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The finite RF power available on carbon channel in proton–carbon correlation experiments leads to non-
uniform cross peak intensity response across carbon chemical shift range. Several classes of broadband
pulses are available that alleviate this problem. Adiabatic pulses provide an excellent magnetization
inversion over a large bandwidth, and very recently, novel phase-modulated pulses have been proposed
that perform 90� and 180� magnetization rotations with good offset tolerance. Here, we present a study
how these broadband pulses (adiabatic and phase-modulated) can improve quantitative application of
the heteronuclear single quantum coherence (HSQC) experiment on high magnetic field strength NMR
spectrometers. Theoretical and experimental examinations of the quantitative, offset-compensated,
CPMG-adjusted HSQC (Q-OCCAHSQC) experiment are presented. The proposed experiment offers a for-
midable improvement to the offset performance; 13C offset-dependent standard deviation of the peak
intensity was below 6% in range of ±20 kHz. This covers the carbon chemical shift range of 150 ppm,
which contains the protonated carbons excluding the aldehydes, for 22.3 T NMR magnets. A demonstra-
tion of the quantitative analysis of a fasting blood plasma sample obtained from a healthy volunteer is
given.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is one of the
most important analytical techniques in chemistry for character-
ization of molecular structures. In addition to the detailed struc-
tural information, NMR spectroscopy gives accurate quantitative
information about the sample constituent, and therefore quantita-
tive 1H NMR has become an important tool in analysis of natural
products and in metabolomics [1,2]. The interest to study mixtures
of increasing complexity has create the demand to employ high
magnetic field NMR spectrometers to improve resolution and sen-
sitivity. However, quantification of complex samples with 1H NMR
spectroscopy suffers from resonance overlap even at high magnetic
fields, which can prevent accurate quantification of sample com-
pounds. Proton–carbon correlated two-dimensional (2D) NMR
experiments exploit the wide chemical shift range of carbon, thus
offering a significantly improved resolution. Therefore, the applica-
tion of proton–carbon correlated 2D NMR experiments in determi-
nation of molar concentration of the sample compounds has
gained interest in studies of natural products, biological samples
and processes taking place in living organisms [3].
ll rights reserved.

kela).
While many of the quantitative studies presented in literature
are performed using a standard heteronuclear single quantum
coherence (HSQC) experiment, several modifications of the basic
pulse sequence have been proposed in recent years to improve
the quantitativity of the data. Previously, an experiment called as
Q-HSQC [4], was presented, where the 1JCH-dependence of correla-
tion peak volumes was compensated by selecting four polarization
transfer values for the constant-time INEPT (Insensitive Nuclei En-
hanced by Polarization Transfer) [5] periods. The sum of these
acquisitions was recorded for each increment in order to produce
uniform intensity response over the 1JCH coupling range of 115–
220 Hz. The relatively long constant-time INEPT periods in the Q-
HSQC experiment led to distorted lineshapes, especially when a
proton had several JHH couplings, thus causing problems in the
cross peak integration. This problem was addressed later in the
Q-CAHSQC experiment [6] where the influence of the JHH coupling
evolution was avoided with use of Carr–Purcell–Meiboom–Gill
(CPMG) [7,8] pulse trains by replacing the constant-time INEPT
periods with the constant-time CPMG-INEPT steps. Recently, an
interesting modification of the Q-CAHSQC experiment, QQ-HSQC,
was proposed by Peterson and Loening [9]. Their experiment ele-
gantly exploited spatial encoding of the sample volume [10–12]
in a way that the different parts of the sample were optimized
for different polarization transfer evolutions, resulting in reduced

http://dx.doi.org/10.1016/j.jmr.2009.09.021
mailto:Harri.T.Koskela@helsinki.fi
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


H. Koskela et al. / Journal of Magnetic Resonance 202 (2010) 24–33 25
number of scans per increment and therefore shorter total acquisi-
tion time with concentrated samples.

The wide chemical shift range of the carbon dimension can
compromise quantitativity of these experiments; the finite RF
power available is insufficient for uniform excitation of the whole
carbon chemical shift range with normal rectangular pulses. Obvi-
ously, this problem becomes more pronounced with increasing
magnetic field strength. Typical NMR spectrometer RF amplifiers
deliver high-power RF strength of 20 kHz on carbon channel. This
RF strength gives a reasonably uniform excitation with standard
rectangular RF pulses for the 200 ppm carbon chemical shift range
at 9.4 T magnetic field strength (m(13C) = 100.6 MHz, 200 ppm
�20 kHz). If the magnetic field strength is doubled (18.8 T, m(13C)
= 201.2 MHz) the 200 ppm carbon chemical shift range corre-
sponds to ca. 40 kHz, making the 20 kHz RF strength insufficient
for uniform excitation with standard rectangular pulses. Therefore,
a good offset performance of 13C channel RF pulses is essential for
quantification purposes.

