotropic projections, and the F slices through the
various metabolite lines, obtained on an excised rat liver
tissue similar to the one considered in this paper, are

given in [17]. It was found that the anisotropy spectra of
the individual metabolite lines are similar and rather
uninformative. Therefore, we shall confine ourselves to
discuss the impact of multiple-echo acquisition on the
SNR of the isotropic projection. Moreover, we shall only
consider the superposition method, as the spikelet
method leaves the SNR of the isotropic projection un-
altered. In this experiment the amount of data points in
the #, domain between two successive m-pulses was suf-
ficiently large to accurately determine the echo maxima,
allowing us to use the superposition split-echo ME-
PHORMAT method. Fig. 7 shows isotropic projections
obtained by processing the data in different ways. Figs.
7a—d were obtained by using both the (+) and (-) se-
quences, and processing only the initial decay (Fig. 7a)
and the initial decay combined with one (Fig. 7b), two
(Fig. 7¢), and three (Fig. 7d) echoes. In Fig. 7e the iso-
tropic projection is given, obtained by using the initial
decay and three echoes of only the (+) sequence. It fol-
lows that all spectra are qualitatively the same, indicating
that the 1.3 Hz sample spinning does not induce distor-
tions in the echo transients, even though their duration is
considerably longer than those in 1,2,3-TMB. In the
figure also the SNR values are given corresponding to the
intensity of the peak at 1.28 ppm, arising from methylene

SNR=275

(©)
SNR=369

(d)
© SNR=365
SNR=320

(b)
SNR=160

()
T
4 3 2 1 0

F,(ppm)

Fig. 7. 'H isotropic chemical shift projection spectra of excised rat
liver, obtained with different SP-PHORMAT experiments, using the
split-echo superposition method for data processing. (a) Standard SP-
PHORMAT, using only the first decay. (b) ME-SP-PHORMAT, using
the first decay and 1 echo. (c) ME-SP-PHORMAT, using the first
decay and 2 echoes. (d) ME-SP-PHORMAT, using the first decay and
3 echoes. (e) Single-sequence ME-SP-PHORMAT, using the initial
decay and 3 echoes of only the (+) sequence. The SNR numbers reflect
the signal-to-noise ratios of the 1.28 ppm peak, obtained with the
different methods.
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groups present in lipids or methyl groups present in
lactate and/or threonine [17] (a full assignment of the
spectrum is given in [17]). It follows that compared to
standard PHORMAT the SNR is increased by a factor
2.0 when one echo is used and a factor 2.3 when 2 or 3
echoes are incorporated in the data processing. Finally,
the SNR of the spectrum shown in Fig. 7e is a factor 1.7
larger than that obtained with standard PHORMAT,
despite the fact the number of acquisitions is reduced by
a factor 2. All these values are better than the theoretical
values 1.43, 1.60, 1.65, and 1.28, predicted by Eq. (2),
using the experimental value of 3.3 for the 7./2t ratio.
The reason for this discrepancy is unknown, and is cur-
rently under investigation.

5. Conclusions

We conclude that ME-PHORMAT, combined with
slow MAS frequencies, can be used successfully to im-
prove the NMR sensitivity, provided that the data are
processed in the proper way, i.e., the odd and even
echoes acquired with the (+) and the (=) pulse sequences
of the ME-PHORMAT experiment must be exchanged
in order to process the data properly. Further it was
shown that the superposition method of data process-
ing, where the initial decay and echo signals during the
acquisition time are added together prior to Fourier
transformation, generally is the method of choice, as this
increases the sensitivity in both the anisotropic and
isotropic dimension. In contrast, with the spikelet
method, where the full echo decay is used for Fourier
transform (after exchanging the even echoes in the (+)
and (—) sequences), results in an increase in sensitivity in
only the anisotropic spectra, and leaves the SNR of the
isotropic projection unaffected.

The sensitivity enhancement that can be obtained
with ME-PHORMAT depends on the ratio of the iso-
tropic and anisotropic decay times. For proton-decou-
pled *C PHORMAT in organic solids, where the
anisotropy decay is mainly determined by the chemical
shift anisotropy and is usually much faster (a factor 50
for 1,2,3-TMB) than that of the spin-echo envelope,
many echoes can be obtained, resulting in a significant
sensitivity enhancement. For 1,2,3-TMB at room tem-
perature a factor 4 increase in both the isotropic and
CSA spectra is obtained, and lowering the temperature
together with increasing the CP and decoupling effi-
ciency may even further increase the sensitivity. For 'H
PHORMAT in excised liver tissue the sensitivity en-
hancement is reduced, which is due to the fact that for
biological samples the anisotropy decay is mainly gov-
erned by the magnetic susceptibility broadening, and is
(at least for the liver sample) only a factor 6-8 faster
than the decay of the echo envelope. Therefore, only a
few echoes can be used. Still, by employing only two

echoes the SNR was increased by a significant factor 2.3,
illustrating the potential usefulness of the ultra-slow-
MAS ME-PHORMAT approach to investigate biolog-
ical samples, also because in other tissues and organs a
substantial difference between the homogeneous and
heterogeneous line broadening has been observed as well
[26].

