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ABSTRACT: Linewidths and line shapes are key criteria determining the utility of a
( )nuclear magnetic resonance NMR spectrum, and considerable effort is usually devoted to

( )shimming the magnetic field B to ensure optimum resolution. However, even if the0

external field is almost perfectly homogeneous, the sample itself can induce gradients owing
to susceptibility effects from its overall shape or internal heterogeneity. Thus, magnetic field
gradients nearly always contribute significantly to the linewidths and shapes in an NMR
spectrum. Reference deconvolution is a technique which uses the shape of a single
resonance line to measure the actual frequency distribution produced by the local B0

inhomogeneity and then deconvolves that distribution from the whole spectrum. It is a
simple linear process which requires no prior knowledge of the number of lines, their
intensities, or their relaxation characteristics. No fitting procedures are used. This article
reviews the reference deconvolution method, demonstrates its application to one-dimen-
sional NMR spectroscopy, and discusses the tradeoffs between resolution and signal / noise.
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INTRODUCTION

High-resolution nuclear magnetic resonance
Ž .NMR spectroscopy is one of the most widely
used analytical techniques for structure determi-
nation. Chemical species which are amenable to
study range from simple ions to complex
biomacromolecules with molecular weights of 40
kD or higher. NMR is also able to characterize
weak interactions between macromolecules and
ligands, information which is particularly impor-
tant in the pharmaceutical industry. With recent
advances in hardware and software, total sample
quantities of - 1 nmol can now be studied. In
high-resolution NMR, the information that en-
ables structural analyses to be performed includes
signal intensities, chemical shifts, scalar cou-
plings, through-space couplings, and relaxation
times. High spectral resolution is important for
the measurement of each of these parameters,
especially for signal intensities, chemical shifts,
and coupling constants. Any distortions in the

Ž .magnetic field B over the sample volume cause0
line broadening, which makes such measurements
more difficult if not impossible. As an indication,
typical proton scalar coupling constants lie in the
range of 4]7 Hz. At an operating frequency of

Ž .500 MHz 14.1 Tesla , a linewidth of 5 Hz, which
would obscure these couplings, corresponds to a
magnetic field variation of only 1 part in 108 over
the sample. It is clear, then, that very small im-
perfections in field homogeneity can have drastic
implications for spectral quality. Considerable
effort is usually expended in maximizing the reso-
lution, including careful shimming, sample spin-
ning, the rigorous exclusion of paramagnetic or
particulate impurities from the sample, and the
use of magnetic susceptibility matched glasses for
sample containment. Further details on tech-
niques for the optimization of B homogeneity0
can be found in earlier articles published in this

Ž .journal 1]3 .
In a number of situations outlined later in this

article, the best achievable magnetic field homo-
geneity is still relatively poor and yields insuffi-
cient spectral resolution for accurate determi-
nation of chemical shifts or scalar coupling
constants. To perform these measurements, it is
often possible to improve the resolution by some
form of postprocessing. Reference deconvolution
is a simple and robust resolution enhancement
technique that has been applied by a number of
investigators to high-resolution NMR studies
Ž .4]16 . In its simplest form, it efficiently removes

line shape distortions from the spectrum, so that
the final shapes are purely Lorentzian and the
widths are limited only by the spin]spin relax-

Ž .ation time T of each resonance.2

SOURCES OF B INHOMOGENEITY0

Before considering the technical details of refer-
ence deconvolution, we first summarize possible
sources of magnetic field distortion to highlight
cases in which the technique finds particular ap-
plication. For more thorough discussions, Refs.
1]3 and 17]19 are particularly useful.

Imperfect Shim

Magnetic field shimming is a routine part of al-
most every high-resolution NMR measurement.
The reason for this is obvious: badly shimmed
samples produce poorly resolved spectra with in-

Ž .ferior signalrnoise SrN . Despite its importance,
however, exhaustive shimming may not be practi-
cal or productive in all situations. For example, if
the experiment is intended to monitor an ongoing
chemical reaction, only a short time may be avail-
able for shimming before spectra must be ac-
quired. Another example is in ¨ ï o NMR, in
which physiological constraints may prevent ani-
mals from being anesthetized or otherwise immo-
bilized for long periods. Even for conventional,
stable samples, small external field inhomo-
geneities will inevitably remain even after the
most aggressive shimming.

Small Sample Size

For a mass-limited sample, optimum sensitivity is
usually achieved by studying a concentrated solu-
tion which has been confined to the smallest

Ž .practical volume 20 . However, unless the sam-
ple is a sphere or an infinitely long cylinder,
magnetic susceptibility discontinuities present at
its surface will produce local inhomogeneities in
the magnetic field, causing NMR line shape dis-
tortions which cannot be shimmed. To help mini-
mize this problem, so-called susceptibility plugs
are increasingly being used to confine samples to
small regions of standard NMR tubes. The bulk
magnetic susceptibility of the plug is chosen to
match that of the sample as closely as practical,
thus minimizing discontinuities at the plugrsam-
ple interface. The problem is that the match is
never perfect, so susceptibility variations still ex-
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ist, and to make matters worse, they occur close
to or even inside the most sensitive region of the

Ž .radiofrequency rf probe.

Proximity of the Sample and rf Coil

For optimum spectral sensitivity, the rf coil should
Ž .be located as close to the sample as possible 20 .

Either copper or silver is normally used as the
conductor since they have the lowest resistance of
all the common metals. This results in minimum
noise from the coil. Unfortunately, these metals

Ž y6are also paramagnetic x s y1.892 = 10 cgsv
y6 .for silver and y0.768 = 10 cgs for copper and

produce considerable distortion of the local mag-
netic field. The most direct solution to this prob-
lem is to use zero-susceptibility wire, which can

Ž .be rhodium-plated copper 21 or aluminum-clad
Ž .copper 17, 19 . Although they reduce the mis-

match, often these materials are only zero suscep-
tibility to within 5%, and for small probes with
high filling factors, they can still produce consid-
erable distortions in line shape.

Nonspinning Samples

After all reasonable efforts have been made to
minimize magnetic field variations in the sample,
further improvements in spectral line shapes and
widths can be achieved by spinning the sample, a
process which averages radial field inhomo-
geneities and reduces their line-broadening ef-

Ž .fects 22 . Sample spinning typically improves the
resolution by a factor of 3]10. Therefore, if the
sample cannot be spun, the linewidths and shapes
will often be dominated by the effects of local
magnetic field inhomogeneity rather than the nat-
ural T . Some types of NMR experiments are2
usually performed without sample spinning, in-
cluding spin-echo]based sequences, where spin-
ning can cause a time-dependent modulation of
the NMR signal that interferes with data analysis.
Also, a growing trend has been the application of
NMR to large, bulky samples which are unsuited
to spinning. An obvious example would be in ¨ ï o
specimens, especially whole animals and perfused
organs.

Samples with Intrinsic Spatial
Inhomogeneity

Unlike the pure uniform liquids used for high-
resolution NMR, some samples are by nature
magnetically and spatially heterogeneous. Exam-

ples would include coarse polymer blends, unre-
fined geological materials such as coal and oil
well cores, and most in ¨ ï o samples. Biological

Ž .tissues are inherently complex Fig. 1 and con-
tain many sources of local field inhomogeneities
Ž .23 . For instance, in the brain there are mag-
netic susceptibility differences between white and
gray matter, resulting in field discontinuities at
the interfaces between these different tissue types.
Other interfaces exist between the bulk tissue

Ž . Ž .and bone 24 or air-filled sinuses 25 . Blood
inside the capillaries contains several paramag-
netic compounds such as hemoglobin which cause
magnetic susceptibility gradients across the tissue
Ž .26 . Some biological tissues also have ferromag-
netic iron deposits that can exert powerful local
effects on field homogeneity. For simple in ¨ ï o
studies on muscle, the interfaces and geometries
of different muscle fibers give rise to considerable
magnetic field inhomogeneities. Even macroscop-
ically uniform tissues like liver are densely packed
with blood vessels and bile ducts having different
susceptibilities from the surrounding cells. Fi-
nally, the cells themselves contain a multitude of
organelles, cytoskeletal fibers, and a matrix of
internal membranes, all producing magnetic mi-
croheterogeneities in the surrounding intracellu-
lar fluids from which the NMR signals arise. The
net result of all this structural complexity is that
in ¨ ï o linewidths are nearly always dominated

Figure 1 Sources of local magnetic field inhomogene-
ity for in ¨ ï o samples. Susceptibility discontinuities
occur at every interface between regions of differing

Žchemical composition i.e., waterrlipid membrane, wa-
.terrbone, waterrair . Also, unless the sample is spheri-

cal, its overall shape produces magnetic field gradients
even if the applied, external field is perfectly homoge-
neous.
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by magnetic field inhomogeneities, and widths of
-0.1 ppm are practically impossible to achieve
for many tissues.