There are several options to improve the performance of the RF
pulses with finite amplitude. A traditional approach is to use com-
posite pulses [13,14], that are designed to fulfill either inversion
[15–17], refocusing [18–20], excitation [21,22], or even arbitrary
nutation [23] of the magnetization. Another technique specifically
designed for uniform manipulation of magnetization over a wide
chemical shift range utilizes adiabatic fast passages [24,25]. The
broadband pulses have been successfully applied to compensate
the off-resonance effects in 2D 1H–13C correlation experiments
[26–29] and 2D 1H–15N correlation experiments [30], but their
application in quantitative 2D NMR needs some consideration.
The main focus in our study was to find suitable 13C pulse elements
for HSQC-type experiments in order to develop a quantitative 2D
proton-carbon correlation experiment usable in high magnetic
field strengths.
2. Experimental

2.1. Materials

Offset profile tests were performed with a test sample contain-
ing 10% MeOH in MeOH-d4 in a 5 mm NMR tube (Bruker BioSpin,
Germany). Strychnine sample was prepared by dissolving 39 mg of
strychnine (Sigma–Aldrich) in 0.8 ml CDCl3 (Sigma–Aldrich). This
solution was transferred to 5 mm NMR tube (Wilmad 507-PP).
The fasting blood plasma sample was obtained from a healthy vol-
unteer. The amount of 550 lL of blood plasma and 60 lL of D2O (to
provide deuterium lock) were transferred into 5 mm NMR tube
(Wilmad 507-PP) for NMR measurements.
2.2. Simulations

Density matrix calculations were performed using GAMMA
toolkit [31] on MS Visual C++ 6.0. The produced data was plotted
using MATLAB [32].
2.3. NMR experiments

The NMR experiments were carried out at 11.75 T (m(1H) =
500 MHz, m(13C) = 125.8 MHz) using a Bruker DRX 500 NMR spec-
trometer equipped with a 5 mm inverse z-gradient broadband
probe head (Bruker BioSpin, Germany).

The Q-OCCAHSQC experiment (Fig. 1) employed adiabatic
tanh/tan inversion pulses [33] on carbon channel in the XY-16
pulse trains [34] in the constant-time CPMG-INEPT periods
(sections I and III). The PM-BEBOP pulses [35] in the section II were
used for 90� and 180� rotations. Adiabatic decoupling was per-
formed with CHIRP-95 pulses [36].

The strychnine sample was measured at 290 K using two scans
per D-value, resulting in total of eight scans per increment. The
number of dummy scans was 32. Spectral widths in the proton
and carbon dimensions were 10 ppm and 200 ppm, respectively.
The carrier frequencies for proton and carbon were 5.0 ppm and
100 ppm (if not stated otherwise). The repetition time was set to
15.8 s which equals to five times the longest T1H of the sample
(H-4). The 2D spectrum was acquired with 4k � 400 points. Total
measurement time was 15 h: 57 min.

The 1D Q-OCCAHSQC spectra were integrated with TopSpin.
The resonance intensities in 1D CPMG spectrum of blood plasma
were determined with PERCH 2008/1-software (PERCH Solutions
Ltd., Kuopio, Finland) using constrained total-lineshape-fitting
deconvolution [37]. The same software was used to determine
JHH couplings from 1H NMR spectrum of strychnine. The 2D spectra
were integrated using XwinNMR 3.0 (Bruker BioSpin, Germany) by
direct summation of the spectral data points in the cross peaks.
3. Results and discussion

The strategy in development of a quantitative 2D proton-carbon
correlation experiment usable in high magnetic field strengths was
to start with the basic construct of Q-CAHSQC [6], as this pulse se-
quence is designed for uniform intensity response over a large
range of 1JCH couplings and for suppression of JHH coupling evolu-
tion distortions during the constant-time CMPG-INEPT periods
(Fig. 1). The 13C offset performance of suitable pulse elements
was analyzed with theoretical simulations and verified with exper-
imental tests. Quantitativity of the experiment was evaluated
using a model chemical (strychnine) and an analysis of a real mix-
ture sample (human blood plasma) was demonstrated.
3.1. Simulations

Various mathematical methods can be used to describe the
behavior of magnetization in NMR. The Bloch equations [38] effec-
tively present the evolution of bulk magnetization, but they have
only limited ability to describe evolution of J couplings as well as
multiple-quantum coherences. Product operator formalism [39]
provides tools to follow multiple-quantum coherence evolution
by simple transformations of spin operators, but it is not suitable
to analyze offset effects in detail. A thorough and rigorous analysis
of spin dynamics is, however, possible with density matrix calcula-
tions [40]. Therefore, this approach was applied in the simulations.