It is also possible to further improve the sensitivity of
ME-PHORMAT by using a closely spaced CPMG pulse
train [16], and use over-sampling combined with digital
filtering to optimize the SNR. When times between the
n-pulses become very short the decay of the echo enve-
lope is governed by 71, rather than 75, so that an in-
creased amount of echoes can be sampled as T, is
usually larger than 75. The disadvantage of this ap-
proach is that the anisotropic information is lost, but
this may not be a serious problem for research on bio-
logical samples, where mainly the isotropic information
is of interest. This possibility is currently under investi-
gation.

Low spinning speeds have to be used in order to
avoid distortions in the echo transients. Although we
did not investigate this matter in depth, we estimate that
the spinning speed has to be reduced to 10 Hz or less in
order to avoid this type of distortions. In fact, this re-
quired use of such ultra-low spinning speeds should be
regarded as an advantage, because it makes experiments
possible that could not or only with great difficulty be
carried out when high MAS speeds are used. For in-
stance, it facilitates the design of many types of new
measurements, where in situ controls such as tempera-
ture, pressure, and flow, are required [27-29]. Moreover,
much larger samples can be used than with standard fast
MAS, which further increases the sensitivity of the ex-
periment, and last not least, ultra-slow MAS makes it
possible to study large intact biological objects (perhaps
even live animals) without compromising their struc-
tural integrities by the large centrifugal forces associated
with large spinning speeds.

Finally, it is shown that with ME-PHORMAT the
minimum amount of acquisition steps can be reduced by
a factor 2, while still providing a better sensitivity than
standard PHORMAT. This is a significant result, as the
measuring times of a PHORMAT experiment are in-
herently long. In our case the measuring time for the 3C
experiment in 1,2,3-TMB could be reduced to 7.6 h and
for the 'H experiment on the liver tissue to 1.6h. We
conclude that the multiple-echo approach significantly
increases the utility of ultra-slow-MAS PHORMAT for
research of both solid and biological materials.
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Appendix A. Echo formation in ME-PHORMAT

In this section it will be shown that in order to cor-
rectly utilize the multiple echoes, the echo signals after
the odd and even m-pulses in the CPMG sequence need
to be processed separately. The phase table of the RF
pulses labeled a, p;, p,, b1, bz, and b; of CP-PHOR-
MAT, shown in Fig. 3, and the receiver is given in Table
1. This phase table is the same for both the (+) and (-)
sequences defined in Fig. 3. For SP-PHORMAT ex-
periment, where the top RF sequence shown in Fig. 3 is
eliminated and where a 90° pulse replaces the CP seg-
ment (xc), the phase of this pulse is the same as that of
the proton RF pulse (a) in CP-PHORMAT.

In the following we shall discuss the signals obtained
during the various time intervals in the acquisition do-
main separately. For simplicity we neglect possible sig-
nal attenuation during the evolution period due to Tj
and 7, effects, and we assume that the spinning rate is so
slow that during each acquisition period t the sample
can be considered as static, i.e., T < T;, where T; is the
rotation period.

We first consider the decays obtained during the first
time interval 7 in the acquisition domain, i.e., the decays
observed in a standard PHORMAT experiment. The
accumulated decays obtained after the phase steps 0-15,
to be called the real components Fy and Fg for the (+)
and (—) sequences, respectively, are stored separately
from each other and from the accumulated decays ob-
tained after phase steps 16-31, to be called the imagi-
nary components iF;" and i~ for the (+) and the (-)
sequences, respectively. It is shown in [14] that these four
datasets are given by

F{ =cos(—af + ) + P —og + f;, + D7)

x exp(i(—oy + By + @3))Fa(t), (A1)
iFY =1xsin(—of + ] + & —o3 + 5 + &7)

x exp(i(—og + fy + @3))F(t), (A2)

FRg =cos(—oy +f; — P —o; +f;, — D)
xexp(i(—oy + fy — €3))B(0), (A:3)

iF =ixsin(—o +p] — @] —o; + 5, — D)
xexp(i(—o; + 5 — @3))F(n), (A-4)

Table 1

The phase table for ME-PHORMAT
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#Pulse labels are defined in Fig. 3.

®For SP-PHORMAT this pulse replaces the CP segments (xc) in Fig. 3.