NMR LINE SHAPES

For a single type of spin in a perfectly homoge-
neous B field, the ideal time-domain NMR sig-0
nal is usually given by a complex, exponentially
damped sinusoid:

Ž . w Ž . Ž .xs t s M ? cos 2pnt y i ? sin 2pnthomog 0

yt r T2 w x? e 1

where M is the initial amplitude at time 0 and n0
is the resonance frequency in Hertz. The damping
constant T depends intrinsically on the dynamic2
properties of the system. For example, in large
proteins, T is approximately inversely propor-2
tional to the overall rotational correlation time of
the molecule and therefore depends on the pro-
tein’s molecular weight, shape, and aggregation
state, as well as the solvent viscosity and sample
temperature. The frequency-domain NMR signal
is computed by a complex Fourier transformation

Ž .of the time-domain free induction decay FID ,
with the real component usually being the signal
displayed. The line shape is Lorentzian, and its
width in Hertz is defined by a parameter termed

Ž .the full width at half maximum FWHM , shown
in Figure 2. This is related to the exponential

Figure 2 Time- and frequency-domain NMR signals
in a perfectly homogeneous magnetic field. The time-

Ž .domain free induction decay FID shown on the left
corresponds to an exponentially damped sinusoid. The

Ž .real part of the frequency-domain spectrum right ,
obtained by Fourier transformation of the time-domain
signal, has a Lorentzian shape with a width defined by

Ž .the full width at half maximum amplitude FWHM .

damping constant by:

1
w xFWHM s 2

pT2

In practice, a perfectly homogeneous magnetic
field can never be produced, and the distribution
of fields D B present in the sample causes the0
spins to resonate over a range of different fre-
quencies Dn :0

g
w xDn s ? D B 30 02p

where g is the magnetogyric ratio in rad sy1 Ty1.
Destructive interference among the resulting si-
nusoids makes the time-domain signal decay more
rapidly. Assuming the decay remains exponential,
the damping constant in an inhomogeneous field
is given the symbol TU. This in turn can be2
decomposed into two terms: T and Tq , where2 2
Tq represents contributions arising solely from2
inhomogeneities in the local magnetic field. By

w x w xinvoking Eqs. 2 and 3 , the damping constant
may be expressed as:

1 1 1 1 g ? D B0 w xs q s q 4U qT T T T 22 2 2 2

Thus, magnetic field inhomogeneities can cause
the signal to decay exponentially but at a faster
rate:

Ž . w Ž . Ž .xs t s M ? cos 2pnt y i ? sin 2pntinhomog 0

yt r T2 yt r Tq
2 w x? e ? e 5

which leads to an artificially broadened, though
still Lorentzian frequency-domain line. Such
broadening makes spectral overlap more likely, so
signal integration, chemical shift assignments, and
scalar coupling constant measurements are more
difficult.

It is possible to change the linewidth artificially
during postprocessing by multiplying the FID by
an exponential function:

Ž . w Ž . Ž .xs t s M ? cos 2pnt y i ? sin 2pntprocessed 0

yt r T2 yt r Tq
2 yp W t w x? e ? e ? e 6

The variable W has units of Hertz and is usually
known as the line broadening parameter because
using positive values causes the time-domain data
to decay more quickly leading to an increased
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linewidth in the frequency domain. However, if a
negative value is chosen for W, line narrowing

Ž . Ž q.y1results 27, 28 . In fact, using W s y pT2
exactly compensates for the effects of field inho-
mogeneity and recovers the original natural
linewidth. Although this exponential multiplica-
tion technique produces resolution enhancement,
it can severely degrade the SrN because it in-
creases the amplitude of the tail of the FID
where noise typically dominates.

Magnetic field inhomogeneities usually cause
Ž .the FID to decay nonexponentially Fig. 3 , lead-

ing to non-Lorentzian line shapes in the fre-
quency domain. Signal overlap in this case can
seriously hinder spectral interpretation. The lines
can still be narrowed by exponential multiplica-
tion, but since the time-domain decay is not a
simple exponential, it is no longer possible to
compensate exactly for field inhomogeneity ef-
fects using this method.

From a phenomenological point of view, an
experimental NMR signal can be considered as a
combination of several distinct frequency-domain
components or their time-domain counterparts
Ž .Fig. 4 . The resonance frequency is represented
by a delta function, and this is mathematically
convolved with an ideal, natural linewidth and

Ž .shape S f . The resulting line is again con-ideal
volved with an arbitrary instrumental line-broad-

Figure 3 Time- and frequency-domain NMR signals
in an inhomogeneous magnetic field. The time-domain

Ž .FID left does not decay smoothly because the damp-
ing function is not a simple exponential. The real part
of the corresponding frequency-domain spectrum
Ž .right exhibits a non-Lorentzian line shape.

Ž .ening function G f , which in most cases has the
shape of a histogram mapping the distribution of
magnetic fields over the sample. Finally, noise in
the frequency domain is added to the three con-
volved peak components to produce the final
experimental peak. As shown in Figure 4, the
experimental line shape may be dominated by

Ž .instrumental contributions G f instead of the
Ž .natural shape and width S f . Since the fieldideal

Ž .Figure 4 Components of an NMR signal. The time-domain bottom and frequency-do-
Ž . Ž .main top signals are related by the Fourier transform left . Only the real parts in each

domain are shown. ) s convolution; ?s multiplication. The frequency-domain peak is
Ž . Ž .formed by convolving a delta function S f , an ideal line shape and width S f , anddelta ideal

Ž .an instrumental broadening function G f determined mainly by the distribution of mag-
netic fields in the sample. The addition of frequency-domain noise produces the final
experimental NMR peak. Corresponding signals in the time domain are combined by
multiplication and addition.
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homogeneity changes for each sample and shim
Ž .settings, G f also varies from one sample to the

next.
Ž .G f plays a central role in reference deconvo-

lution. For spatially uniform samples, every peak
in the NMR spectrum is distorted equally by this

Žfunction except for signals arising from zero- and
.multiple-quantum transitions . Therefore, if a sin-

Ž .gle, well-resolved peak termed the reference line
Ž .is present, its shape also contains G f . The

reference deconvolution technique works by de-
convolving the reference line from the ‘‘spectrum

Ž .of interest,’’ thus eliminating G f from all peaks
and leaving signals composed only of delta func-
tions, ideal line shapes, and noise.