First task was to investigate the 13C offset and B1 inhomogeneity
tolerance of the polarization transfer steps of the pulse sequence
(Fig. 1, sections I and III). The earlier Bloch simulations suggested
that XY-16 pulse train itself has a good offset compensation even
with rectangular pulses [6]. A more realistic model of the actual
polarization transfer with respect to 13C offset and B1 inhomogene-
ity was examined with density matrix calculations for the AX spin
system (A = 1H, X = 13C) with JAX = 140 Hz. For simulation purposes,
c��B0

1ðc�� ¼ c=2pÞ was set to 20 kHz, the spoiler gradient pulses, gra-
dient coherence selection and t1 evolution period were omitted,
ideal proton pulses were used, and the carbon pulses within pulse
sequence section II were applied on-resonance with ideal RF
strength (Fig. 1). The results indicated that the compensation of
B1 inhomogeneity effects was excellent and 13C offset performance
was relatively good with normal rectangular 180� pulses in the
CPMG-INEPT periods (Fig. 2A); the bandwidth where 95% transfer
efficiency was achieved was ca. ±6.5 kHz with B1/B1

0 = 1. This 13C
offset performance is, however, not sufficient when operating with
high magnetic field spectrometers with field strengths above 14.1



Fig. 1. Pulse sequence for the Q-OCCAHSQC experiment. Narrow and wide filled rectangles represent the rectangular 90� and 180� pulses, respectively. The rounded open
rectangles represent broadband inversion pulses (tanh/tan, pulse width 122 ls, R = 110, Q = 5, number of points = 244), and the open rectangles with diagonal lines in the
section II represent broadband PM-BEBOP [35] pulses for Mz ? Mx rotation, universal 180� rotation, and Mx ? Mz rotation with durations of 1 ms, 2 ms, and 1 ms,
respectively; —cB1 was 15.0 kHz. Pulse phases are along x axis if not stated otherwise. Phase cycles were /1 = {x, �x, x, �x,}, /2 = {x, x, �x, �x}, and /R = {x, �x, �x, x}. The pulsed
field gradients are represented by half-ellipses. The constant-time CPMG-INEPT periods (sections I and III) consist of the XY-16 pulse trains [34] with total duration of Dmax.
Each of XY-16 pulse trains consist of 16 centered 180� pulses on both channels with phases {x, y, x, y, y, x, y, x, �x, �y, �x, �y, �y, �x, �y, �x}, and 32 s-delays. The delay s in
the CPMG-INEPT periods must be short enough to satisfy the condition s < 1/(2 � Dmmax), where Dmmax is the maximum chemical shift difference (in Hz) of coupled protons. In
order to give the uniform intensity response over the wide range of 1JCH values, four acquisitions with different polarization transfer times (of which three transfer times were
equal) for the constant-time CPMG-INEPT periods (Dmin, Dmin, Dmin, Dmax) were recorded for each increment (for both echo and antiecho part). This was accomplished by
setting the second XY-16 pulse train duration in the constant-time CPMG-INEPT period (sections I and III) to Dmin., and switching the carbon channel pulsing of the first XY-16
pulse train either on or off in the following order: (off, off, off, on). In the earlier paper [4] these polarization transfer times were iteratively optimized for the 1JCH-range of
115–190 Hz, and the best values were Dmin = 2.94 ms and Dmax = 5.92 ms. New Dmin and Dmax values (3.72 ms and 7.45 ms, respectively) were iteratively calculated for this
study (see Section 3). The PFG duration was 1 ms, with eddy-current recovery delay of 100 ls, giving the delay D a duration of 1.1 ms. The applied PFG strengths were g1 = 48
G/cm and g2 = 12 G/cm, and the corresponding spoiler PFG strengths were sg1 = 54 G/cm and sg2 = 44 G/cm. For every increment of t1, minimum of two-step phase cycle was
conducted per every polarization transfer value, and the same was done with changed polarity of g1 for the gradient-based echo-anti-echo quadrature detection in the F1-
dimension. The axial peak displacement was achieved with the States-TPPI method by inverting the phases /1 and /R on every second increment of t1. The asynchronous
adiabatic decoupling was accomplished with CHIRP-95 pulses [36] (pulse width 1.5 ms, R = 90, Q = 5, number of points = 1000) using M4P5 supercycle [63] on 13C channel
during acquisition.
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T (m(13C) = 150.9 MHz), as the 13C chemical shift range of 150 ppm
exceeds 22 kHz. Kövér and co-workers [41] applied composite 180�
pulses, 90�(x)–180�(y)–90�(x) [15], in the CPMG-INEPT period of their
CPMG-HSQMBC experiment in order to improve the 13C inversion
bandwidth. Density matrix calculations indicated, that the toler-
ance of 13C offset as well as B1 inhomogeneity was considerably
better when the rectangular 180� pulses were replaced with com-
posite 180� pulses (Fig. 2B). It was also evident that the composite
180� pulse-based CPMG-INEPT polarization transfer profile was
not smooth but instead contained variation in the intensity, which
will compromise the quantitativity. Adiabatic pulses are consid-
ered to be excellent when uniform broadband inversion is needed,
but the pulse durations are typically long, ranging from several
hundred microseconds to several milliseconds. The delay s in the
CPMG-INEPT periods must be short enough to satisfy the condition
s < 1/(2 � Dmmax), where Dmmax is the maximum encountered
chemical shift difference of coupled protons in hertz, for proper
JHH evolution suppression [42–47]. If long adiabatic 13C pulses
are applied in the CPMG-INEPT step simultaneously with much
shorter proton 180� pulses, the proton interpulse delay can exceed
the aforementioned condition. Hwang and co-workers [33] have
earlier presented adiabatic tanh/tan pulses, which offer excellent
broadband inversion capabilities with relatively short pulse dura-
tions. For our purposes, the tanh/tan pulse duration was slightly
reduced (122 ls) from the previously presented optimal duration
(192 ls) [33] in order to get a compromise between the inversion
bandwidth and the JHH suppression condition. The density matrix
calculations showed an excellent polarization transfer properties
over a wide range of 13C offset and B1 inhomogeneity (Fig. 2C).
Therefore tanh/tan pulses were selected to replace 13C inversion
pulses in the constant-time CPMG-INEPT periods.
The second task was to simulate magnetization rotation proper-
ties of the 13C pulses presented in section II of the pulse sequence
(Fig. 1). For simulation purposes, the spoiler gradient pulses, gradi-
ent coherence selection and t1 evolution period were omitted, and
only 13C pulses were considered. If rectangular 90� and 180� pulses
are used, the tolerance of 13C offset and B1 inhomogeneity is lim-
ited (Fig. 2D). In the previous paper [6] a partial solution to this
problem was proposed by applying specific 90� composite pulses
for Mz ? �My and �My ? �Mz rotations. The Bloch simulations
[6] suggested reasonably uniform rotation performance over band-
width of ±0.3 � (c��B1, which was also confirmed with density ma-
trix calculations (Fig. 2E), but the performance is not sufficient in
higher magnetic field strengths. Recently, Skinner and co-workers
[35] have presented a class of RF pulses iterated with optimal con-
trol algorithm. These PM-BEBOP pulses (phase-modulated broad-
band excitation by optimized pulses) have an excellent
performance in 90� and 180� magnetization rotations. The 13C
pulses shown in section II of the pulse sequence (Fig. 1) were re-
placed with the PM-BEBOP pulses intended for Mz ? Mx rotation,
universal 180� rotation, and Mx ? Mz rotation. Based on density
matrix calculations (Fig. 2E) the magnetization rotation efficiency
for Mz ? Mx ? �Mx ? Mz rotations is practically flawless in the
studied range of 13C offset and B1 inhomogeneity, so the PM-BEBOP
pulses were selected to replace 13C pulses in section II of the pulse
sequence (Fig. 1).