®Includes pulses by, by, and b;.

9The receiver phases for indices 16-31 depend upon the relation between receiver phase and pulse phase in a particular spectrometer, and should be selected so that Egs. (A.7), (A.8), (A.15), and

(A.16) are correct. The first row of receiver phases was used in this work.
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F(t,) is the complex 1D FID which would follow a
single m/2 excitation pulse. After addition of Fy and
iF;", and Fy and iF;, respectively, two new datasets F*
and F~ are obtained, given by

F' = F +iF" = exp(+i((p] + B3 + B7)
— (o + oy +o3) + (P + &7 + D7)))F(1),
(A.5)

F~ =Fy +iF =exp(+i((B, + B3 + B;)
— (o + o +03) — (O] + @ + D)) >(1a).
(A.6)

For second-rank interactions such as the chemical
shift interaction and the interactions resulting from
differences in the isotropic magnetic susceptibility,
@, + &, + &3 averages to the phase accumulation as-
sociated with isotropic values of the interactions, i.e.,
& + &) + &3 = wit;, where w; denotes the isotropic
frequency. Similarly, (7 + 5 + B37) = @13A  and
(of +o5 +07) = w3A. Thus Egs. (A.5) and (A.6)
become

Ft = CXp(+i(Ult])F'2(t2), (A7)

F~ = exp(—iot)B(t) (A.8)

Traditionally the composite FIDs F* and F~ are
combined to form the real part Fr and the imaginary
part F of a hyper-complex 2D FID, in which the phase
information in the #; and #, domain are separated

FR = % (F'+ + Fi) = COS((J)ltl )Fz(lz), (A9)

F= 7‘(F+ —F) = sin(o10)B(n).

Hence after 2D Fourier transformation an absorp-
tion—absorption-phased 2D spectrum is obtained that
projects an isotropic-shift spectrum with no spinning
sidebands onto the evolution-dimension axis.

Next we consider the signal after the first m-pulse in
the acquisition domain. This pulse inverts the parts of
the signals that are dependent on the RF phase, i.e., the
exponential components and the complex decay F>(#,) in
Egs. (A.1)-(A.4). During the first time interval t after
the pulse only the decay F, evolves back in time, whereas
the exponentials, which are independent of the acquisi-
tion time #,, remain unaltered. Hence the four accumu-
lated decays (Fy ), i(F{");, (Fg );» and i(F "), obtained
from the decays observed in the time interval 7 after the
first echo, is given by

(F)y = cos(—af + B + @ —og + f; + &;)
x exp(—i(=o7 + 5 + &3))Fa(),

(A.10)

(A.11)

(F"), =1xsin(—o + ] + & —a) +f; + &)

x exp(—i(—of + B + ODAM),  (A12)

(Fr)y =cos(—ay +fy — &) —oy +f, — ;)
xexp(—i(—o + 5 — O)AM). (A1)
(), =i x sin(—25 + By — &7 — o5 + i — 03)
x exp(—i(—o; + f; — D3))F(%). (A.14)

It follows that addition of e.g., (Fg), and i(F"),,
leads to erroneous results, as the various evolution
phases o;, ;, and &; (i = 1,2, 3) no longer add up to the
isotropic frequency times an evolution time. Instead,
i(F;"), has to be subtracted from (Fy),, and i(F; ), has
to be subtracted from (Fy ),. Then the resulting datasets
(F), and (F~), are given by

(F), = (Fg), —i(F"), = exp(—ioit)F(t),

(F7)y = (F)y —i(F), = exp(+ioin)B(n),  (A16)

and (F*), and (F~), can be combined to give a hyper-
complex 2D FID again.

Following the same procedures as given above it can
easily be shown that the decays after the echoes fol-
lowing the even m-pulses in the CPMG train are all given
by Egs. (A.7) and (A.8), whereas the decays after the
echoes following the odd =m-pulses in the CPMG train
are all given by Egs. (A.15) and (A.16). Moreover, it can
be observed from these equations that the dataset (F*),,
obtained after the odd m-pulses, equals the dataset F~
obtained during the first time period t and after the even
n-pulses, and that the dataset (F~), = F'. This means
that the transients following the odd and even m-pulses
need to be handled separately, and that the odd echoes
observed in the (+) sequence need to be exchanged with
the corresponding echoes in the (—) sequence before
processing the data further. Moreover, this result means
that the use of multiple echoes makes it possible to
eliminate one of (+) or (—) sequences altogether, as the
echo train observed with each of these sequences con-
tains the information from the other sequence as well.
Hence in this way the amount of acquisition steps,
necessary to produce a hyper-complex 2D FID, can be
reduced by a factor 2.

(A.15)
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