MATHEMATICAL FRAMEWORK FOR
REFERENCE DECONVOLUTION

We begin by assuming the existence of an ideal
Ž .reference function S f , which represents aideal

single peak with a linewidth w and a shape undis-
torted by magnetic field inhomogeneity or other
instrumental effects. Under nonideal experimen-

Ž .tal conditions, S f is the input to a linearideal
Ž .frequency-invariant system G f whose output is

Ž .the experimental reference spectrum S f .ref
Noting that convolution in the frequency domain
is the Fourier equivalent of multiplication in the

Ž .time domain Fig. 4 , the results for nonideal
conditions are:

Ž . Ž . Ž . w xS f s S f )G f 7aref ideal

Ž . Ž . Ž . w xs t s s t ? g t 7bref ideal

where ) represents convolution and ? represents
multiplication. Next, we define an ideal spectrum

Ž .of interest S f containing an arbitrary num-comp
ber of lines having widths and shapes undistorted

Ž .by field inhomogeneity. Applying G f to data set
Ž .S f results in the experimentally observedcomp

Ž . Ž .spectrum S f . The same system G f in Eq.exp
w x7a is used here since reference deconvolution
assumes frequency independence. The input

Ž . Ž .S f and output S f are related by:comp exp

Ž . Ž . Ž . w xS f s S f )G f 8aexp comp

Ž . Ž . Ž . w xs t s s t ? g t 8bexp comp

w x Ž . Ž . Ž .Rearranging Eq. 7b as g t s s t rs t andref ideal
Ž . w x Ž .substituting g t into Eq. 8b , the signal s tcomp

and its Fourier transform are determined to be:

Ž . Ž . Ž .s t s t ? s texp exp idealŽ . w xs t s s 9comp Ž . Ž .g t s tref

Ž . Ž .s t ? s texp idealŽ . w xS f s FT 10comp ½ 5Ž .s tref

where FT is a forward Fourier transform. The
w xresult from Eq. 10 represents a compensated

spectrum having ideal line shapes produced
through the deconvolution process. Reference de-
convolution can be interpreted as an amplitude
and phase correction for each point of the FID
and is equivalent to a deconvolution in the fre-

Ž .quency domain. The net effect is to use S f ,ideal
an ideal line shape and width, to correct for
Ž .G f , the instrumental contribution to the line

shapes and widths in the spectrum of interest.

PRACTICAL APPLICATION IN NMR
SPECTROSCOPY

Figure 5 illustrates reference deconvolution pro-
cessing steps for a case in which the reference
line is part of the spectrum of interest. First, the

Ž .experimental free induction decay s t is ac-exp
w Ž .xquired Fig. 5 A . Fourier transformation of

Ž .s t , followed by phasing and, if necessary,exp
baseline correction produces the experimental

Ž . Ž .spectrum S f shown in Fig. 5 B . The refer-exp
Ž . Ž .ence spectrum S f in Fig. 5 C is obtained byref

Ž .windowing the experimental spectrum S f toexp
suppress all components except the reference

Ž .peak. Inverse Fourier transformation of S fref
then produces the time-domain reference signal

Ž . w Ž .xs t Fig. 5 D . Next, the reference peak fromref
Ž . Ž .S f is replaced by a delta function S f atref delta

Ž .the frequency where S f has maximum ampli-ref
Ž .tude. S f is subjected to inverse Fourierdelta

transformation, and the resulting time-domain
Ž . yp w tsignal s t is multiplied by e to producedelta

Ž . Ž .s t , as shown in Fig. 5 E . The parameter wideal
used for the exponential multiplication is termed
the target linewidth. Fourier transformation of

Ž .s t produces the ideal Lorentzian peakideal
Ž . w Ž .xS f with FWHM s w Fig. 5 F . Finally, Eqs.ideal

w x w x9 and 10 are used to compute the final com-
Ž .pensated time-domain signal s t and its spec-comp

Ž . Ž . Ž .trum S f displayed in Figs. 5 G and 5 H ,comp
respectively.
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Figure 5 Steps in the reference deconvolution proce-
Ž . Ž .dure. A Experimental FID s t is the acquiredexp
Ž . Ž .data. B Experimental spectrum S f is obtained byexp

Ž . Ž . Ž .FT of s t . C Reference spectrum S f is formedexp ref
Ž .by windowing S f to remove all components exceptexp

Ž . Ž .the reference line. D Reference FID s t is theref
Ž . Ž . Ž .inverse FT of S f . E Ideal reference FID s tref ideal

Ž .is derived from a delta function S f located at thedelta
Ž .maximum of S f and modified by exponential mul-ref

Ž . Ž .tiplication. F Ideal reference spectrum S f is theideal
Ž . Ž . Ž .FT of s t . G Final compensated FID s tideal comp

w x Ž .computed from Eq. 9 . H Final compensated spec-
Ž .trum S f computed by Fourier transformation ofcomp

Ž . w xs t using Eq. 10 .comp

w x w xIt should be noted that Eqs. 9 and 10 em-
ploy complex multiplication and division, which
are standard functions in many software pack-
ages. However, these operations can also be per-

Ž . Ž .formed point by point by dividing s t by s texp ref
Ž .and then multiplying the quotient by s t :ideal

Ž .s texpŽ .Re t s Requot ½ 5Ž .s tref

w x w xRe ? Re q Im ? Imexp ref exp refs 2 2w x w xRe q Imref ref

w x11a

Ž .s texpŽ .Im t s Imquot ½ 5Ž .s tref

w x w xIm ? Re y Re ? Imexp ref exp refs 2 2w x w xRe q Imref ref

w x11b

Ž .Re s t� 4comp

Ž . Ž .s Re s t ? s t� 4quot ideal

w x w xs Re ? Re y Im ? Imquot ideal quot ideal

w x12a

Ž .Im s t� 4comp

Ž . Ž .s Im s t ? s t� 4quot ideal

w x w xs Re ? Im q Im ? Requot ideal quot ideal

w x12b

For example, the first real point in the quotient is
w xcalculated according to Eq. 11a by multiplying

Ž . Ž .the first real points in s t and s t , addingexp ref
that result to the product of the first imaginary

Ž . Ž .points in s t and s t , and then dividing byexp ref
the sum of the squares of the first real and

Ž .imaginary points of s t . There is a risk thatref
occasional divide-by-zero conditions can occur,
especially for points near the ends of the data sets
where Re and Im both approach zero. Inref ref

w xsuch cases, the denominators of Eqs. 11a and
w x11b can be set equal to their value for the

Ž .previous point, or to the rms noise level in s t ,ref
or simply to 1. The value selected normally has
little effect on the final spectrum provided it lies
within the noise envelope, so any reasonable
choice will suffice.

Some NMR software packages provide rou-
tines for complex division but not for complex
multiplication. In that case, the calculation can
still be performed based on a rearrangement of

w xEq. 9 :

Ž . Ž .s t s texp expŽ .s t s scomp Ž . Ž . Ž .g t s t rs tref ideal

Ž . yp w ts t ? eexp w xs 13Ž . Ž .s t rs tref delta
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Figure 6 shows typical data-processing steps for
reference deconvolution without using complex
multiplication. First, the experimental free induc-

Ž . w Ž .xtion decay s t is acquired as usual Fig. 6 A .exp
The reference line is windowed as described above
and inverse Fourier transformed, after which the

Ž . Ž .resulting signal s t is divided by s t toref delta
produce the on-resonance reference signal shown

Ž .in Fig. 6 B . Complex division of the original free
Ž . Ž .induction decay s t in A by the on-resonanceexp
Ž .reference signal in B yields the result shown in

Ž .Fig. 6 C . The enormous noise spikes visible in
Ž .the tail of signal C are normal and tend to occur

Ž . Ž .once signals A and B have decayed almost
completely. To suppress noise in the final spec-

Ž .trum, data set C is subjected to exponential

Figure 6 Steps in the reference deconvolution proce-
dure performed without using complex multiplication.
Ž . Ž . Ž .A Experimental FID s t . B Time-domain refer-exp

Ž . Ž .ence signal obtained from s t rs t . This signalref delta
Ž .corresponds to the on-resonance reference peak. C

Ž . Ž .Result of dividing s t shown in A by the referenceexp
Ž . Ž . yp w tdata set in B . D Exponential function e used to

Ž .apodize the data set shown in C . The parameter w is
Ž .the target linewidth value. E Trapezoidal apodization

function used to suppress noise spikes in the tail of the
Ž . Ž . Ž .data set in C . F Final compensated FID s tcomp

Ž .resulting from multiplication of the data set in C by
Ž . Ž .the apodization functions in D and E . FT of this

Ž .FID yields the final compensated spectrum S f .comp
Ž .Comparing the compensated data F with the original

Ž .FID A shows that resolution enhancement has been
achieved.

