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Abstract

We have recently demonstrated that the spatial encoding of internal nuclear magnetic resonance (NMR) spin interactions can be

exploited to collect multidimensional NMR spectra within a single scan. Such experiments rely on an inhomogeneous spatial ex-

citation of the spins throughout the sample, and lead to indirect-domain peaks via a constructive interference among the spatially

resolved spin-packets that are thus created. The shape of the resulting indirect-domain echo peaks approaches a Sinc function when

the chemical�s distribution is uniform, but will depart from this function otherwise. It is hereby shown that a Fourier analysis of

either the diagonal- or the cross-peaks resolved in these single-scan two-dimensional (2D) NMR experiments can in fact provide a

weighted spatial distribution of the analyte originating such peak, thus opening up the possibility of completing spatially resolved

multidimensional NMR measurements within a fraction of a second. Principles of this new mode of analysis are discussed, and

examples where the potential of spatially resolved ultrafast 2D NMR spectroscopy is brought to bear are presented. Potential

extensions of this approach to higher dimensions are also briefly addressed

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Nuclear magnetic resonance (NMR) has become a

method of choice to carry out a wide variety of in vivo

investigations [1,2]. Two main developments combined

to endow NMR with this position of preeminence. One

was NMR�s continuous progress as a magnetic reso-

nance spectroscopy (MRS) tool, where 1H and hetero-

nuclear chemical shifts can be used to identify a variety
of metabolic substances. The other came from NMR�s
incorporation of spatially inhomogeneous magnetic field

gradients [3,4], which lead to the advent of magnetic

resonance imaging (MRI) techniques enabling the non-

invasive localization of healthy and diseased tissues. It

thus comes as no surprise that over the last decades

numerous hybrid MRS/MRI protocols have been pro-

posed, and shown to lead to unique synergisms for both
research and diagnosis [5–8]. Recent studies have

revealed that even further insight could be gained by
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extending the spectroscopic components of these mea-
surements beyond the collection of simple one-dimen-

sional traces [9–11]. This comes again as an expected

development, given the dramatic improvements that

chemical and biochemical studies experience upon im-

plementing the transition from one- to two-dimensional

(2D) forms of NMR spectroscopy [12–14].

In spite of the promise carried by the combination of

spatial localization methods with high-dimensional
NMR spectroscopy, routine measurements of this kind

have been relatively scarce. This is to a large extent a

reflection of the relatively long acquisition times that

such localized homo- and hetero-nuclear multiD MRS

measurements will have associated. Consider for in-

stance a spatially resolved 2D NMR experiment where

32 spectroscopic t1 points and 16 single-axis imaging

voxels are desired; given a repetition delay of 2 s these
modest spectral and spatial expectations would lead to

data collection times approaching 20min, an impractical

time scale for several in vivo studies. Even longer data

acquisition times would result if demanding improve-

ments in the spatial and spectral resolution of the data
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Fig. 1. Generic scheme of an ultrafast 2D NMR pulse sequences based

on spatial encoding and decoding processes along the sample�s z-axis.
The initial excitation encoding the indirect evolution frequencies in-

volves a train of N1 RF pulses, applied at constant frequency offset

increments DO and spaced by equal dwell times Dt1. In combination

with a suitable excitation gradient Ge this creates a spatial winding of

the evolving spin coherences, which is then preserved throughout the

mixing period and onto the beginning of the physical data acquisition

time t2 ¼ 0. This winding is then de- and re-coded multiple (N2) times

as a function of t2 with the aid of an oscillating gradient �Ga. Fol-

lowing data rearrangement and one-dimensional FT, this allows one to

retrieve a complete 2D NMR spectrum within a single scan [15,16].
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set, not to mention the inclusion of additional spatial or
spectral dimensions.

The purpose of the present study is to demonstrate

that, when unbound by signal-to-noise limitations that

can only be resolved by extensive signal averaging, hy-

brid multidimensional/spatially localized MRS/MRI

information like the one depicted in the previous para-

graph can actually be retrieved within the course of a

single data scan. The starting point for this new kind of
spatially resolved ultrafast nD NMR experiment lies in

the methodology that we have recently introduced for

collecting 2D NMR spectra within a single transient

[15,16]. The following Section explains how this acqui-

sition methodology coupled to a novel processing pro-

tocol enables the collection of spatially resolved NMR

data within a sub-second time scale, focusing for sim-

plicity on a case involving two spectral and one spatial
dimension. This theoretical analysis is then followed