As the constant-time CPMG-INEPT periods now use relatively
long adiabatic inversion pulses, the Dmin and Dmax values pre-
sented in the earlier study were not optimal to produce uniform
intensity response over the natural range of 1JCH couplings. The
polarization transfer efficiency for the AX spin system with a total
of 21 evenly spaced J coupling values in range of 115–220 Hz were



Fig. 2. Simulated polarization transfer and magnetization rotation efficiency profiles for selected pulse sequence parts with respect to the 13C pulse offset and B1

inhomogeneity. The left pane represents the Hz ? Hx polarization transfer efficiency for the AX (A = 1H, X = 13C, JAX = 140 Hz) spin system with respect to 13C pulse
performance in constant-time CPMG-INEPT periods (Fig. 1, sections I and III) when carbon pulses are (A) rectangular 180� pulses with —cB1 = 20 kHz, (B) composite inversion
pulses (90(x)–180(y)–90(x)) [15] with —cB1

0 = 20 kHz, and (C) adiabatic tanh/tan inversion pulses with —cB1
0

max = 18.466 kHz. The right pane represent the Mz ? ±Mz rotation
efficiencies with respect to 13C pulses in the section II (see Fig. 1) when the needed rotation is (A) Mz ? �My ? My ? Mz using rectangular 90� and 180� pulses with
—cB1

0 = 20 kHz, (B) Mz ? �My ? �Mz using composite 90� pulses (360(x)–270(�x)�D0 [22] and 385(x)–320(�x)–25(x) [21], D0 = 2 � PW90/p, (—cB1
0 = 20 kHz) as presented in the

previous study [6], and (C) Mz ? Mx ? �Mx ? Mz with PM-BEBOP 90� and 180� rotation pulses (—cB1
0 = 15.0 kHz) [35]. The transfer/rotation efficiency is presented with

contours at levels 0.5, 0.8, 0.9, 0.95, 0.98, and 0.99.
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calculated using the earlier Dmin and Dmax values [4,6]; the simu-
lated pulses were kept on-resonance with optimal RF strengths.
The standard deviation of the polarization transfer efficiencies for
the sampled J coupling values was minimized by iterating Dmin
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and Dmax in step-wise fashion. Final result gave Dmin and Dmax val-
ues of 3.72 ms and 7.45 ms, respectively, with standard deviation
of the efficiencies below 1% in the calculated J coupling range.
The uniformity of the J coupling response with respect to the 13C
offset was also tested. The result with the AX spin system showed
that the normalized polarization transfer efficiency over the J cou-
pling range of 115–220 Hz of the simulated Q-OCCAHSQC experi-
ment was above 95% in offset range of ±15 kHz, and above 90% in
offset range of ±20 kHz (Fig. 3).
3.2. Offset profile studies

