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Randomized Acquisition for the Suppression of Systematic F, Artifacts
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2D spectra, particularly for homonuclear correlation, can show a
variety of artifactual signals in the F, domain. Common sources
include carry-over of signal modulation from one transient to the next
(“rapid pulsing artifacts”) and systematic variations in room temper-
ature (“parallel diagonals™). In both cases there is one very simple
expedient which can greatly reduce the impact of these sources of
error. Multidimensional data sets are almost invariably recorded by

its more restrictive, and original, sense of a weak, apparent
random modulation of, signals. This includes both the ef-
fects of truly random perturbations, for example noise in th
transmitter channel leading to phase and amplitude irreprodu
ibility of pulses, and coherent perturbations which can give ris
to apparently random results, such as mains (line) 50 (60) F

simply incrementing or decrementing evolution periods, largely for
reasons of convenience and historical precedent. If instead the sam-
pling of the evolution periods is carried out in random order, the
perturbations responsible for the sharp F; signals in the conventional

modulation. It is helpful to view cohereri, artifacts as a
separate problem; coherent modulations as a functionlead

to distinct signals irF,, which can easily be misinterpreted as
cross-peaks. Of the two common sources of such artifactu

experiment manifest themselves as t, noise. Since the randomized
acquisition redistributes coherent artifactual signals randomly in F,,
the maximum artifactual signal is substantially reduced in the ran-
domized experiment and no longer appears in the form of misleading
distinct peaks.  © 1999 Academic Press

Key Words: 2D NMR; artifacts; rapid pulsing; temperature;
randomized; t, noise.

signals, parallel diagonals arise because air conditioning sy
tems generally cause room temperature to oscillate over
range of 1-2°C. This temperature variation in turn causes tl
phase and gain of the spectrometer system (and, if prol
temperature regulation is inadequate, relative chemical shift
to oscillate during the course of a 2D experimet4). If the

evolution time is incremented linearly during a 2D experimen
of durationD, room temperature oscillation with a periéd

Almost all two-dimensional (2D) spectra exhibit imperfection¥/ill generateF, sidebands which are displaced from the true
in the F, domain. Perhaps the most familiatisioise—bands of Signals by multiples of a fractioR/D of the F, spectral width
apparently random fluctuations that run parallel tofhexis at (4 9- This leads to the characteristic appearance of “parall
the F, frequencies of strong signals,@. t, noise arises where diagonals” straddling the main diagonal.
irreproducibilities in the experiment, which may be random or Rapid pulsing artifacts arise because of incomplete rela
systematic in character, cause apparently random modulatiorRfn between transients in multidimensional experiment:
signals as a function of. Arguably more damaging, however, ardvhere the term “transient” is used loosely to denote the app!
coherent artifacts which appear as well-defined peaks, since tHe&ion of a pulse sequence followed by the measurement of
can more easily be misinterpreted as real signals. The two cdf§€ induction decay. Transverse relaxation, main field inhc
monest examples of coherent artifacts are parallel diagonal diegeneity, and diffusion together generally lead to relativel
nals, arising fromt, modulations caused by room temperatur@omp|ete loss of transverse magnetization between the end
oscillations, and rapid pulsing artifacts, which arise from incon®ne transient and the beginning of the next, but incomple
plete relaxation between measurements. This Communicatigtin—lattice relaxation means that the longitudinal magnetiz:
concerns a simple method for the conversion of coherent artifa® M. at the start of a given transient depends on the sign a
into incoherent, noise, with the aim of reducing the danger ofmplitude of the residua¥, at the end of the preceding one.
spectral misinterpretation. Since the sign and amplitude bf, here depend on the value

The termt, noise is often used loosely to cover almost angf t: for the preceding transient, in a conventional 2D exper
additions to or distortions of the expected signals in fhe iment this will produce a coherent amplitude modulation o

domain of a 2D NMR spectrum. Here the term will be used il¥l.- It is this amplitude modulation o, together with any
carryover of transverse magnetization where very short reco