with a series of demonstrations on phantom test samples

where 2D NMR spectra arising from compounds placed

at different coordinates along a sample�s main longitu-

dinal axis can be clearly resolved. Finally, we conclude

with a short discussion on additional potential exten-

sions to higher-dimensional spectral and spatial cases.
1 If RF pulses possessing non-rectangular shapes (e.g., Gaussian)

are used for the spins� excitation an additional k dependence will also

characterize the AðzjÞ coefficients [16]. For the sake of simplicity we

shall neglect such enveloping effects throughout this study.
2 Within �2npN1=L displacements defining additional ‘‘ghost-

peaks’’ [19] which are not of relevance for this study.
2. Theory

Ultrafast 2D NMR spectroscopy relies on the para-

digm proposed by Jeener, Ernst and co-workers [17,18]

Preparation=Excitation� Evolutionðt1Þ �Mixing

� Acquisitionðt2Þ ð1Þ

for implementing 2D NMR experiments and essentially

modifies it into the spatially heterogeneous version

Spatially selective
Preparation=Excitation

� �
N1

� Position-dependent
Evolutionðt1Þ

� Position-independent
Mixing

� Spatially resolved
Acquisitionðt2Þ:

ð2Þ

The purpose of the initial selective excitation process,

assumed for simplicity carried out with the aid of a

longitudinal Gz gradient applied in an oscillating square-

wave manner (Fig. 1), is to create a spatial winding of

spin-packets whose pitch will be dictated by the internal
spin interaction frequencies. Indeed as a consequence of

the selective excitation process a position-dependent

evolution will occur during the course of t1, and origi-

nate a winding of spin-coherences defined by discrete

evolution phases f/j ¼ CX1ðzj � zN1
Þgj¼0;N1�1. C here is

a controllable spatio-temporal constant equal to the

ratio between the overall t1 evolution time and the

sample length, and X1 is the particular internal spin
interaction that acted over the course of t1 and which we

will eventually want to measure. The winding of spin-
packets that has been thus created will be uniformly

preserved as either an amplitude or phase modulation

throughout the mixing process of the 2D sequence, and

then monitored during the course of the spatially re-

solved acquisition while an oscillating acquisition gra-

dient Ga is applied. Assuming for simplicity that a phase

encoding of the spin-packets is preserved throughout the
mixing period, the signal that will then be observed for

each chemically inequivalent site during the course of

the acquisition can be summarized as

Sðk; t2Þ ¼
XN1�1

j¼0

AðzjÞeiCX1ðzj�zN1 Þeikzj

" #
eiX2t2 : ð3Þ

The Aðzj) coefficients here are amplitudes characteriz-
ing the contributions arising from the individual spin-

packets into which the sample has been partitioned, to the

overall signal voltage detected by the NMR receiver. For

a homogeneous cylindrical sample these amplitudes can

be simply equated to an overall magnetization signal

scaled by the number of excited slices—in essence, a po-

sition-independent constant value.1 The X2 in Eq. (3)

represents the internal evolution frequency acting during
the course of the t2 acquisition time and k ¼ ca

R t
0
Gaðt0Þdt0

is a wavenumber associated to the acquisition gradient

Ga, which as indicated in Fig. 1 will oscillate numerous

(N2) times during the course of the data acquisition. On

inspecting the bracketed expression in this Eq. (1) recog-

nizes a Fourier relation which, when considering a suffi-

ciently large number N1 of excited slices, will be different

from zero only when the k wavenumber fulfills
k � �CX1.

2 At this point a coherent echo will appear



3 The high field and sophisticated multi-resonance equipment used

in these tests was the result of circumstantial availability, rather than

stemming from demands of the experiments themselves.
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mapping the unknown frequency X1 prior to the mixing
period, thereby transforming the k axis into an equivalent

of the indirect m1 frequency domain. The direct X2 mod-

ulation can be measured conventionally by a 1D Fourier

transform (FT) of this data peak as a function of the t2
variable, leading in this fashion to a 2D NMR resonance

at the expected frequency coordinates (X1,X2).

The single-scan 2D NMR approach summarized

above appears to be entirely general, and it has been
shown susceptible to extensions into higher dimensio-

nalities via the incorporation of additional encoding

processes using gradients with different geometries [20].