Ž .multiplication D using a target linewidth of w
Ž .Hz. Where necessary, trapezoidal apodization E

can also be applied to eliminate any residual
noise spikes in the tail without measurably af-
fecting the final linewidths or shapes. The result-

Ž . Ž .ing time-domain signal s t shown in Fig. 6 Fcomp
is Fourier transformed to produce the final refer-

Ž .ence-deconvolved spectrum S f . Althoughcomp
this procedure differs from the one outlined
above, it is mathematically equivalent and em-
ploys no complex multiplication. An advantage is

Ž .that once signal C has been calculated, it can be
stored and repeatedly subjected to various combi-
nations of exponential, trapezoidal, or other
apodization to produce the desired resolution and
SrN in the spectrum.

Regardless of which computational procedure
is used, the value used for the target linewidth w
should be no smaller than the difference between
the natural linewidths of the reference peak and
the spectrum of interest:

y1 y1Ž . Ž . w xw G pT y pT 14spec2 2ref

Ž .y1where pT is the natural linewidth in Hertz,2
‘‘ref’’ signifies the reference line, and ‘‘spec’’ refers
to the spectrum of interest. This constraint is
essential to prevent peaks in the final decon-

Ž .volved spectrum S f from having negativecomp
widths. Since the natural linewidths often are not
known, w must usually be chosen by trial and
error. Fortunately, this is not difficult in practice

w xbecause if Eq. 14 is violated, the peaks will
exhibit profound anomalies which disappear once

w xa suitably large w value is used. Equation 14
also shows that it is possible to perform reference
deconvolution even if the reference peak is
broader than the signals in the spectrum of inter-
est.

Choosing a suitable reference line is crucial to
the practical success of reference deconvolution.
Ideally, it will be a single well-resolved peak with-
out significant underlying multiplet structure. The
SrN for the reference should be as high as possi-
ble to minimize noise in the final result. An
intense solvent peak is often a good choice for
this reason, although caution must be used to
avoid radiation damping which might change the
shape of the solvent line without simultaneously
affecting the other peaks. The reference line may
be part of the spectrum of interest, or it can be
recorded in a separate acquisition. If the refer-
ence signal is acquired separately, both data sets
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should have the same digital resolution in ppmr
point. When the reference is part of the spectrum
of interest, it must be very well separated from
the other signals in the spectrum. This is neces-
sary partly so the windowing operation does not
truncate the peak, which would introduce arti-
facts into the deconvolved spectrum. Figure 7
shows that truncation is greater in the imagin-

Ž . Ž .ary part dispersion mode of S f than in itsref
Ž . � Ž .4real part absorption mode because Re S fref

tends to zero asymptotically as 1rf 2, whereas
� Ž .4Im S f tends to zero asymptotically as 1rf. Inref

practice, truncation of the real part is usually easy
to avoid, but it can be severe for the imaginary
component of the data. One solution to the prob-
lem is to extrapolate the dispersion wings of the
imaginary part to the edges of the spectrum.
However, this involves some form of curve fitting,
which is not only cumbersome but can easily lead

to artifacts if not properly implemented. A more
elegant solution is simply to discard the imaginary
data and use the real part of the spectrum to
generate the imaginary part via the Hilbert trans-
form, expressed mathematically as:

� Ž .4`1 Re S v
� Ž .4 w xIm S v s y dv9 15H

p v y v9y`

Many mathematical packages have a function that
performs the Hilbert transform. Alternatively, an
indirect Hilbert transform can be incorporated
into the reference peak selection process as fol-

Ž . Ž .lows 12 : zero-pad the experimental FID s texp
to twice its size, apply a complex FT to the
zero-padded data, window the real part of the
resulting spectrum to select the reference line,
zero the entire imaginary part of the spectrum,

Ž .Figure 7 Proton NMR spectrum of galactose in D O showing the real component top2
Ž . Ž .and imaginary component bottom . The HOD singlet 4.6 ppm in the real part of the

spectrum appears to be well resolved and suitable for use as the reference for deconvolu-
tion. However, the imaginary component of the signal is considerably less well resolved
owing to its extended dispersion-mode ‘‘wings.’’ The application of a simple windowing
function to both the real and imaginary parts could produce serious truncation artifacts in
the imaginary data.
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perform an inverse complex FT, and discard the
second half of both the real and imaginary time-

Ž .domain data. It should be noted that since s texp
is Fourier transformed before the imaginary spec-
trum is zeroed, the reference peak SrN is not
degraded by this procedure.

In the discussion of reference deconvolution so
far, the final target line shape in the frequency

Ždomain has been assumed to be Lorentzian i.e.,
the apodization function in the time domain is a

. Ž .decaying exponential , as shown in Fig. 6 D .
There are, however, a large number of other
apodization functions that could be applied at
this stage. One of the most common ones, which
is used for resolution enhancement, is the

Ž .Lorentzian-Gaussian transformation 29, 30 . This
can be described mathematically as multiplication

Ž .in the time domain by a factor h t :

Ž . tr a yt 2 r b w xh t s e ? e 16

Ž .where the first term in h t represents resolution
enhancement via multiplication with a positive
exponential, and the second transforms the line
shape to a Gaussian. The resulting line shape is

narrower at the base than a Lorentzian, but it is
important to recognize that peaks with low inten-
sities or large linewidths may be lost, meaning
that correct integration of the spectrum is no
longer possible.

One final point of note is the possibility of the
reference peak being split and containing signifi-
cant doublet character. This is most commonly
encountered in a missetting of the odd-order z
shims in high-resolution NMR spectroscopy. If
the two ‘‘components’’ of the split peak have

Ž .similar amplitudes, then the magnitude of s t ,ref
w x w xthe divisor in Eqs. 11a and 11b , contains points

of near-zero amplitude at certain time points.
Depending upon the SrN, this can result in large
artifacts in the final spectra processed by refer-
ence deconvolution, and may indeed preclude its
use. The problems associated with this phe-
nomenon are shown in Fig. 8, where the single

Ž .resonance shown in A experiences a progres-
Ž .sively more pronounced split field in B]D . The

Ž .FIDs, shown in E]H , contain a correspondingly
larger number of zero crossings, which also occur
at earlier time points in the FID. Each zero
crossing in the reference FID has the potential to

Ž . Ž .Figure 8 Simulated spectra showing the effects of a ‘‘split-field’’ on s t . A Singleref
Ž .nonsplit resonance line with a width of 3 Hz. B]D Increasing doublet character is

introduced into the line, with splitting between the two components being 1.5, 3, and 4.5 Hz.
Ž .E]H Corresponding time-domain FIDs produced by inverse Fourier transformation of
Ž .A]D , respectively. The data, shown in magnitude mode, correspond to the divisor in Eqs.
w x w x11a and 11b . Zero values occur more often, and at earlier time points in the FID, with
increased peak splitting. Significant artifacts could be introduced into compensated spectra

Ž . Ž . Ž .produced using s t in G and H .ref
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produce a large anomalous spike at the corre-
sponding point in the final FID. It is therefore
clear that shims producing badly split lines should
be avoided if the use of reference deconvolution
is anticipated.

HOMONUCLEAR REFERENCE
DECONVOLUTION

In many applications, the reference line and the
spectrum of interest represent the same detected

Ž .nucleus e.g., protons , and the signals are often
acquired simultaneously. Several examples of this
homonuclear reference deconvolution method are
described here, beginning with high-resolution
data acquired using optimized shim settings. Even
in such cases, it is often possible to improve the
resolution by deconvolving to remove the effects
of small residual field inhomogeneities. This is
demonstrated in Fig. 9 for proton spectra of 3-
chlorobenzophenone in a mixture of CDCl and3

Ž .Figure 9 Proton NMR spectra 300 MHz of 3-chloro-
benzophenone in a mixture of CDCl and CH Cl .3 2 2
The sample was contained in a spinning 5-mm NMR

Ž .tube. A Normal spectrum obtained without time-do-
Ž .main apodization. B Deconvolved spectrum using the

CH Cl peak as the reference and a target Lorentzian2 2
Ž .linewidth of 0.05 Hz. Expansions of the normal C and

Ž .deconvolved D spectra reveal the great detail which
deconvolution provides, including peaks which were
completely obscured in the normal spectrum.

