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Proton–proton coupling can generate artifacts in sensitivity-
nhanced HSQC spectra. These artifacts appear as cross-peaks
nvolving remote protons. They are caused by relayed coherence
ransfer during the back-transfer portion of the pulse sequence.

e present a product operator analysis of artifact formation and
xperimental results which demonstrate that the magnitude of
hese artifacts can exceed 10% of the main peak. © 1999 Academic Press

Key Words: artifacts; sensitivity-enhanced HSQC; GEHSQC;
EP; COS-INEPT.

Heteronuclear Single Quantum Correlation (HSQC) (1) has
ecome a ubiquitous building block in multi-dimensio
MR. It is, therefore, essential to have a detailed unders

ng of such an important pulse sequence. Close inspecti
radient-Enhanced HSQC (GEHSQC) (2) spectra reveals

arge number of small artifacts. In situations of high dyna
ange, these artifacts can interfere with spectral interpreta
ince the artifacts associated with intense signals can ob
eak correlations of interest. Here we explain the origin

hese artifacts and describe a simple solution to remove t
HSQC uses an INEPT sequence (3) to transform proto
agnetization into antiphase heteronuclear single-quantu
erence. Heteronuclear chemical shift evolution yields
rthogonal components. A subsequent reverse INEPT con
ne of these components back into observable proton c
nce. The other half of the initial proton magnetization
onverted into unobservable heteronuclear multiple-qua
oherence. For a two-spinIS system, evolution of the produ
perators through the HSQC pulse sequence can be su
ized as

I zO¡
INEPT

22I zSyO¡

t1/ 2–1808~I x!–t1/ 2

2I zSycos~Vst1! 22I zSxsin~Vst1! [1]
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reverse INEPT

2I xcos~Vst1! 2 2I ySxsin~Vst1!. [2]

The basic HSQC experiment is often modified to incl
sensitivity-enhancement” (4), also known as “Preservation
quivalent Pathways” (PEP) (5), or “Coherence Order Sele

ive INEPT” (COS-INEPT) (6–9). In practice, the most wide
sed method is GEHSQC. The advantages of GEHSQC

wofold. First, the process of “coherence-selection” offe
eduction in t 1-noise. Second, the process of “sensitiv
nhancement” offers the prospect of a signal-to-noise

mprovement of=2 compared to the basic HSQC experim
y transferring both orthogonal components present at th
f t 1 back into observableI spin coherence. This process
ummarized below for a two-spinIS system,

I zO¡
INEPT

22I zSyO¡

t1/ 2–1808~I x!–t1/ 2

2I zSycos~Vst1!22I zSxsin~Vst1! [3]

O¡
reverse INEPT

2I xcos~Vst1! 2 2I ySxsin~Vst1! [4]

O¡

908~I y, Sy!
I zcos~Vst1! 1 2I ySzsin~Vst1! [5]

O¡

d–1808~I x, Sx!–d
2I zcos~Vst1! 2 I xsin~Vst1! [6]

O¡

908~I x!
I ycos~Vst1! 2 I xsin~Vst1!, [7]

hered symbolizes the delay1/(4 JIS).
A comparison of expressions [2] and [7] demonstrates

ensitivity advantage of GEHSQC. This advantage is obta
y the addition of {908(I y, Sy)–d–1808(I x, Sx)–d–908(I x)}
fter the reverse INEPT; the function of this extra pulse
uence element is to allow both components of the mag
ation to be manipulated independently. The process inv

net
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hree steps. First, the cosine-modulatedI spin coherence
tored as longitudinal magnetization while the sine-modu
omponent is converted into antiphase coherence. Secon
ntiphase coherence is refocused intoI spin coherence. Finall

he cosine-modulated component which had been store
ongitudinal magnetization is brought back into the transv
lane. Unfortunately, this extra pulse sequence element is
imilar to that used for relayed coherence transfer (10, 11).
To gain a better understanding of the problems that

rise, it is easiest to consider a three-spin systemIKS , consist-
ng of two protonsI andK and one heteronucleusS such tha
andSare directly bonded, whileK (a remote proton) exhibi
omonuclear proton coupling toI . Long-range heteronucle
oupling JSK is unnecessary. Ignoring product operator te
hat do not contribute to the final spectrum, one can summ
he GEHSQC for a three-spin systemIKS as

I zO¡
INEPT

22I zSycos~2pJIKd! [8]

O¡

t1/ 2–1808~I x!–t1/ 2
22I zSycos~Vst1!cos~2pJIKd!

22I zSxsin~Vst1!cos~2pJIKd! [9]

908~I x,Kx, Sx!–d–1808~I x, Kx, Sx!–d–908~I y, Ky, Sy!
™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™3

Izcos~Vst1!cos2~2pJIKd! 1 2I ySzsin~Vst1!cos2~2pJIKd!

[10]

O¡

d–1808~I x, Kx, Sx!–d
2I zcos~Vst1!cos2~2pJIKd!

2 I xsin~Vst1!cos3~2pJIKd!

2 2I yKzsin~Vst1!cos2~2pJIKd!sin~2pJIKd! [11]

O¡

908~I x, Kx!
I ycos~Vst1!cos2~2pJIKd!