When considering potential applications of this proce-

dure toMRI or to localizedMRS experiments, a possible

option that arises includes making one of the frequency

axes a spatially encoded one. This implies defining one or

several of the evolution frequencies decoded throughout
the experiment as fXj ¼ cGjjgj¼x;y;z, a procedure whose

features and characteristics will be the focus of an inde-

pendent publication. The aim of the present paper is to

examine a different aspect of the localization insight car-

ried by ultrafast 2D NMR acquisitions; namely, the

spatial distribution information that resides in the shape

of the spectroscopic echo peaks that are observed along

the indirect k domains. To analyze this localization fea-
ture we focus on a particular (X1,X2) peak, and examine

the one dimensional line shape that it will exhibit along

the k=m1-axis as a functionof the displacementDk from the

k ¼ �CX1 condition. Using the bracketed summation in

Eq. (3) as starting point, leads then to

SðDkÞ ¼ e�iCX1zN1
XN1�1

j¼0

AðzjÞeiDkzj : ð4Þ

The e�iCX1zN1 factor in this equation arises from the

non-coincidence assumed between the z ¼ 0 sample co-

ordinate and the t1 ¼ 0 condition, and if so desired could

be corrected away via an appropriate first-order phase

correction. Aside from this artificial factor one recognizes

in the SðDkÞ function a Fourier conjugate of the spins

signal amplitudes throughout the sample�s z profile. These
amplitudes—proportional in turn to the spins� z density
weighted by the various spin relaxation processes that

might have been active throughout the pulse sequence—

can therefore be extracted via a Fourier analysis of the

signal�s line shape as a function of Dk. For instance when
dealingwith a homogeneous cylindrical sample and in the

absence of spin relaxation, it has been shown that SðDkÞ
will display a Sinc-type dependence [16]; Fourier analysis

of this point spread function against Dk will naturally
reflect the square sample profile that originated it. Inmore

general cases, a similar ancillary FT(Dk) procedure on

each (X1,X2) resonance would allow one to obtain the

spatial distribution profile of the spins that lead to the

formation of that particular peak. A most appealing as-

pect of such an approach is that spatially localized in-

formation can thus be achievedwithout really demanding
any additions or modifications to the original single-scan
2D NMR spectroscopy experiment. All that is needed is

extracting a suitable complex data array defining the full

extent of a chosen peak along the k=m1 axis, and subjecting
it to Fourier analysis.

Technical aspects worth discussing are the spatial

range and resolution that will characterize this kind of

protocols. These will actually follow from the spectral

width (SW) characteristics of single-scan 2D NMR ex-
periments; for the basic setup summarized in Fig. 1 and

in the preceding paragraph, their values along the

indirect and direct domains have been shown given

by SW1 ¼ jDOðcaGaTa=ceGeDt1Þj, SW2 ¼ ð2TaÞ�1 respec-

tively. The spatial characteristics that follow from the

Fourier analysis of peaks along the k=m1-domain can be

then worked out from coupling these SW considerations

to the spectral characteristics of the analyzed metabo-
lites, which will in turn dictate the maximum range of k
values that can be used in the FT of any given peak.

Indeed assuming that a peak to be Fourier analyzed

along the indirect k=m1-domain is resolved from other

peaks along the same axis by a Dm frequency span, will

enable data points to be transformed over a maximum

range of Dkmax ¼ jDmceGeDt1=DOj . For the typical 1H

NMR parameters expected in a microscopy setting and
at moderate magnetic field strengths (Dm � 0:5 kHz,

DO � 5 kHz, Ge � 10G/cm, Dt1 � 1ms) this will lead to

a spatial resolution in the order of 0.2 cm. The associ-

ated field of view will in turn be given by the number of

points sampled within each Ta interval; typical dwell

time values lead then to spatial fields in the 2–4 cm

range. The overall order of magnitude of these two

spatial parameters can be expected to increase or de-
crease by a decade upon switching the experiment to

whole-body or microimaging conditions respectively; in

either case, this simple analysis reveals that there is an

appropriate window of opportunity where both spectral

and spatial information can be extracted from single-

scan experiments. The following section demonstrates

this within a microimaging spectroscopy setting.
3. Results and discussion

In order to test these theoretical predictions, a series of

single-scan NMR experiments were carried out on a

Bruker Avance 800MHz NMR spectrometer. The spec-

trometer�s probehead incorporated four frequency

channels in an inverse configuration and a triple-axis
gradient, even if only the longitudinal z-axis and the 1H

channel were used as the sources for the spatial and

spectral analyses.3 Conventional 5mm NMR tubes were



Fig. 2. Summary of events leading to the acquisition of spatially resolved

2D NMR spectra within a single scan. Experiments are illustrated with
1Hdata recordedona 5mmsample tube involvinga lowerphaseof 100%