CH Cl . The nine strongly coupled aromatic pro-2 2
wtons in this compound produce a spectrum Fig.

Ž .x9 A containing a multitude of peaks that are not
fully resolved. Deconvolution using the singlet

Žresonance of dichloromethane 5.3 ppm; not
.shown as the reference produced the spectrum

Ž .shown in Fig. 9 B . The deconvolved spectrum
shows greatly improved resolution which allows
scalar coupling patterns to be seen more clearly.

wThis is even more apparent in expansions spectra
Ž . Ž .xC and D , where deconvolution reveals several
peaks which were totally obscured in the original
spectrum.

If a particularly small sample volume is used,
either to achieve a high concentration and better
SrN or to improve the rf field homogeneity over
the sample, then considerable line shape distor-
tions can occur, as discussed previously. An exam-
ple of this is shown in Fig. 10 for a methyl
salicylate sample that was confined fully inside
the sensitive region of the 5-mm-diameter coil.

w Ž .xDespite spinning, the proton spectrum Fig. 10 A
exhibited poor resolution and line shapes. Refer-
ence deconvolution improved the linewidths and,

Ž .Figure 10 Proton NMR spectra 300 MHz of neat
Žmethyl salicylate in a spinning 5-mm tube aromatic

.region shown . The cylindrical sample was smaller than
Ž .the rf coil volume. The normal spectrum A processed

without time-domain apodization exhibited heavily dis-
torted line shapes owing to the samplerglassrair inter-
faces present inside the sensitive region of the probe.
Deconvolution using the methyl peak as the reference

Ž .produced greatly improved line shapes B,C . When a
Ž .target Lorentzian line width of 0.52 Hz was used B ,

the methyl peak SrN remained the same as in the
Ž .original spectrum A . A smaller target line width of

Ž .0.15 Hz gave baseline resolution for many peaks C
but also a sixfold loss in SrN compared to spectrum
Ž .A .
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w Ž .xespecially, the shapes Fig. 10 B . Significantly,
Ž . Ž .the SrN was the same for spectra A and B , as

measured using the intensity of the well-resolved
Žsinglet methyl peak near 3.7 ppm. Note that the

overlapping lines shown in Fig. 10 do not provide
fair comparisons of SrN variations, since resolu-
tion improvements also reduce the apparent sig-
nal intensities solely because the overlap

.decreases. By using a small target linewidth, de-
convolution can also produce a spectacular reso-
lution improvement, albeit with a substantial SrN

w Ž .xpenalty Fig. 10 C . This is even more evident in
an expansion of the multiplet near 7.3 ppm, where
15 of the 16 peaks expected from first-order cou-

Ž .pling are visible Fig. 11 . The two center lines of
the pattern overlap and remain unresolved.

As discussed previously, another situation in
which line shapes can be dominated by the effects
of magnetic field inhomogeneity is when the sam-
ple is not spinning. Figure 12 shows the dramatic
improvements that reference deconvolution can

Figure 11 Expansion of the methyl salicylate proton
Ž . Ž .multiplet near 7.3 ppm see Fig. 10 . A Original

Ž .spectrum. B Deconvolved spectrum using the methyl
peak as the reference and a target Lorentzian line
width of 0.52 Hz. The SrN for the methyl peak was the

Ž .same as in the original spectrum. C Deconvolved
spectrum using a target line width of 0.25 Hz. The SrN

Ž .was threefold lower than in the original spectrum. D
Deconvolved spectrum using a target linewidth of 0.10
Hz. The SrN was decreased by ninefold relative to the
original spectrum. All the predicted lines are resolved
except for the two in the center of the pattern.

Ž .Figure 12 Proton spectra 200 MHz of a mixture of
Ž .3-chlorobenzophenone and tetramethylsilane TMS in

CDCl . Only the aromatic region is shown. The large3
Ž .2.6 cm long = 1.8 cm diameter sample was contained
in a nonspinning vial and was smaller than the

Ž .solenoidal rf coil. A Original spectrum with no time-
Ž .domain apodization; TMS SrN s 5210:1. B Decon-

volved spectrum using the TMS peak as the reference
and a target Lorentzian linewidth of 2.2 Hz. TMS

Ž .SrN s 5400:1. C Deconvolved spectrum using a tar-
get linewidth of 0.75 Hz. TMS SrN s 1180:1.

produce in this case. The measurement was per-
formed using a 31-cm-bore horizontal magnet de-
signed mainly for imaging and spectroscopy of
animals. Deconvolution reduced many of the
deleterious effects of field inhomogeneity and
converted the rather featureless spectrum of Fig.
Ž .12 A into something much more informative

w Ž . Ž .xFigs. 12 B and 12 C even approaching the res-
olution that might be anticipated from a conven-
tional high-resolution spectrometer.

Another case in which spinning is usually not
possible is when solenoidal microcoils are used to
detect very small sample masses. These coils have
remarkably high sensitivities, but since the metal

Žconductor is extremely close to the sample typi-
.cally - 100 mm away , spectral distortions can

occur owing to magnetic susceptibility differences
Ž .20 . An example is shown in Figure 13, where
considerable line distortion and broadening are
evident in the spectrum. Much better line shapes
and resolution result from deconvolution using
the residual protonated solvent signal as the ref-
erence.
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Ž .Figure 13 Proton NMR spectra 250 MHz of sucrose in D O obtained using a solenoidal2
rf microcoil of diameter 350 mm. The sample was contained within a capillary of inner

Ž . Ž .diameter 250 mm and was not spinning. A Original spectrum. B Deconvolved spectrum
using the residual HOD peak as the reference.

One further case of severe line broadening will
be considered: that of a sample containing a
paramagnetic or ferromagnetic component. This
often results in broadening alone without accom-
panying peak asymmetry. In the example shown

Ž .in Fig. 14 A , ferric oxide particles suspended in a
tri-n-butyl phosphate solution make the linewidths
so large that fine scalar couplings are obscured.
Most of this information can be regained using

w Ž .xreference deconvolution Fig. 14 B , as can be
seen by comparing with a normal high-resolution

wspectrum of an uncontaminated sample Fig.
Ž .x14 C .
The deconvolved spectra of Fig. 12 were pro-

duced by using the internal tetramethylsilane
Ž .TMS signal as the reference. The TMS line is

convenient for this purpose, but its use is often
complicated by the presence of small 29Si and 13C
satellites flanking the central peak at "3.3 and
"59 Hz, respectively. Since the reference line is
supposed to be representative of all peaks in the
spectrum, any fine structure which is unique to
the reference should generally be removed before
deconvolution is performed. In the case of TMS,
the 13C satellites are usually eliminated during
the initial windowing operation, but the 29Si side-
bands are more problematic owing to their close
proximity to the central peak. For the spectra of
Fig. 14, they were removed manually by adjusting
the values of individual points in the real fre-
quency-domain TMS spectrum prior to Hilbert
transformation. This method is straightforward,
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Ž .Figure 14 Proton NMR spectra 300 MHz of tri-n-
butyl phosphate in CDCl containing TMS and con-3
taminated with ferric oxide powder. A spinning 5-mm
tube was used. TMS and downfield multiplet signals are

Ž .not shown. A Original spectrum obtained after exten-
Ž .sive shimming. The TMS line width was 5.8 Hz. B

Deconvolved spectrum using TMS as the reference
Ž 29peak. The TMS Si sidebands were removed prior to

.calculations. Deconvolution produced much clearer
Ž .scalar coupling patterns. C Normal spectrum ob-

tained in the absence of ferric oxide.

but is also tedious and subjective since the opera-
tor must estimate how the spectrum would appear
in the absence of the satellites. A more elegant
approach would be to decouple 29Si during data
acquisition or to employ an automated fitting
algorithm to estimate the baseline under the
satellites. With very noisy or badly broadened

Ž .spectra e.g., Fig. 12 , the fine structure can gen-
erally be ignored, and the entire TMS signal
envelope is used as the reference. Unlike satel-
lites due to scalar coupling, spinning sidebands
affect the reference and other spectral peaks
equally, so they can be removed from the final
result by including them in the reference spec-
trum.

