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Magnetic resonance spectroscopy in vivo could empower
diagnostics with the richness of NMR familiar to the lab chemist.
Unlike liquid state NMR, however, spectra in vivo are acutely
broadened by inhomogeneous susceptibility gradients making the
spectra from most organs broad and illegiblatermolecular zero
guantum coherences (iZQCs) are intrinsically insensitive to mag-
netic field inhomogeneities and, despite such variations, yield sharp
lines along the indirect dimensi@niThis communication presents
the first high-resolution iZQC spectrum in vivo which reveals that
motion has restricted previous attempi®o average away motion
artifacts, we demonstrate a new approach to ultrafast two-
dimensional (2D) spectroscopy, as well as extensions to speed up
a broad range of 2D sequences. | St

All zero quantum coherences evolve at the difference frequency o o e
of the spins involved in the coherence. For intermolecular zero Figure 1. In vivo spectra of worms show a significant improvement in
guantum coherences, this is the difference frequency between spingesolution is possible when thenoise from physiological fluctuations is
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that are a correlation distance apart, typically around A60? reduced.
Despite a broad range of absolute frequencies over the sample, this s
difference frequency will remain uniform and m@&* broadening td o
is refocused. " D) o
While the insensitivity of iZQCs to inhomogeneous broadening — o
has been demonstrated in vitro many times, previous in vivo work "¢ €—9
has shown only a modest increase in resolutittowever, our o g——p

work on cold-blooded animals at low temperatures has increased s . B 6
resolution an order of magnitude over the direct acquisition.
In the spectrum of a live earthworm af@ (Figure 1), the iZQC
frequencies are far narrower than the inhomogeneously broadened I | 1
line width along the direct dimension. G G0 G G2 3
This implies that muting the physiological fluctuations signifi- Figure 2. The sequence for fast iZQC with 4-fold speedup can be seen as
cantly enhances resolution in the indirect dimension. Each heartbeatt SuPerposition of fout, steps in a HOMOGENIZED experiment.
and breath irregularly distorts the spectrum from scan to scan and
contributed; noise that ultimately broadens the indirect dimension.
The ultrafast 2D methodsuch as those developed by Frydman et
al. can overcome this problem in principle. However, their approach
(time offset excitations of many different narrow slices) will not
\.Nork for our application, since the mglecqles |r)volv§d inan 'ZQC.: Bax method, but for intermolecular signals these gradients play an
inevitably suffer some chemical shift misregistration, and their

lino would thus be eliminated. Instead. we br n ; himportant role as the correlation gradients for the concurrent
coupiing would Ihus be elimnated. nsiead, We propose an approac experiments. A small gradient following each mixing pulse winds
that enables the acquisition of 2D iZQC spectra within a single

data acquisition scan. each SQC into a different helix, and during the acquisition only

. . one of these helices is rephased at any given time. If this were
A conventl_onal HOMOGENIZ.ED experlment re;embles a Cosy achieved with collinear gradients, each excitation would experience
sequence with a gradient applied durtagnd a spir-echo int,.

. . a unique diffusion weighting as ZQC and SQC, distorting the
The sequence for ultrafast iZQC spectroscopy (Figure 2) can be .
. . spectrum. Instead, the gradients form a star pattern that rotates the
seen as a superposition of four steps in a HOMOGENIZED pectru gradi P

. o net correlation gradient along a cone, and the net diffusion gradient
experiment with different; values. | ircl - imilar diffusi iahi h ech
A 90° excitation pulse excites the zero quantum coherences glong acircle, restoring a similar diffusion weighting to each echo.
During the ZQC evolution time a correlation gradient is applied Since the vectors of the star pattei@,{Gs) sum to zero, the
9 Q . . 9  app excitations consecutively refocus when they have experienced a
along thez axis with a small component in they plane. As in the

. full f i . Th f | icho f
approach proposed by Bax et al., a low flip angle pulse transfers ull star of gradients as SQC. The use of a double spicho for

onlv a small fraction of the ZOC sianal into detectable maanetiza localized spectroscopy ensures that each excitation evolves for
y QC sig 9 " exactly TE before it is refocused and acquired. This allows us to

T Duke University. acquire the same position of each echo, preserving the phase

G4 G G G2 G3

tion.> This leaves most coherences evolving,istill available for
the next mixing pulses. In this way, the magnetization is partitioned
in small amounts which are each characterized by a diffeent
evolution time.

Spoiling gradients separate the differénincrements as in the
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Figure 3. Spectrum of a 5% MEK solution in water, acquired with the ~ Figure 5. Application of the pulse sequence in Figure 4 to 5% MEK in

fast iZQC pulse sequence with eight indirect acquisition points per scan. D20.

Water is suppressed with selective inversion pulses.

filter for this excitation. Subsequently applying a gradient-@3,
GG+ CALGA+GS =0 creates a-2-quantum filter for magnetization excited by the second
pulse, and so on. In general, a refocusing sequence of gradients
with components (1= n) will create ann-quantum gradient filter
for each excitation (Figure 4).

We have demonstrated such a sequence for fast double quantum
spectroscopy with 4-fold speedup, as seen in Figure 5. The pairing
of low flip angle pulses with carefully chosen gradients provides

o e it tor 00 sletion an alternative method for a fast spectroscopy, which may allow
Figure 4. General scheme to speed up a standaghiantum 2D pulse for the successful application of iZQC spectroscopy in vivo to

sequence. After the appropriate preparation period, a train of gradients O'gans that are inaccessible by standard techniques.
refocuses each signal in the correct acquisition windows.
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information critical to 2D analysis. It also eliminates modulation
that would result from different time evolution under dipolar
interaction.

Figure 3 demonstrates the fast iZQC pulse sequence on a SOlu“Orheferences
of 5% methyl ethyl ketone (MEK) in water with eight indirect
acquisition points per scan. To acquire the full data set, the time
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