CHCl3, anda top layermadeof 12%H2O inD2O.Twohundred andfifty

microliters aliquots of each phasewere employed,with the organic/water

interface positioned 2mm below the center-of-coil z position and the

D2O
2H signal serving as source forB0 locking and shimming. (A) Time-

domain data collected using a pulse sequence like the one illustrated in

Fig. 1, but devoid of an actual mixing process. Thirty five square-shaped

150-ls-long RF pulses spaced by DO ¼ 8 kHz offsets were employed in

the excitation, with Ge a 38G/cm z gradient. The acquisition involved

N2 ¼ 64 gradient echoes with Ta ¼ 128ls and a 32G/cm gradient. (B)

Phase-sensitive 2D stack plot resulting upon rearranging points from the

as-collected unidimensional signal (þGa data only) into their appropri-

ate k and t2 coordinates, zero-filling the data to 128� 128 points, and

executing FT(t2). (C,D) Spatial profiles (magnitude) resulting upon
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used to load the experimental samples, and a two-phase
spatial heterogeneity was created along these tubes�main

axis simply by mixing insoluble organic and aqueous

phases. All chemicals and solvents were purchased from

Aldrich and used as received; a variety of Matlab 6.5

software programs (The MathWorks) were also written

for the sake of reading, processing and simulating the

data.

Fig. 2 illustrates how the arguments put forward in the
previous section can be used to retrieve both spatial and

spectral information, using as example a phantom made

up by a water/chloroform mixture. As only a single peak

arises from each of these two immiscible phases, a single-

scan 2D 1H NMR pulse sequence that actually involved

no explicit mixing process was applied as a test. On re-

arranging the 1D free-induction decay afforded by such

pulse sequence (Fig. 2A) into its proper positions in the
(k=m1,t2)-space and subjecting it to FT(t2), the expected

2D NMR spectrum composed of two diagonal peaks

from the CHCl3 and HDO emerges (Fig. 2B). Extracting

then reasonable k-vectors within the neighborhood of the

(X1,X2) coordinates characterizing each of these peaks

and subjecting these slices toFTagainstDk (preceded if so
desired by zero-filling) provided then profiles of the z -

coordinates occupied by the chemicals originating the 2D
NMR peaks, that matched very well our a priori knowl-

edge about their locations (Figs. 2C and D).

The spatially resolved 2D NMR data in Fig. 2 arose

from analyses of single-site phases. A slightly different

situation is illustrated in Fig. 3, where data were recorded

using the lighter, multi-site analyte n-butyl chloride as

organic phase. Similar profiles are then obtainedwhen the

spatial distribution of the organic phase is extracted from
any of the n-butyl chloride peaks, leading in all cases to

results that are complementary to the spatial distribution

retrieved from the water resonance (Figs. 3A–E). As a

final test of the procedurewe illustrate inFig. 4 another set

of single-scan 2D 1H NMR results, recorded this time on

the polar compound LL-cysteine hydrochloride (8mg)

dissolved in an aqueous phase and coexisting with an

organic solution of ethyl acetate (5 lL) dissolved in CCl4.
Unlike in the examples presented so far an isotropic re-

coupling sequence was incorporated during the course of

the mixing [21], leading to the single scan acquisition of a

2D TOCSY NMR spectrum for the two solutes. Cross-

peaks in this spectrum were sufficiently resolved to enable

a spatial characterization of the analytes� distributions by
means of their individual FT(Dk) line shapes; once again,
the resulting profiles were as expected for all the diagonal-
and cross-peaks chosen for analysis (Fig. 4, bottom).
subjecting 25 k-axis points neighboring each of the diagonal peaks in the
2DNMRspectrum, to respective FT(Dk). The spins� distribution arising
from this additional analysis is as expected; the tapering-off of the signal

intensity visible on approaching the organic/aqueous interface is pre-

sumably a result of susceptibility-drivenB0 inhomogeneities, leading to a

T2-weighting of the profiles.
4. Conclusions

It is clear that new avenues in both research and di-

agnosis could be opened from speeding up the acquisi-



Fig. 3. Idem as Fig. 2 but this time involving the multi-site n-butyl
chloride analyte as source for the organic layer. Sample considerations

and sequence parameters where similar as in Fig. 2, except for pulses

that were 100ls long and Ga ¼ 40G/cm. Shown on top is the single-

scan 2D NMR contour plot (magnitude) illustrating the origin of the

various diagonal peaks. (A–E) show unidimensional spatial profiles

arising from subjecting 20 points neighboring the indicated 2D reso-

nances to zero-filling, FT against Dk, and a magnitude calculation.