Although narrow lines are obviously desirable
for accurate measurements of chemical shifts and
scalar coupling constants, they are also important
for the determination of relaxation times. Peak
overlap can lead to erroneous T or T measure-1 2
ments, especially when the overlapped signals
arise from spins having very different relaxation
rates. This problem is often most intractable for
inversion-recovery T data, where adjacent peaks1
may have opposite phases, resulting in partial
signal cancellation and uncertainty in the baseline

Ž .position 31 . Accurate peak information can, in

principle, be extracted from such spectra by line
fitting, but this method is laborious and may be
impractical if the lines are badly distorted. It is
clearly better to optimize the resolution and line
shapes before measuring the signal areas or
intensities. Since reference deconvolution is a lin-

Žear process i.e., relative signal areas are unaf-
.fected , it can safely be used to enhance resolu-

tion in such data sets. Furthermore, even very
distorted peaks are converted into Lorentzians,
which enables accurate line fits to be performed,
if necessary, for any signals which remain
overlapped. Figure 15 shows the result of decon-
volving an inversion-recovery spectrum of 3-chlo-
robenzophenone using a solvent line as the refer-
ence. Peak overlap is reduced in the deconvolved
spectrum, and the baseline is very clearly defined.
The excellent resolution also enables some signal
integrals to be measured directly, which was not
possible with the original spectrum.

Despite the successes shown above, it is impor-
tant to recognize that reference deconvolution
offers little resolution enhancement if the line-
widths are determined almost completely by the
natural T values. In fact, if T s TU , the refer-2 2 2
ence deconvolution technique reduces mathemat-
ically to the conventional exponential multiplica-
tion approach and performs no better. Figure 16
shows a portion of the 300-MHz high-resolution
spectrum of cholesterol in CDCl before and3

ŽFigure 15 Proton inversion-recovery spectra 300
. Ž .MHz of 3-chlorobenzophenone in 9:1 vrv

CDCl rCH Cl at 258C. The delay between the 18083 2 2
Ž . Žand 908 pulses was 2.3 s. A Original spectrum spin-

. Ž .ning with no time-domain apodization. B Decon-
volved spectrum using the CH Cl peak as the refer-2 2
ence. Note improved resolution and straight baseline
following deconvolution.
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Ž .Figure 16 Proton NMR spectra 300 MHz of choles-
Ž .terol in CDCl containing tetramethylsilane TMS . A3

spinning 5-mm NMR tube was used, and the field was
Ž .well shimmed. A Normal spectrum with no time-do-

Ž .main apodization. B Deconvolved spectrum using the
TMS peak as the reference and a target Lorentzian
line width of 0.4 Hz. The 29Si sidebands were removed
manually from the TMS line before the calculation was
performed. Since the linewidths of the original spec-

Ž . Utrum A are essentially T rather than T limited,2 2
there is no improvement in resolution when reference
deconvolution is used.

after deconvolution using TMS as the reference.
No measurable improvement occurred because
the broadening effects of magnetic field inhomo-
geneity were small compared to the natural
linewidths.

HETERONUCLEAR REFERENCE
DECONVOLUTION

All the examples shown so far have employed a
reference line which was part of the spectrum to
be deconvolved. However, heteronuclear refer-

Žence deconvolution can also be performed for
example, by using a solvent proton line as the
reference to deconvolve a 31 P or 13C spectrum

.acquired from the same sample . This approach
actually has several advantages compared to the
homonuclear case. First, if the reference spec-
trum contains only a single line, then the window-
ing step of the calculation may be unnecessary.
The reference line can also be placed on reso-
nance, avoiding the computational step of shifting
it to zero frequency by deconvolution with a delta
function. Next, if a solvent peak is used as the
reference, its SrN is likely to be quite high, so
little noise is introduced by the calculation into
the final spectrum. Finally, a solvent signal is

typically acquired anyway as part of the shimming
process, so instead of discarding that signal, it
takes little extra time to save it for use as a
reference.

Certain experimental precautions should be
observed when performing heteronuclear refer-
ence deconvolution. First, the reference line and
the other signals must arise from the same spatial
region in the sample. In the worst case, this will
force the same rf coil, tip angles, and saturations
to be used for both nuclides, although some or all
of these constraints may be eased depending on
the details of the coil and sample arrangement.
Second, the reference spectrum and spectrum of
interest should be acquired using the same digital
resolution in ppmrpoint, as mentioned previ-
ously. This is most easily accomplished by using
the same number of points and spectral width in
ppm for both data sets. The latter condition de-
mands that the relative spectral widths in Hertz
be scaled in proportion to the magnetogyric ratios
of the two nuclides. Exact scaling will usually be
prevented by finite resolution of the spectrome-
ter’s timing hardware, but the two spectral widths
in ppm can still be matched to within 0.1% or so,
which is adequate for all practical purposes.

An example of heteronuclear reference decon-
volution is shown in Figure 17 for an aqueous
solution of orthophosphate, pyrophosphate, and
tripolyphosphate. The water proton line in this

wnonspinning sample was broad and distorted Fig.
Ž .x 3117 A . Comparison with the P singlet of or-

w Ž .xthophosphate at 0 ppm Fig. 17 B shows the line
shapes to be essentially identical, strong evidence
that magnetic field inhomogeneity effects were

Ž .dominant in both spectra. Spectrum C shows the
result of enhancing the resolution of spectrum
Ž .B by exponential multiplication using a y0.5 Hz
line-broadening parameter. As expected, the
linewidths improved slightly but the SrN was
seriously degraded. On the other hand, reference
deconvolution produced extremely narrow 31 P

wlines for the same sacrifice in SrN spectrum
Ž .x17 D . Deconvolution using a larger target

w Ž .xlinewidth Fig. 17 E produced superior line
shapes and widths, as well as the same SrN as in
the original spectrum. Finally, using an even larger

Ž .target linewidth gave a spectrum F having reso-
lution roughly comparable to that of the original

Ž .data B , but with improved line shapes and nearly
threefold better SrN.

The excellent results of Fig. 17 suggest the
heteronuclear deconvolution technique may per-
form well even when challenged by extremely
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Figure 17 Demonstration of heteronuclear reference
deconvolution using an aqueous solution of orthophos-

Žphate, pyrophosphate, and tripolyphosphate all as
.sodium salts at 4.7 T. The nonspinning, cylindrical

sample was 3.4 cm long = 2.3 cm diameter and was
contained completely within the rf field of a large,

Ž . 1 31tunable concentric loop-gap resonator 42 . H and P
spectra were acquired using 458 rf pulses and 16K
time-domain points. The spectral widths were 14,836.8

Ž . 1 Ž .Hz 74.091 ppm for H and 6002.4 Hz 74.049 ppm for
31P. A. normal 200-MHz proton spectrum showing a

1 Ždistorted H O line shape with FWHM s 25 Hz 0.122
. Ž . 31ppm and SrN s 14,300:1. B Normal 81 MHz P

spectrum obtained without time-domain apodization.
Ž .For the orthophosphate P singlet at 0 ppm, FWHMi

Ž . Ž .s 8.2 Hz and SrN s 44:1. C Same as spectrum B
except resolution enhanced by exponential multiplica-
tion using a line-broadening parameter of y0.5 Hz. Pi

Ž .FWHM s 6.0 Hz, and SrN s 12:1. D Deconvolved
31 Ž .P spectrum using the proton peak A as the refer-
ence and a Lorentzian target linewidth of 1.0 Hz. Pi

Ž .FWHM s 0.95 Hz and SrN s 12:1. E Same as spec-
Ž .trum D except using a target linewidth of 2.9 Hz. Pi

Ž .FWHM s 3.1 Hz and SrN s 45:1. F Same as spec-
Ž .trum D except using a target linewidth of 11.5 Hz. Pi

FWHM s 11.1 Hz and SrN s 125:1.