First, the experimental offset profile of the tanh/tan pulses in
the constant-time CPMG-INEPT periods (Fig. 1, sections I and III)
was monitored. The test was performed measuring the 1D Q-
OCCAHSQC spectra from methanol. The tanh/tan pulse offset was
varied in range of ±30 kHz in 1 kHz steps, all other pulses were ap-
plied on-resonance. No 13C decoupling was applied during acquisi-
tion in order to monitor any lineshape anomalies (phase error,
antiphase lineshape distortion) more clearly. The results in
Fig. 4A show that the experimental data is in accordance with
the simulation results (see Fig. 2C). No significant phase anomalies
were observed in the offset range of ±20 kHz. Small intensity atten-
uation and antiphase lineshape distortions were observed outside
this offset range.

The experimental offset profile was also inspected for the PM-
BEBOP pulses present in section II of the pulse sequence. As can
be seen from Fig. 4B, the experimental intensity and lineshape
behavior is not as good as could have been anticipated from the
simulation results (see Fig. 2F). The most likely explanation for
the experimental results arises from the fact that the PM-BEBOP
pulses are constructed from small (1.6 ls) pulse steps with abrupt
phase changes. The electronics of the spectrometer must accom-
plish fast phase changes in range of 0–360� with high accuracy in
order to deliver the PM-BEBOP pulses as intended. It was therefore
assumed that the performance of the older generation spectrome-
ter at our disposal was not completely up to this task. Adiabatic
pulses like tanh/tan, in turn, have smoother phase profile in their
shape, so they are easier for the spectrometer hardware. It is pos-
sible that the more up-to-date hardware can perform the PM-BE-
BOP pulses with higher accuracy, giving more uniform results.
Fig. 3. Simulated normalized polarization transfer efficiency profile of Q-OCCA-
HSQC experiment for the AX (A = 1H, X = 13C) spin system with respect to the 13C
offset and JCH coupling. The transfer efficiency is presented with contours at levels
0.5, 0.8, 0.9, 0.95, 0.98, and 0.99.
Nevertheless, the lineshape and intensity errors were acceptable
considering the good offset performance of the PM-BEBOP pulses.

Next, the performance of adiabatic decoupling sequence utiliz-
ing CHIRP-95 pulses was tested. CHIRP-95 pulses have been re-
ported to perform well over broad bandwidths with a good
tolerance for variations in the RF amplitude [36]. The adiabatic
decoupling was optimized for the studied offset range (±30 kHz).
The offset of decoupling sequence was varied while all other pulses
were applied on-resonance. Fig. 4C shows that the peak intensity is
uniform within the offset range of ±23 kHz. The subharmonic side-
bands are more pronounced when the offset increases
above ±10 kHz. The decoupling sidebands can be cancelled with
various schemes [48–50], but these methods do not restore the ori-
ginal main peak intensity. It is possible, especially when spectrum
is crowded, that decoupling sideband appears at the same position
with another real cross peak, giving a small contribution to the vol-
ume. In those cases it is advisable to apply these sideband cancel-
lation schemes.

The final 13C offset profile test with the 1D Q-OCCAHSQC exper-
iment was performed by changing the 13C carrier frequency (i.e. for
all 13C pulses and decoupling) over the studied offset range
(±30 kHz). Fig. 4D shows that there are some fluctuations in the
peak intensities and phases. Comparison between Fig. 4D and B
shows that the main contribution to these fluctuations is arising
from PM-BEBOP pulses. Table 1 shows the standard deviations
and maximum errors of the peak integrals in specific offset ranges.
The peak integrals drop significantly when the offset is
over ±23 kHz, and there is a local minimum around �20 kHz offset.
In overall, results with acceptable reliability can be achieved (stan-
dard deviation under 6%) within the offset range of ±20 kHz. This
corresponds to roughly the 150 ppm range at 22.3 T (m(13C) =
238.9 MHz) NMR magnets, which covers typically the 13C shift
range of aliphatic, aromatic, and olefinic carbons. If also the alde-
hydes are to be included in the 2D spectrum, then carbon shift
range is ca. 200 ppm. This chemical shift range is still covered for
17.6 T (m(13C) = 188.6 MHz) NMR magnets.
4. 2D quantification