Fig. 4. Spatially resolved ultrafast 2D TOCSY NMR experiment, re-

corded on polar and non-polar analytes that were mostly dissolved in

organic (CCl4) and aqueous (D2O) solvents respectively. The pulse

sequence employed (top) was essentially as that used to acquire data in

Figs. 2 and 3, except for the incorporation of a 65ms isotropic mixing

period and of a 2 s water presaturation pulse (not shown). Suitable

data processing lead to the shown 2D contour data plot, where all the

expected diagonal and cross-peaks can be identified. Unidimensional

spatial profiles resulting on subjecting 20 points neighboring the in-

dicated 2D resonances to an appropriate k-axis processing lead to the

expected partitioning of the analytes� distributions among organic and

aqueous phases (bottom profiles).
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tion of spatially localized NMR data. Starting with
Mansfield�s initial proposition of echo-planar spectro-

scopic imaging [22], numerous studies where this

promise was brought to bear have already been pre-

sented [23–26]. Although different strategies to acceler-

ate this kind of acquisitions were then proposed, all

these alternatives were based on speeding up the spatial

localization rather than the spectroscopic portions of the

experiment. This actually appears to be the most com-
petitive approach when dealing with the localized ac-

quisition of one-dimensional MRS spectra. But this may

not necessarily be so when having to collect higher-

dimensional NMR spectra, where the individual ti
spectroscopy-encoding times would have to be inde-

pendently incremented. The present study uses an al-

ternative starting point to speed up the acquisition of

localized spectroscopic data, as it was the collection of
the spectroscopic data components that we strove to

compress into a single scan. A simple analysis then

shows that spatial localization insight can be obtained as

a ‘‘fringe benefit’’ of the ultrafast NMR acquisition

mode, without demanding any additions or modifica-

tions to the original experiment, or involving extra

sensitivity sacrifices. All that is needed is a straightfor-

ward post-acquisition processing of the different line
shapes observed along the indirect k=m1 domain. The

degree of spatial localization that can be obtained in this

manner will be naturally limited by the separation of the

peaks arising in the 2D NMR spectrum, yet it is clear

that a number of relevant cases will arise where sufficient

spatial and spectral degrees of resolution can be ac-

commodated within the same single-scan acquisition.

Accelerated MRS experiments hitherto described in
the imaging literature, are usually geared at obtaining

unidimensional NMR spectra that appear resolved

along at least two spatial dimensions. The spatially re-

solved ultrafast NMR experiments described in this

paper differ from such approaches, in that they end up

leading to data sets possessing two spectral plus one

spatial dimension. Naturally, now that protocols are

available for acquiring both multidimensional NMR
spectra as well as multidimensional MRI images within

a single scan, hybrid experiments where both ap-

proaches are combined for the sake of collecting mul-

tidimensional NMR spectra that are also resolved along

multiple spatial coordinates could easily become a re-

ality. It should prove feasible for instance to incorporate

an additional oscillating gradient into the acquisition

segment illustrated in Fig. 1, in order to impose on the
spins the extra encoding needed for localizing the 2D

NMR data along an independent orthogonal dimension.

Yet more intriguing perhaps is the possibility of incor-

porating these additional orthogonal gradients as part

of an accelerated higher-dimensional NMR acquisition,

where more than a single spectral axis becomes spatially

encoded. Indeed it has been recently shown that the si-
multaneous use of orthogonal (x,y,z) field gradients can
enable the acquisition of 4D NMR spectra within a

10�1 s time scale, with peaks along three of the fre-

quency axes arising as a consequence of simultaneous

constructive interferences among spin packets while

peaks along the fourth axis become conventionally un-

raveled via FT as a function of the t4 acquisition time

[20]. In such cases, a Fourier analysis procedure similar

to the one described in the present manuscript but im-
plemented along the various fka=miga=i¼x=1;y=2;z=3 dimen-

sions could provide a full location on the spatial

position of an analyte originating a peaks—in essence a

seven-dimensional single-scan NMR set incorporating

4D MRS with independent 3D MRI localization. This

might be more than what is warranted for a majority of

practical applications; still, these various possibilities

and their potential applications are worth considering
and will be further discussed in a future study.
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