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Abbreviations used
Cr(AcAc)3 triacetylacetonatochromium
FID Free induction decay
η nuclear Overhauser enhancement factor
LDL Low density lipoprotein
NOE nuclear Overhauser enhancement
TMS Tetramethylsilane

Introduction

Many different diseases are known to be associated with a
disturbance in lipoprotein balance and composition. In order
to understand the metabolic perturbations related to these
diseases, it is important to determine precisely the concen-
trations of cholesterol and cholesteryl ester in plasma and in
different classes of lipoproteins [1]. Classically, the different
classes of lipoproteins are separated by ultracentrifugation
and assessed by one of two methods. The first involves the
measurement of the amount of cholesterol obtained after iso-
lation of cholesterol and cholesteryl ester by chromatogra-
phy and saponification of cholesteryl ester [1]. This involves
long manipulations during which significant fractions of the
analytes might be lost, leading to inaccurate determinations
of the ratios between free and esterified forms. The second
method involves enzymatic assays performed directly on the
sample [2], which, however, only determine the concentra-

tions of free and total (free + esterified) cholesterol, the con-
centration of esterified cholesterol being derived from the
difference. Since the results may be influenced by various
physiological parameters, such as hypertriglyceridemia, and
since the measurement of free cholesterol is not very pre-
cise, the results should be interpreted carefully. 

Recently, new methods based on 1H NMR have been
developed, which permit direct measurements on blood
plasma samples of their lipoprotein and lipid contents [3-5].
As described, however, these methods depend on the accu-
racy of the biochemical characterisation of the samples used
for calibration and/or calculation of the NMR proton visi-
bility for each lipoprotein. Hence, this calibration needs to
be particularly accurate. Nevertheless, in all the publications
cited [3-5] the biochemical analysis was carried out using
enzymatic kits, where only total cholesterol and cholesteryl
ester weights were measured. The methods based on 
1H NMR have proved to be very powerful and the results
obtained compare favourably with enzymatic kits. Their pre-
cision and speed of analysis are probably sufficient for most
clinical applications. In their present form, however, they do
not provide a better analysis than enzymatic kits and suffer
from the need of an external calibration. Therefore, it is
apparent that a new method for measuring cholesterol and
cholesteryl ester concentrations more precisely than is pos-
sible with the enzymatic kits and with less manipulation than
required by chromatography is needed. 
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This paper proposes a direct method using 13C NMR and
a calibrated internal standard. It has long been recognised
that 13C NMR spectroscopy offers a high potential for the
quantitative analysis of complex mixtures, due to the wide
spectral range and, usually, an absence of interference
between peaks. Only recently, however, have instruments of
sufficient field strength for biological studies at natural
abondance been available. 13C NMR suffers, however, from
poor sensitivity due to the low abundance and small mag-
netic moment of the 13C nucleus. This sensitivity is further
diminished if the usual conditions for quantitative NMR −
inverse-gated decoupling for NOE suppression [6] and a rep-
etition time of 5 to 10 times the longest spin-lattice relax-
ation time [7-9] − are employed. The use of such acquisi-
tion conditions will frequently lead to unacceptably long
accumulation times to obtain an acceptable signal/noise ratio
for a solute at low concentration. The alternative is to add
a paramagnetic relaxation reagent [10], such as triacetylace-
tonatochromium (III) Cr(AcAc)3, which shortens the relax-
ation times. However, the invasive addition of such agents
may lead to undesirable alteration of the properties of bio-
logical samples.

It was shown 20 years ago that the relative concentrations
of molecules with similar structures (and similar T1 values)
can be determined rapidly by 13C NMR, without added para-
magnetic relaxation reagent nor NOE suppression [11]. We
have applied this method for the quantification of free and
esterified cholesterol in various mixtures, with known
amounts of cholesteryl bromide added as an internal con-
centration reference. Cholesteryl palmitate, a natural choles-
teryl ester present in human plasma, was chosen as a model
to represent esterified cholesterol. The method was then
applied to a mixture of free and esterified cholesterol
extracted from a human blood sample and shown to deter-
mine accurately their concentrations. 

Materials and methods

Materials 

Cholesterol (5-cholesten-3β-ol, purity > 99 %), cholesteryl
bromide (3β-bromo-5-cholestene, purity > 99 %) and cho-
lesteryl palmitate (5-cholestene-3-palmitate, purity > 91 %),
were purchased from Sigma Chemical Co. (St. Louis, USA)
and were used without further purification. Deuterated chlo-
roform (CDCl3; purity > 99.8 %), obtained from S.D.S.
(Peypin, France), was used as the solvent in all the samples.
Tetramethylsilane (TMS; purity 99.9 %), supplied by
Aldrich Chemie (Steinheim, Germany), was used as the
internal chemical shift reference. Cholesterol and its deriva-
tives were first studied separately. Ten mixtures of choles-
terol, cholesteryl bromide and cholesteryl palmitate of con-
centrations between 5 and 100 mM in CDCl3 were also
prepared, by successive dilutions.