The 2D quantification tests were performed with a strychnine
sample. Strychnine is an ideal test chemical for quantification as
it has a complex network of JHH couplings and a large chemical
shift range for both proton and carbon resonances. The experi-
ments were performed at 11.75 T (m(13C) = 125.8 MHz) NMR mag-
net field strength. This spectrometer at our disposal is nowadays
not regarded as a high field NMR spectrometer, but the loss of cross
peak intensity due to offset effects is already well observed at this
field strength [6]. In the Q-HSQC and Q-CAHSQC spectra of strych-
nine [6] the offset effects caused cross peaks with large 13C offset to
have over 40% smaller peak integrals compared to cross peaks with
small 13C offset. In the Q-OCCAHSQC spectra where the 13C carrier
frequency was set in the middle of the carbon chemical shift range,
this offset-dependent cross peak volume loss was negligible; the
integrals of the cross peaks with the largest carbon offset, 15a
and 15b (see Ref. [6] for numbering), are within 5% of the reference
integral value (Table 2, the reference cross peak 4 almost on-reso-
nance in 13C channel). The average of integration results was close
to the reference cross-peak integral, and standard deviation was
relatively small, indicating that the experiment can be applied to
distinguish methyl, methylene, and methine cross peaks and the
total number of non-exchanging protons on the basis of the
cross-peak integrals similarly as with 1H NMR.

In order to test the offset effects on the cross-peak integral val-
ues at the extreme offset frequencies determined during the offset
profile studies (see above), the 13C carrier frequency for RF pulses



Fig. 4. 1D Q-OCCAHSQC spectrum arrays from methanol sample at 290 K. The measurement of the one-dimensional Q-OCCAHSQC experiment was performed by omitting
the t1 evolution period. The spectrum arrays are measured varying the 13C offset in range of ±30 kHz (1 kHz step) for (A) the CPMG-INEPT periods, (B) the PM-BEBOP pulses,
(C) adiabatic decoupling, and (D) the 13C carrier frequency. The spectrum arrays (A) and (B) are measured without adiabatic decoupling in order to observe possible lineshape
anomalies (phase errors, antiphase lineshape distortions). Spectral width in the proton dimension was 1.68 ppm. The on-resonance carrier frequencies for proton and carbon
were 3.37 ppm and 48.84 ppm, respectively. Two scans were acquired per D-value, resulting in total of eight scans. The number of dummy scans was four. The 1D spectrum
was acquired with 1k points. The repetition time was set to 10 s. Line broadening (LB) of 1 Hz was used in apodization. The number of real points after Fourier transforms was
2 k.
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and adiabatic decoupling was set to 200 ppm. In this way the car-
bon offset of the 15a, 15b cross peaks would be ca. �21.8 kHz,
which is slightly over the recommended bandwidth of ±20 kHz.
The results in Table 2 indicate that these cross peaks with the larg-
est 13C offset have attenuated ca. 20% from the reference value,
suggesting that C-15 does not experience optimal RF pulses any-
more. On the other hand, the cross peaks of 11a and 11b, which
are inside the recommended 13C offset range, deviate only 4% from
the reference integral value. It should be noted, that there are some
cross peaks within the optimal offset range that have relatively
large deviations from the reference integral value. In both experi-
ments the cross peak of 18b has the highest deviation, suggesting
that there is a 13C offset-independent factor involved. The proton
18b has very large JHH couplings with geminal and vicinal protons
(2JH18b,H18a = �10.2 Hz, 3JH18b,H17a = 4.0 Hz, 3JH18b,H17b = 14.6 Hz). As
discussed in the earlier paper [6], Hartmann-Hahn transfer be-
tween protons during the constant-time CPMG-INEPT periods
can cause attenuation of the cross peak intensities. This attenua-
tion must be realized when using single cross peaks as the basis
of quantification in mixture samples, as it may give a systematic
error in the quantification results. It is therefore recommended in
mixture sample analyses to integrate all viable cross peaks from
the quantified compound, and use their average to represent the
quantity. If this is not possible or desired, the cross peaks that
are used for quantification should preferably be narrow and in-
tense with only a few JHH couplings, e.g. methyl cross peaks.

4.1. Plasma sample analysis

Quantitative 1H NMR is an important tool in investigation of
metabolic diseases from human blood plasma and serum [51,52].
While experimentally the 1H NMR analysis of plasma samples is
quite straightforward, the interpretation and extraction of quanti-
tative information is difficult due to large distribution of both low
and high molecular weight components present in the plasma. The
1H NMR spectra can be simplified using relaxation or diffusion-