Ž .poor field homogeneity. This was tested Fig. 18
for the same sample by intentionally degrading
the shim, using the 1H O FWHM as a direct2
measure of the homogeneity. For each shim set-
ting, the target linewidth used during processing
was adjusted to yield the same orthophosphate

Figure 18 Performance of reference deconvolution in
the presence of severe magnetic field inhomogeneity.
Using the aqueous phosphate sample and conditions of
Fig. 17, the shim was intentionally degraded to produce
increasingly poor spectra. The field homogeneity was
determined from the 1H O FWHM, and that peak was2
used as the reference for 31P deconvolution. Normal
spectra were produced without time-domain apodiza-
tion. Deconvolutions were performed using target
Lorentzian linewidths adjusted to yield the same or-

Ž .thophosphate P SrN as in the corresponding normali
Ž . 31spectra. A,B Normal and deconvolved P spectra for

1 Ž .H O FWHM s 87 Hz 0.44 ppm . P FWHM s 32.52 i
Ž .and 6.1 Hz, respectively. P SrN s 18.0:1. C,D Nor-i

mal and deconvolved 31P spectra for 1H O FWHM s2
Ž .191 Hz 0.96 ppm . P FWHM s 74 and 15.0 Hz, re-i

Ž .spectively. P SrN s 10.2:1. E,F Normal and decon-i
31 1 Žvolved P spectra for H O FWHM s 446 Hz 2.232

.ppm . P FWHM s 183 and 15.6 Hz, respectively. Pi i
wSrN s 8.4:1 using four times as many averages as for

Ž . xspectra A]D to enhance visibility .

SrN both before and after deconvolution. Even
for the most egregious case where the inhomo-
geneity exceeded 2 ppm, deconvolution easily re-
vealed the correct number of signals and at least

w Ž .hinted at their scalar coupling patterns Figs. 18 E
Ž .x 31and 18 F . P linewidths and shapes in the de-

convolved spectra improved markedly compared
to those in the original spectra with equivalent
SrN. Figures 17 and 18 also demonstrate the
effect of field homogeneity on SrN. 1H O FWHM2
values of 0.12, 0.44, 0.96, and 2.23 ppm produced



REFERENCE DECONVOLUTION 37

orthophosphate SrN of 44:1, 18:1, 10:1, and 4.2:1,
respectively, for equal numbers of averages. As
expected, the SrN decreased with increasing
linewidth, although the dependence was not lin-
ear owing to changes in the line shape. In each
case, deconvolution efficiently restored most of
the lost resolution, but it did not recover the SrN
losses. The lesson of these experiments is clear:
there is no substitute for a good shim. However,
once the best practical shim has been obtained,
deconvolution can be very effective for suppress-
ing the effects of any remaining inhomogeneities
on the spectral resolution.

The success of reference deconvolution does
not rely on high rf field homogeneity. Conse-
quently, the technique can be used with surface
coils provided that the reference line and spec-
trum of interest both arise from the same spatial
region of the sample. In most experiments, that
condition will be satisfied if the spectrum also
contains the reference line or, for heteronuclear
studies, if the same coil and nutation angles are
used for both nuclides. The compatibility of de-
convolution with data acquired using surface coils
is potentially an advantage for in ¨ ï o measure-
ments where the linewidths are invariably domi-
nated by magnetic field inhomogeneity effects.
Figure 19 shows proton and 31 P spectra obtained
from the abdomen of an anesthetized rat at 4.7

w Ž .xtesla. The proton spectrum Fig. 19 A was typi-
cal, exhibiting broad signals due to tissue water
and lipids. To prepare it for use as a heteronu-
clear reference, the spectrum was windowed to
remove the lipid peaks, leaving only the distorted

w Ž .xwater line Fig. 19 B . Deconvolving this from the
31 w Ž .xnormal P spectrum Fig. 19 C narrowed the

lines significantly, although the improvement was
w Ž .xaccompanied by a loss in SrN Fig. 19 D . A

small signal due to NADq and NADH was re-
vealed which was not visible in the original spec-
trum.

In this instance, the benefits of deconvolution
were not as dramatic as for the in ¨itro examples
shown previously. This would result if a pulse-
width calibration error caused the proton and 31 P
spectra to originate from somewhat different spa-
tial regions, making their line shapes different.
However, in ¨ ï o spectra acquired using homoge-
neous rf coils have also been found to improve

Žonly marginally after deconvolution data not
.shown . The reason may well be microhetero-

geneities in the tissue itself, since much of the
water is extracellular, whereas the metabolites
are mainly confined to the cytoplasm and proba-

Figure 19 Application of heteronuclear reference de-
convolution to in ¨ ï o NMR. Proton and 31P spectra
were acquired at 4.7 T from the abdominal muscle and
underlying liver of an anesthetized rat using a 1.2-cm-

Ž .diameter surface coil. A Proton spectrum exhibiting
typical broad lipid and water peaks near 1 and 5 ppm,

Ž .respectively. B Proton spectrum after windowing to
Ž . 31remove the lipid signals. C Normal P spectrum

Ž .containing peaks for phosphomonoesters PME , or-
Ž . Ž .thophosphate P , phosphocreatine PCr , and nucleo-i

Ž .side triphosphates NTP . Time-domain exponential
apodization was applied using a line-broadening pa-

Ž .rameter of 10 Hz. b-NTP SrN s 42:1. D Decon-
31 Ž .volved P spectrum using spectrum B as the refer-

ence and a target Lorentzian linewidth of 40 Hz. b-NTP
SrN s 26:1. A shoulder is visible owing to nicotin-

Ž q.amide adenine dinucleotide NAD and its reduced
Ž .form NADH .

bly experience slightly different susceptibility ef-
fects. A related mechanism has been invoked to
explain the mediocre performance of the tech-

Ž .nique for enhancing proton spectra of brain 32 .
An additional complication arises when only
homonuclear instead of heteronuclear data are
acquired, since it is then necessary to find a single
well-resolved peak in the crowded in ¨ ï o spec-
trum to use as a reference. For 31 P spectra, the
phosphocreatine singlet would be a logical candi-
date, but it virtually always overlaps adjacent
peaks. The b-nucleoside triphosphate signal is
often adequately resolved, but as the superposi-
tion of several underlying multiplets with slightly
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different chemical shifts, it is not really suitable
for use as a reference. In summary, while refer-
ence deconvolution may be beneficial for in ¨ ï o
spectra, the application of the technique is not
always straightforward, and spectacular improve-
ments have generally not been demonstrated.

S ///// N PERFORMANCE OF REFERENCE
DECONVOLUTION

Several of the spectra discussed above exhibit
significantly better SrN following deconvolution.

Ž .In some cases e.g., Fig. 17 , both the SrN and
resolution improve simultaneously. At first glance,
this may be disconcerting, since most spectros-
copists are accustomed to an inverse relationship
between SrN and linewidth when traditional
time-domain apodization techniques are em-
ployed. Thus, it is natural to question the appar-
ently exceptional performance of reference de-
convolution. Comparing results of deconvolution
with those obtained from other processing tech-
niques is complicated by the fact that it is possi-
ble to produce spectra having a wide range of
resolutions and signal intensities with any of these
approaches. To evaluate their true relative per-
formance, both the SrN and linewidth obtained
from the various methods must be compared si-

Žmultaneously bearing in mind that deconvolution
.will nearly always produce a superior line shape .

Such a comparison was made for the or-
thophosphate 31 P singlet of Fig. 17. The data
were first processed by conventional exponential
multiplication using 13 different values of the line
broadening parameter, and the resulting 31 P
linewidths and corresponding SrN values are

Ž .plotted in Fig. 20 circles . The spectrum was then
generated using Lorentzian-to-Gaussian conver-
sion, employing y8.0 Hz line-broadening in the
exponential multiplication and 16 different line-
broadening values in the Gaussian multiplication.