A sample of human blood plasma was taken at the
Hospital Hôtel-Dieu, Nantes (France). Low density lipopro-
teins (LDL) were isolated by ultracentrifugation [12]. Lipids

were extracted by the Folch method [13]. One aliquot of the
extract was submitted to chromatography on silicic acid
using microcolumns Waters [1] to separate cholesterol and
cholesteryl esters. The samples were then assayed enzymat-
ically using the CHOD-PAD (Boehringer) kit [2]. A second
aliquot of the extract was used for NMR analysis after dis-
solution in 1 ml of CDCl3 and addition of 6.10 mg of cho-
lesteryl bromide. 

Methods 

All NMR spectra were recorded at 11.7 T and 301 K on a
Bruker Avance 500 DRX spectrometer operating at 13C fre-
quency of 125.76 MHz, using a 5 mm dual probe. In gen-
eral, free induction decays (FIDs) for 13C were accumulated
with 64 K time-domain data points, a spectral width of
25 kHz, an acquisition time of 1.30 s, 90 ° read pulses
(6.3 µs) and a repetition time of 4.3 sec with continuous,
power-gated 1H decoupling (WALTZ-16). The spectra of
cholesterol, its derivatives and the mixtures I-X were
acquired with 2 000 transients, while 32 000 transients were
used for the plasma extract (corresponding to an experiment
length of 11.5 h). Spin-lattice relaxation times (T1) of cho-
lesterol and its derivatives were measured using the inver-
sion-recovery method with power-gated 1H decoupling and
a repetition time of 11.3 s. Nuclear Overhauser enhancement
factors (η) for the different carbon sites were obtained by
comparison of the corresponding peak areas Isat and I0
obtained with continuous and inverse-gated 1H decoupling,
respectively [6], according the relationship 1 +η = Isat/I0.

For data processing, an exponential window function with
a line broadening of 2.0 Hz was applied to the FID prior to
Fourier transformation. The phase and baseline of the spec-
tra were corrected manually. Chemical shifts were refer-
enced to TMS. For solutions I-X, peak areas were measured
by manual integration. For plasma extracts, they were mea-
sured by Lorentzian deconvolution with the Bruker program
X-WinNMR 1.1.1. The concentrations of cholesterol and
esterified cholesterol were calculated from the area of a
given 13C resonance relative to the area of the correspond-
ing resonance for cholesteryl bromide, the reference mole-
cule. These results were then averaged over the different car-
bons studied.

Results and discussion

The chemical structure and numbering system for choles-
terol and its derivatives are shown in figure 1. As can be
seen from the 13C NMR spectra of individual samples of
free cholesterol, esterified cholesterol and cholesteryl bro-
mide (Fig. 2), cholesteryl bromide shows a similar spectrum
to the metabolites under study but with a small shift in a
number of resonances, due to the change in the C-3 sub-
stituent. Its similar structure to the molecules under study,
combined with its 13C spectrum, determined the choice of
cholesteryl bromide as the best reference compound from a
range of cholesterol derivatives studied. Peak assignments
were made according to the literature [11,14,15]. A detailed
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comparison of the spectra revealed that six 13C NMR sig-
nals (C-1 to C-6) may be used to quantify esterified cho-
lesterol (Fig. 2). Only five 13C signals can be used to deter-
mine the free cholesterol concentration since the resonances
for C-4 and C-13 overlap (Fig. 2a). Furthermore, the C-2
resonances in free and esterified cholesterol (at 31.7 and
27.8 ppm respectively) are close to several other signals,
which may lead to increased error limits for the analysis via
this particular carbon.

Figure 3 summarises the spin-lattice relaxation times T1
and NOE factorsη for all carbons of interest for cholesterol,
cholesteryl bromide, cholesteryl palmitate and an esterified
cholesterol fraction in CDCl3. The data for cholesteryl
palmitate and the esterified cholesterol fraction correlate rea-
sonably well, except for the T1 of C-6 and the NOEs for C-
1 and C-3. The chemical shifts of C-3, C-5 and C-6 in cho-
lesterol and esterified cholesterol are similar to those found
in intact lipoproteins [16]. Therefore, it can be conducted
that cholesteryl palmitate acts as an effective model for
esterified cholesterol extracted from plasma.