Fig. 5. NMR spectra from human blood plasma sample at 300 K: (A) 1H NMR (top) and 1D CPMG (bottom) spectra, and (B) expansions of Q-OCCAHSQC spectrum. The
assignments of the integrated peaks are shown (see Table 3). The 1H NMR spectrum was measured using 90� excitation pulse, and the repetition time (acquisition
time + relaxation delay) was set to 7.2 s corresponding to five times the longest T1H of the sample (anomeric proton H-1 of a-glucose) determined with the inversion-recovery
experiment. The transmitter frequency for proton was 4.7 ppm, and the spectrum width was set to 12 ppm. A low power presaturation (—cB2 = 20 Hz) was applied during the
relaxation delay on water resonance. Sixteen dummy scans were used prior to acquisition. The same parameters were used for the 1D CPMG experiment. The CPMG pulse
train duration for macromolecule signal suppression was set to 200 ms; s delay was 200 ls. The Q-OCCAHSQC spectrum was measured using 8 scans per D-value, resulting in
total of 32 scans per increment. The number of dummy scans was 32. The spectral widths in the proton and carbon dimensions were 10 ppm and 200 ppm, respectively. The
transmitter frequencies for proton and carbon were 4.7 ppm and 100 ppm. A low power presaturation (—cB2 = 20 Hz) was applied during the relaxation delay on water
resonance. The repetition time was set to 7.2 s. The 2D spectrum was acquired with 2.5k � 400 points. Total measurement time was 26 h 41 min. Line broadening (LB) of 1 Hz
was used in apodization of 1H NMR and 1D CPMG spectra. The Q-OCCAHSQC spectrum was processed with squared cosine apodization on both dimensions. The number of
real points after Fourier transforms of the 1H NMR, 1D CPMG, and Q-OCCAHSQC spectra were 32k, 32k, and 8k � 2k, respectively.

Table 1
Peak integral variation in 1D Q-OCCAHSQC experiments from methanol sample with
varied carbon carrier frequency offsets. The carrier frequency offset step was 1 kHz.
The integral was calibrated to 1.0 for the peak with carbon carrier frequency on-
resonance.

Offset range

±10 kHz ±15 kHz ±20 kHz ±25 kHz

Average 0.998 0.997 0.984 0.962
SD % 2.9% 3.4% 5.9% 8.3%
Max. error % 5.9% �7.2% �22.8% �38.0%

30 H. Koskela et al. / Journal of Magnetic Resonance 202 (2010) 24–33
edited approaches [53,54], and by that alleviate quantitative stud-
ies of low molecular weight metabolites. The high molecular
weight components can be evaluated with use of spectral deconvo-
lution and principal component analysis. However, it has been of
some concern that the complexity of 1H NMR spectra can lead er-
rors in interpretation of the data [55,56]. Nicholson and co-workers
[57] have presented an analysis of human blood plasma using a
high magnetic field NMR spectrometer in concert with 2D NMR
experiments, and they demonstrated the wealth of information
what can be extracted with proton-carbon correlation experiments
due to the good resolution of cross peaks in two dimensions. The
same ideology could be used in quantitative analysis; the accuracy
of quantification can be improved by employing a quantitative 2D
proton-carbon correlation experiment to resolve the overlapping
peaks.

As a general example of Q-OCCAHSQC in mixture analysis, a hu-
man blood plasma sample of a healthy volunteer was measured
with Q-OCCAHSQC, and the spectrum was compared to 1H NMR
and 1D CPMG spectra. As shown in Fig. 5A, the high molecular
weight part of the plasma sample gives very broad lines in the



Table 2
Cross peak integration results from the Q-OCCAHSQC spectra of strychnine sample measured with two 13C carrier frequencies. The integral of the cross peak 4 with smallest 13C
offset (13C carrier on 100 ppm) was used as the reference and calibrated to 1.0. Cross-peak integral of 17a,b was divided by two. Integrals are averages of separate experiments,
standard deviation of each integration result was under 3% (n = 3). For assignment numbering see Ref. [6].

Assignment 13C carrier on 100 ppm 13C carrier on 200 ppm

13C offset [Hz] Normalized Integral 13C offset [Hz] Normalized Integral

15b �9200 1.05 �21775 0.82
15a �9200 1.01 �21775 0.80
14 �8594 1.07 �21169 0.91
11b �7229 1.09 �19804 1.04
11a �7229 1.07 �19804 1.03
17a,b �7186 0.89 �19761 0.80
13 �6512 0.99 �19087 0.90
18b �6246 0.83 �18821 0.76
18a �6246 0.94 �18821 0.88
20b �5970 1.01 �18545 0.92
20a �5970 0.96 �18545 0.89
8 �5032 1.01 �17607 0.98
16 �5015 0.96 �17590 0.92
23b �4463 1.00 �17038 0.97
23a �4463 0.94 �17038 0.95
12 �2823 0.97 �15397 1.05
4 2066 1.00 �10509 1.01
1 2793 0.86 �9782 0.83
2 3041 0.89 �9534 0.84
22 3444 0.84 �9131 0.78
3 3577 0.97 �8997 0.92