ŽThese results are also plotted in Fig. 20 di-
. 1amonds . Finally, with the H O line as the refer-2

ence, the spectrum was processed by reference
deconvolution using 17 target Lorentzian line-

Ž .widths, and the results were plotted squares .
When large line-broadening or target linewidth
parameters were employed, high SrN and FWHM
values were obtained, as would be expected for
aggressive apodization in any of the methods. A
far more interesting region is for linewidths below
about 14 Hz, where the plots diverged. The per-
formance of exponential multiplication was infe-

Figure 20 Plots of 31P SrN versus linewidth for
aqueous orthophosphate spectra processed using con-

Ž .ventional exponential multiplication circles ,
Ž .Lorentzian-to-Gaussian conversion diamonds , and

Ž .reference deconvolution squares . The sample and
conditions of Fig. 17 were used, and the 1H O line2
served as the reference. Line-broadening values for
exponential multiplication ranged from y0.4 to y0.1

Ž . Ž .Hz filled circles and 0 to q30 Hz open circles .
Lorentzian-to-Gaussian conversion was performed by
exponential multiplication with y8.0 Hz line-broad-
ening, followed by Gaussian multiplication with line-
broadening values from q2.6 to q47 Hz. Target
Lorentzian line widths for reference deconvolution
ranged from q0.2 to q50 Hz. The same region of
baseline was used to measure the noise in every case.
These plots demonstrate that reference deconvolution
outperforms exponential multiplication for resolution
enhancement and that simultaneous improvements in
both resolution and SrN are possible using this tech-
nique. Lorentzian-to-Gaussian conversion was also su-
perior to exponential multiplication, giving SrN values

Ž .and linewidths but not line shapes nearly as good as
those from reference deconvolution.

rior throughout this range, and the SrN value
was - 20% of those obtained by Lorentzian-to-
Gaussian conversion and reference deconvolution
for a linewidth of 6.5 Hz. The latter two tech-
niques easily generated narrow lines, yielding
about fivefold better resolution for SrN s 16:1
and a linewidth improvement of over an order of
magnitude in the most extreme case. Compared
to the raw unapodized spectrum, reference de-
convolution and Lorentzian-to-Gaussian conver-
sion nearly tripled the SrN for equivalent
linewidth and reduced the width by over twofold
for constant SrN. Both of these methods pro-
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duced similar curves in Fig. 20. However, their
performance differed significantly with regard to
line shape. Figure 21 shows aqueous phosphate
31 P NMR spectra generated using these two tech-
niques, along with results obtained by exponential
multiplication. The linewidth and SrN advan-
tages suggested by Fig. 20 are clearly evident, but
it is important to note that the line shapes pro-
duced by reference deconvolution are far supe-
rior to those obtained from Lorentzian-to-Gauss-
ian conversion even though the widths are nearly
the same.

The plots of Fig. 20 confirm that it is possible
to improve both the spectral resolution and SrN

Figure 21 Comparison of 31P NMR line shapes for
Ž .signals processed using exponential multiplication A ,

Ž .Lorentzian-to-Gaussian conversion B , and reference
Ž .deconvolution C . The spectra were obtained using the

aqueous phosphate sample and conditions of Fig. 17.
Ž .Only the orthophosphate singlet left and tripolyphos-

Ž .phate triplet right are shown. Processing parameters
were selected to produce orthophosphate SrN of 30:1
for all three methods. A line-broadening of y0.16 Hz
was used for exponential multiplication. Lorentzian-
to-Gaussian conversion was performed by multiplying
the FID by exponential and Gaussian functions using
y8.0 and q4.1 Hz line-broadening parameters, respec-
tively. Reference deconvolution employed 1H O as the2
reference and a target Lorentzian line width of q2.1
Hz. Results from simple exponential multiplication were
clearly inferior to those obtained by Lorentzian-to-
Gaussian conversion and reference deconvolution.
However, although the latter two methods gave similar
linewidths, deconvolution produced far better line
shapes.

simultaneously by using reference deconvolution
or Lorentzian-to-Gaussian conversion. Why does
exponential multiplication perform so badly by
comparison? In practice, field inhomogeneities
produce a range of NMR line components having
not only different widths, but, when summed to-
gether, shapes that are not Lorentzian. However,
multiplying the experimental time-domain data
set by any single positive exponential function
always results in the removal of one Lorentzian
component from the frequency-domain line. It is
therefore naive to expect a satisfactory result
from the exponential multiplication technique. In
other words, if the wrong function is used for
resolution enhancement, of course it works poorly.
Lorentzian-to-Gaussian conversion offers greater
flexibility in that two linewidth manipulations are
performed, and the line-broadening operation
tends to suppress the noise which is amplified in
the tail of the FID by the line-narrowing step.
Thus, this method performs better than tradi-
tional exponential multiplication with respect to
both SrN and line shape. Despite this, however,
Lorentzian-to-Gaussian conversion still employs
just two theoretical line shape functions which
may only generally resemble the major compo-
nents of the actual experimental line. The result
can be residual line shape distortions of the type
shown in Fig. 21. If it were possible to modify
these resolution enhancement techniques to use
an infinite number of functions, each having its
own unique shape and width, nearly perfect re-
moval of inhomogeneous spectral line compo-
nents would become possible. This, in fact, is
basically what is accomplished when an experi-
mental reference line is used to measure the
distortion in the spectrum. The key to success
thus lies in using the actual experimentally mea-
sured reference function instead of some conve-
nient but erroneous hypothetical function. The
additional information added to the calculation
by this measurement yields not only improved
SrN but also freedom from line shape distor-
tions.

Although reference deconvolution has been
found to perform comparatively well with regard
to spectral SrN, it is still important that the raw
data contain as little noise as practical. This is

w xeasily seen by inspection of Eq. 10 , which shows
that noise present in either the spectrum of inter-
est or in the reference line will affect the final
noise level in the deconvolved spectrum. There-
fore, when dealing with noisy data, it may be
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desirable to employ some form of denoising as an
adjunct to deconvolution. Ideally, this would im-
prove the SrN while having a negligible effect on
the line shapes and widths. Wavelet denoising has
recently been introduced as a possible method for

Ž .accomplishing this 33 .

CONCLUSIONS AND FURTHER READING

This article has shown how the relatively simple
technique of reference deconvolution can be used
to improve spectral resolution in applications
where considerable local magnetic field homo-
geneities exist. The spectrum of interest and the
reference spectrum can be acquired simultane-

Ž .ously the homonuclear case or, if it is more
convenient, they can also be recorded separately

Žand may even employ different nuclides the het-
.eronuclear case . There is a tradeoff between

resolution and SrN, but a judicious choice of
processing parameters can nevertheless enable
chemical shifts and scalar couplings to be mea-
sured even though they might be completely hid-
den in the preprocessed spectrum. Furthermore,
the performance of the technique with respect to
SrN can be far superior to that of the exponen-
tial multiplication method, even yielding simulta-
neous improvements in both SrN and resolution.
Whereas Lorentzian-to-Gaussian conversion may
provide resolution and SrN enhancements nearly
as great as those from reference deconvolution,
the latter method produces better line shapes.

Reference deconvolution has recently been
used for a number of other applications, particu-
larly with two-dimensional techniques, and the
work of Morris and coworkers has been pivotal in
this expansion. They demonstrated the extension
of the method to the reduction of t artifacts in1

Ž .two-dimensional spectroscopy 34, 35 , its appli-
cation in high-resolution diffusion ordered spec-

Ž .troscopy 36 , and the use of multiplets as refer-
ence peaks in cases where singlet peaks are either

Ž .not present or are poorly resolved 37 . Compre-
hensive reviews of these techniques can be found
in Refs. 38 and 39. It should also be noted that
other reference deconvolution methods have been

Ž .introduced recently 40, 41 .
MATLAB code for carrying out reference de-

convolution can be downloaded from the follow-
ing site: http:rrwww.mrel.beckman.uiucrmlamr
refdecon̈ olution.
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