* Dedicated to Professor Ray Freeman. ery delays are used, which is responsible for spurious signals

2To whom correspondence should be addressed. E-mail: g.a.morrié@f© frequency and at multiples &, (6—-11. A number of
man.ac.uk. techniques have been proposed for the suppression of raj
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FIG. 1. Phase-sensitive NOESY spectrum of a mixture of ethanol, methanol, acetone, chloroform, and TMS, acquired on a Varian Unity INOV.
spectrometer. 256 increments of four transients of 4096 complex data points were acquired using a mixing time of 500 ms over a period of 4 h. The d
processed using Gaussian weighting and a single zero-filling in both dimensions. A relaxationfdetayas used between the end of data acquisition of on
transient and the first pulse of the next. Rapid pulsing artifacts are maykedhange cross peaksand zero quantumd) cross peaks, while sidebands due
to air-conditioning temperature oscillations are marked with asterisks.

pulsing artifacts, mostly involving modifications to phase cyartifact signals are effectively randomized, and appear simp
cling (6—10. Thus Derome and Williamsoi8) described two as a slight increase in noise. At first sight, the suppression of
phase cycles (an eight-step cycle and a 16-step cycle) for rapitk type of artifact at the expense of another may seem a ratt
pulsing artifact suppression in the double-quantum filterexntentious way of tackling this problem. However, as alread
(DQF) COSY experiment. A different approach was describedentioned, coherent artifacts are potentially more damagir
by Marionet al. (11), who used a “saturation” pulse at the endhant, noise, since they are open to misinterpretation. Also, fc
of eacht, acquisition period to ensure the same initial state f@onstant artifact signal power the randomized experiment wi
each transient. reduce the peak artifact signal seen, in proportion to the sque
Common to the generation of both air conditioning sideoot of the number of; increments.

bands and rapid pulsing artifacts is the carryover of undesirableéThe advantages of randomized data accumulation are illu
modulation from one transient to the next. The overwhelmirtgated here for the basic phase-sensitive NOESY experimel
majority of 2D NMR experiments are carried out by steadilfFigure 1 shows a NOESY spectrum of a mixture of ethano
incrementing the evolution period over the course of the emethanol, acetone, chloroform, and TMS in deuteriochlorc
periment, with the remainder instead decrementingThe form, measured on a standard 300 MHz INOVA instrumen
alternative approach suggested here is to acquire the datawidh a 5 mmdual probe. Th&, values for the protons in this
the different values of, in random order; any time averagingsample were mostly in the region of 3.5—4 s, with the exceptio
is carried out in interleaved mode, by acquiring a single tranf chloroform (6.3 s) and HDO/OH (1.3 s). The data were
sient for eacht; value, then repeating and co-adding resul&cquired in the conventional manner, using the hypercomple
until the desired number of transients has been averaged. Tiethod for quadrature detection by (12). The relaxation
randomization ensures that any carryover of modulation frodelay d 4 s was sufficiently short to generate rapid pulsing
one value oft; to the next highest, has random phase,artifacts at the~, frequencies of most resonances. As can b
irrespective of whether the modulation derives from inconseen from the cross sections displayed, there are ¢lgar
plete T, relaxation between transients or from coherent modidebands, which can be attributed to the room temperatu
ulation of instrumental conditions in real time. The coheremycling (1-2°C peak-to-peak) caused by air conditioning, o
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FIG. 2. Phase-sensitive NOESY spectrum of the same sample as Fig. 1, recorded and processed with identical parameters extepcteat¢inés were

recorded in random order. Only genuine peaks (diagonal peaks, exchange cross pedkspaageaks) are visible.

all of the diagonal peaks. In addition, rapid pulsing artifacts are ACKNOWLEDGMENTS
clearly visible at thé=, frequencies of the chloroform, acetone,
and methanol methyl signals.
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