
Randomized Acquisition for the Suppression of Systematic F 1 Artifacts
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2D spectra, particularly for homonuclear correlation, can show a its more restrictive, and original, sense of a weak, appar
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ariety of artifactual signals in the F1 domain. Common sources
nclude carry-over of signal modulation from one transient to the next
“rapid pulsing artifacts”) and systematic variations in room temper-
ture (“parallel diagonals”). In both cases there is one very simple
xpedient which can greatly reduce the impact of these sources of
rror. Multidimensional data sets are almost invariably recorded by
imply incrementing or decrementing evolution periods, largely for
easons of convenience and historical precedent. If instead the sam-
ling of the evolution periods is carried out in random order, the
erturbations responsible for the sharp F1 signals in the conventional
xperiment manifest themselves as t1 noise. Since the randomized
cquisition redistributes coherent artifactual signals randomly in F1,
he maximum artifactual signal is substantially reduced in the ran-
omized experiment and no longer appears in the form of misleading
istinct peaks. © 1999 Academic Press

Key Words: 2D NMR; artifacts; rapid pulsing; temperature;
andomized; t1 noise.

Almost all two-dimensional (2D) spectra exhibit imperfecti
n theF1 domain. Perhaps the most familiar ist1 noise—bands o
pparently random fluctuations that run parallel to theF1 axis at

he F2 frequencies of strong signals (1, 2). t1 noise arises whe
rreproducibilities in the experiment, which may be random
ystematic in character, cause apparently random modulat
ignals as a function oft1. Arguably more damaging, however,
oherent artifacts which appear as well-defined peaks, since
an more easily be misinterpreted as real signals. The two
onest examples of coherent artifacts are parallel diagona
als, arising fromt1 modulations caused by room tempera
scillations, and rapid pulsing artifacts, which arise from inc
lete relaxation between measurements. This Communic
oncerns a simple method for the conversion of coherent art
nto incoherentt1 noise, with the aim of reducing the danger
pectral misinterpretation.
The termt 1 noise is often used loosely to cover almost

dditions to or distortions of the expected signals in theF 1

omain of a 2D NMR spectrum. Here the term will be use

1 Dedicated to Professor Ray Freeman.
2 To whom correspondence should be addressed. E-mail: g.a.mo
an.ac.uk.
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andom modulation ofF 1 signals. This includes both the e
ects of truly random perturbations, for example noise in
ransmitter channel leading to phase and amplitude irrepro
bility of pulses, and coherent perturbations which can give
o apparently random results, such as mains (line) 50 (60
odulation. It is helpful to view coherentF 1 artifacts as

eparate problem; coherent modulations as a function oft 1 lead
o distinct signals inF 1, which can easily be misinterpreted
ross-peaks. Of the two common sources of such artifa
ignals, parallel diagonals arise because air conditioning
ems generally cause room temperature to oscillate ov
ange of 1–2°C. This temperature variation in turn cause
hase and gain of the spectrometer system (and, if p

emperature regulation is inadequate, relative chemical s
o oscillate during the course of a 2D experiment (3, 4). If the
volution time is incremented linearly during a 2D experim
f durationD, room temperature oscillation with a periodP
ill generateF 1 sidebands which are displaced from the
ignals by multiples of a fractionP/D of theF 1 spectral width
4, 5). This leads to the characteristic appearance of “par
iagonals” straddling the main diagonal.
Rapid pulsing artifacts arise because of incomplete re

tion between transients in multidimensional experime
here the term “transient” is used loosely to denote the a
ation of a pulse sequence followed by the measuremen
ree induction decay. Transverse relaxation, main field i
ogeneity, and diffusion together generally lead to relati

omplete loss of transverse magnetization between the e
ne transient and the beginning of the next, but incomp
pin–lattice relaxation means that the longitudinal magne
ion M z at the start of a given transient depends on the sign
mplitude of the residualM z at the end of the preceding on
ince the sign and amplitude ofM z here depend on the val
f t 1 for the preceding transient, in a conventional 2D ex

ment this will produce a coherent amplitude modulation
z. It is this amplitude modulation ofM z, together with an