SD % 7.3% 8.8%
Avg 0.97 0.90
Max. error % �17.4% �24.4%

H. Koskela et al. / Journal of Magnetic Resonance 202 (2010) 24–33 31
1H NMR spectrum. These signals can be attenuated by the 1D
CPMG experiment. The peaks from the low molecular weight com-
pounds are retained, and their integration is then easier. The se-
lected peaks of a-glucose, b-glucose, alanine, lactate, and valine
(Fig. 5A) were deconvoluted, and the integral of anomeric proton
H1 of a-glucose was set as the reference by calibrating the value
to 1.0. Similarly, the selected cross peaks of these chemicals
(Fig. 5B) were integrated, and the integral of anomeric proton H1
of a-glucose was set as the reference. The relative amounts of
the metabolites determined with two different NMR experiments
are shown in Table 3; the average of the viable cross-peak integrals
(see Fig. 5B) was used in the Q-OCCAHSQC quantification. As can be
seen, the Q-OCCAHSQC results agree quite well with the 1D CPMG
results. On closer examination the Q-OCCAHSQC quantification
shows slightly larger proportion to all metabolites. The reason for
this can be that when the signals of the high molecular weight
components are attenuated during a long T2-filtering period
(200 ms) in the 1D CPMG spectrum, the intensities of the low
molecular weight compounds are also affected. Naturally, T2-atten-
uation occurs in some degree in the proposed Q-OCCAHSQC as the
magnetization spends several milliseconds in transverse plane
during the fixed periods of the pulse sequence (i.e. the CPMG-IN-
EPT periods). The attenuation is most prominent with macromole-
Table 3
Relative amounts of selected metabolites in human blood plasma sample. The peaks
that were used in quantification are marked in Fig. 5. 1D CPMG results were extracted
from the spectrum using deconvolution. Standard deviation is shown on those Q-
OCCAHSQC results where more than one viable cross peak was used in quantification.

Metabolite Relative quantity

1D CPMG Q-OCCAHSQC

a-Glucose 1.00 0.99 ± 0.10
b-Glucose 1.17 1.29 ± 0.10
Alanine 0.25 0.32
Lactate 0.66 0.72
Valine 0.14 0.18 ± 0.03
cule resonances while resonances of the small metabolites are
virtually unchanged due to their long proton T2-values. The optimi-
zation of the CPMG-INEPT steps with respect to the Hartmann–
Hahn transfer efficiency and T2 relaxation during the XY-16 pulsing
[58] may yield a more precise understanding of the magnetization
transfer, and offer more accurate 2D quantification. As demon-
strated by Furrer et al. [58] the ratio of 2s and pulse width has sig-
nificant effect to the Hartmann-Hahn transfer efficiency. While
they changed the ratio by adjusting the inter-pulse delay, adjust-
ment of proton pulse duration without compromising the band-
width and tilt angle could be an additional approach worthwhile
to investigate. Some of the broadband pulses like BIP [59] and
power-BIBOP [60] have demonstrated a good offset tolerance with
varied pulse lengths, and may be useful in this respect. The influ-
ence of T2 relaxation in HSQC quantification has also been studied
by Zhang and Gellerstedt [61]. They proposed an approach where
cross peaks with the same T2 relaxation profiles were analyzed
as individual groups, so that the T2 errors in quantification could
be minimized. Therefore, it is relatively safe to perform quantifica-
tion either for low molecular weight or high molecular weight
components. However, comparisons between metabolites and
macromolecules are not advisable due to differences between pro-
ton T2-values of these two compound groups.

The total acquisition time of the Q-OCCAHSQC experiment was
relatively long, meaning that the quantification approach demon-
strated above is not suitable for high-throughput analyses. The to-
tal acquisition time could be minimized by following the approach
presented by Lewis and co-workers [62]. Their fast metabolite
quantification, or FMQ method, applied short repetition times
and truncated spectral width in the indirect 13C dimension. The
aromatic region was aliased in the spectrum, offering a reasonable
resolution in the indirect dimension with low number of incre-
ments. Short repetition time caused partial saturation of the mag-
netization, but when the T1H times of the analytes were close to
each other, the quantitativity was still reasonable. The FMQ
approach facilitated acquisition of quantitative 2D NMR spectrum
within 12 min with error of 2.7% [62]. If the FMQ approach is
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applied to the Q-OCCAHSQC experiment, the JCH and 13C offset
dependence of the cross peak intensity would also be minimized,
thus offering an accurate and relatively rapid quantification meth-
od for large sample sets.
5. Conclusions

The presented offset-compensated 2D proton-carbon correlated
NMR experiment, Q-OCCAHSQC, offers possibility to acquire quan-
titative information directly from 2D integrals without need for
post-processing of the integration values with 13C offset-depen-
dent correction coefficients. The proposed experiment would be
useful in analysis of biomedical samples for e.g. metabonomic
studies, and rapid quantification of large sample sets would be pos-
sible by employing the FMQ method. Furthermore, the experiment
is applicable in normal structural elucidation, as the methyl, meth-
ylene, and methine cross peaks and the total number of non-
exchanging protons could be distinguished on the basis of the cross
peak integrals in the same manner as with normal 1H NMR.
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