2 I xsin~Vst1!cos3~2pJIKd!

1 2I zKysin~Vst1!cos2~2pJIKd!sin~2pJIKd!. [12]

comparison of expressions [6] and [11] shows that the
yKz, which is ultimately responsible for the artifact, fi
ppears while the sine component is being refocused
ntiphase intoI spin coherence. The efficiency of this proc

s affected by coupling among the protons. ThisI yKz term is
ubsequently transformed, in expression [12], intoI zKy, result-
ng in an antiphase dispersive signal split by the couplingJIK .
his signal correlates theK proton with theS carbon, despit

he fact that no coupling need exist between the two nu
hus, the artifact is a consequence of PEP or COS-IN
d
the

as
e
ite

y

s
ze

m

m
s

i.
T.

trictly speaking, gradients are unnecessary; however, wi
hem, the artifacts can become swamped byt 1-noise.

To calculate the relative intensity of the artifact peaks,
ecessary to compare the numerical factors multiplying thI x,
y, and 2I zKy terms in expression [12]. The common facto
os2(2pJIKd) can be ignored; it only has the effect of reduc
he overall spectral intensity. Thus expression [12] can
educed to

I ycos~Vst1! z 1 2 I xsin~Vst1!cos~2pJIKd!

1 2I zKysin~Vst1!sin~2pJIKd!. [13]

he mixing of coherence transfer pathways generated b
radient pulses (or by phase cycling for the non-gradient
ion) causes the factors of 1 and cos(2pJIKd) multiplying the
y andI x terms in expression [13] to add coherently rather
n quadrature, and it also insures that both sin(V st 1) and
os(V st 1) phases of the artifact term 2I zKy are recorded. Th
act that this term has the form 2I zKy means that the artifa
eaks are dispersive and antiphase—but in fact, both the
eaks and the artifacts are of slightly mixed phase, ne
urely absorptive nor purely dispersive, owing to evolutio

he scalar coupling between spinsI andK during the refocus
ng gradient period. Finally, the ratio of the artifact and m
eak intensities is

Artifact/main peak5 sin~2pJIKd!/~1 1 cos~2pJIKd!!

5 tan~pJIKd!. [14]

ith JIK 5 10 Hz andd 5 1.7 ms, this would lead to a
rtifact-to-main peak ratio of about 6%.
Figure 1 shows an expansion of part of a natural abund

13C GEHSQC spectrum of sucrose that demonstrates the
ith which these artifacts are generated. The spectrum ex
any features characteristic of relayed spectroscopy. Th

ifacts (e.g., C4–H3 and C3–H4) and the main peaks stem
rom direct transfer through one-bond coupling (e.g., C3
nd C4–H4) appear at the corners of a rectangle in 2D
uency space. This rectangular pattern is indicative of the

hat the C3–H3 and C4–H4 fragments are linked by a ho
uclear coupling between H3 and H4. Integration of 1D sl

n the proton dimension shows that the average artifact-to-
eak ratio is close to the predicted value of 6%.
While these artifacts will be easiest to see in small m

ules, they can, given sufficient sensitivity, be observe
olecules lying in the size range for which it is possible
easure COSY spectra. These artifacts are not neces
ndesirable as they do contain useful information for spe
ssignment. They can easily be suppressed by line broad
ut the relayed coherence transfer mechanism would rem
ffect and cause a reduction in the efficiency of the coher

ransfer process.



ct
t tio
I th
a th
d tei
w e
c ys
M ica
e su
g to
t e
c r i
m mi
a ou
p d in
t effi
c p
c rot
c

oton
c SQC
s rtifact
s spite
t the
e

NIH,
u thank
D

ntoured;
n 3 and C3–H4
a

283COMMUNICATIONS
In sucrose, more than half the signals show two artifa
hus the three-spin analysis used here is an oversimplifica
t is generally assumed that the major practical problem in
pplication of COS–CT mixing sequences is related to
uration of the sequence, especially when dealing with pro
ith high transverse relaxation rates (9). However, the sid
hains of amino acids such as Arg, Gln, Glu, Ile, Leu, L
et, and Pro all form complicated spin systems. A log
xtension of the three-spin analysis presented here would
est that the greater the passive coupling among the pro

he greater the sensitivity loss. Thus, if a particular proton w
oupled to three others with coupling constants simila
agnitude to those encountered here, then the losses
mount to about 20%. (Similar problems involving C–C c
lings in uniformly 13C-labeled molecules have been note

he literature (8).) Presumably, attempts to increase the
iency of coherence order selective coherence transfer
esses must take into account the influence of proton–p
oupling.

FIG. 1. Part of the natural abundance13C GEHSQC spectrum of sucro
egative signals are shown as filled regions. Connecting lines have bee
rtifact peaks; these artifacts arise from the vicinal H3–H4 coupling.
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In conclusion, we have shown that homonuclear pr
oupling can generate artifacts in gradient-enhanced H
pectra by a relayed coherence transfer process. The a
ignals can easily be suppressed by line broadening. De
his, proton–proton coupling still causes a reduction in
fficiency of the coherence transfer process.
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