arryover of transverse magnetization where very short re
ry delays are used, which is responsible for spurious sign
ero frequency and at multiples ofF 1 (6–11). A number of
echniques have been proposed for the suppression of
@
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514 COMMUNICATIONS
ulsing artifacts, mostly involving modifications to phase
ling (6–10). Thus Derome and Williamson (8) described two
hase cycles (an eight-step cycle and a 16-step cycle) for
ulsing artifact suppression in the double-quantum filt
DQF) COSY experiment. A different approach was descr
y Marionet al. (11), who used a “saturation” pulse at the e
f eacht 2 acquisition period to ensure the same initial state
ach transient.
Common to the generation of both air conditioning s

ands and rapid pulsing artifacts is the carryover of undesi
odulation from one transient to the next. The overwhelm
ajority of 2D NMR experiments are carried out by stea

ncrementing the evolution period over the course of the
eriment, with the remainder instead decrementingt 1. The
lternative approach suggested here is to acquire the da

he different values oft 1 in random order; any time averagi
s carried out in interleaved mode, by acquiring a single t
ient for eacht 1 value, then repeating and co-adding res
ntil the desired number of transients has been averaged
andomization ensures that any carryover of modulation
ne value oft 1 to the next highestt 1 has random phas

rrespective of whether the modulation derives from inc
leteT1 relaxation between transients or from coherent m
lation of instrumental conditions in real time. The cohe

FIG. 1. Phase-sensitive NOESY spectrum of a mixture of ethanol,
pectrometer. 256 increments of four transients of 4096 complex data p
rocessed using Gaussian weighting and a single zero-filling in both dim

ransient and the first pulse of the next. Rapid pulsing artifacts are markr , e
o air-conditioning temperature oscillations are marked with asterisks.
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rtifact signals are effectively randomized, and appear si
s a slight increase int 1 noise. At first sight, the suppression
ne type of artifact at the expense of another may seem a
ontentious way of tackling this problem. However, as alre
entioned, coherent artifacts are potentially more dama

hant 1 noise, since they are open to misinterpretation. Also
onstant artifact signal power the randomized experiment
educe the peak artifact signal seen, in proportion to the s
oot of the number oft 1 increments.

The advantages of randomized data accumulation are
rated here for the basic phase-sensitive NOESY experim
igure 1 shows a NOESY spectrum of a mixture of etha
ethanol, acetone, chloroform, and TMS in deuteriochl

orm, measured on a standard 300 MHz INOVA instrum
ith a 5 mmdual probe. TheT1 values for the protons in th
ample were mostly in the region of 3.5–4 s, with the excep
f chloroform (6.3 s) and HDO/OH (1.3 s). The data w
cquired in the conventional manner, using the hypercom
ethod for quadrature detection inF 1 (12). The relaxation
elay of 4 s was sufficiently short to generate rapid puls
rtifacts at theF 2 frequencies of most resonances. As can
een from the cross sections displayed, there are cleF 1

idebands, which can be attributed to the room temper
ycling (1–2°C peak-to-peak) caused by air conditioning

thanol, acetone, chloroform, and TMS, acquired on a Varian Unity IN
ts were acquired using a mixing time of 500 ms over a period of 4 h. Th
sions. A relaxation delay of 4 s was used between the end of data acquisition o
ange cross peakse, and zero quantum (J) cross peaksJ, while sidebands du
me
oin
en

edxch
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ll of the diagonal peaks. In addition, rapid pulsing artifacts
learly visible at theF 2 frequencies of the chloroform, aceto
nd methanol methyl signals.
Figure 2 shows a spectrum of the same sample as us

ig. 1, acquired and processed identically, except that tt 1

ncrements were recorded in random order in interlea
ode. The only changes required to the standard instru

oftware were a modified NOESY pulse sequence and a
acro to reorder thet 1 increments stored; copies of both
vailable from the authors on request. In contrast with
pectrum in Fig. 1, air conditioning sidebands and rapid-p
ng artifacts are completely absent from the spectrum in Fi
he penalty paid for this is, as expected, very slightly incre

1 noise on all resonances. However, the increase int 1 noise is
ore than compensated for by the elimination of the po

ially misleading peaks seen in the conventionally acqu
pectrum.
This example shows that randomized acquisition can gr

educe the impact of two sources of coherent artifacts in
pectra. Perhaps the most appealing feature of this techni
ts sheer simplicity: it can, in principle, be applied success
o almost any multidimensional experiment.t 1 noise is usuall
egarded as an unmitigated evil; as the results presented
emonstrate, in some circumstances it may at least be the
f two evils.

FIG. 2. Phase-sensitive NOESY spectrum of the same sample as Fig
ecorded in random order. Only genuine peaks (diagonal peaks, excha
e
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