With these parameters, an estimate of the systematic
errors expected for concentration measurements can be
made, when a pulse sequence with a short repetition time
and 1H decoupling (NOE) are employed. Using a known
weight of cholesteryl bromide as internal reference, a cor-
rection factor, fcorr, for each carbon resonance, can be intro-
duced, by which the measured magnetisation should be mul-
tiplied, so as to obtain the expected concentration relative to
the reference. This parameter depends on the corresponding
NOE and T1 values:

(1)fcorr =
1 + ηref

1 + ηcomp

1 – exp – TR / T1, ref

1 – exp – TR / T1, comp
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Fig. 1. Structure and numbering system of cholesterol (R = OH),
cholesteryl bromide (R = Br) and cholesteryl palmitate/esterified
cholesterol (R = fatty acid).

Fig. 2. 1H decoupled 13C
NMR spectra of 150
mM cholesterol, 2000
transients (a), 15 mM
esterified cholesterol,
12000 transients (b) and
300 mM cholesteryl bro-
mide, 1000 transients (c)
in CDCl3. An exponen-
tial line broadening of 1
Hz was applied before
Fourier Transform. S is
the triplet from CDCl3.
The carbons C-1 to C-6
are numbered on the
spectra (refer to Fig. 1).



where ηref, ηcomp, T1,ref and T1,comp are the NOE and T1 val-
ues for the corresponding resonances of the reference com-
pound and the mixture component respectively, and TR is the
repetition time of the pulse sequence (4.3 sec in this case).
Calculated correction factors for the different cholesterol
derivatives are shown in figure 4, and have values between
0.9 and 1.1. Thus, the systematic error for any individual
13C signal used for quantification without using fcorr should
not be larger than 10 %. Furthermore, by using the statisti-
cal average over a number of 13C signals for each molecu-
lar species, a mean systematic error of less than 3 % is
obtained. This is illustrated in table I, where the NMR-
derived concentrations calculated without using fcorr for cho-
lesterol and cholesteryl palmitate in samples I to X, are

given. It can be seen that there is an excellent correlation
between the measured values and the expected concentra-
tions (R2 = 0.9998 for free cholesterol and to R2 = 0.9987
for esterified cholesterol). This correlation compares very
favourably with those usually obtained by 1H NMR for
global plasma analysis [3-5]. Thus, the cholesterol analyti-
cal method presented here enhances the precision available
for the direct NMR analysis on crude samples.

Theoretically, the concentration measurements presented
here should be improved by the multiplication of the mea-
sured concentration with the correction factors fcorr, for each
carbon. In practice, however, there was no significant
improvement as a result of such data treatment, presumably
as the correction factors are all close to 1.0 and may fluc-
tuate a little between the solutions in different concentra-
tions. This implies that the fluctuations of NOEs and T1 are
sufficiently small and hence that cholesteryl bromide is a
good reference.

The 13C NMR spectrum of free and esterified cholesterol
in a crude extract of lipids from blood plasma is shown in
figure 5 and the derived concentrations are given in table II.
The values obtained of 0.33 mg of free cholesterol and
1.29 mg of esterified cholesterol are in good agreement with
the results obtained by enzymatic assay after chromatogra-
phy, 0.34 and 1.30 mg, respectively, indicating that the direct
determination by NMR provides a valid measurement.

In contrast, measurements made on whole blood plasma
samples indicated that at the same temperature, a substantial
proportion (about 70 %) of the esterified cholesterol was
“invisible” by NMR (data not shown). A similar, but lower,
invisibility was previously noted in 1H NMR measurements
[5,17]. While this difference indicates that much of the ester-
ified cholesterol is in a slow motion state, further work is
required before a firm conclusion can be drawn.
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Fig. 3. Nuclear Overhauser enhancement factors η (a) and spin-lat-
tice relaxation times T1 (b) of C-1 to C-6 of cholesterol (■■), cho-
lesteryl bromide (●), cholesteryl palmitate (▼▼) and esterified cho-
lesterol (▲). C-4 of cholesterol is not represented, as it overlaps
with C-13.

Fig. 4. Correction factors for carbons C-1 to C-6 of cholesterol (■■),
cholesteryl palmitate (▼▼) and esterified cholesterol (▲) to the
internal reference cholesteryl bromide.



880

Original articles

Fig. 5. 1H decoupled 13C NMR spec-
trum of a crude lipid extract from
blood plasma containing cholesterol
and esterified cholesterol with added
cholesterol bromide (19.3 mM) in
CDCl3. S is the triplet from CDCl3.
The carbons C-1 to C-6 are numbered
on the spectra. The letters a, b, and c
correspond to cholesterol, esterified
cholesterol and cholesteryl bromide,
respectively. The insert shows an
expansion of the spectrum for the
range 26-42 ppm. 

Table I. NMR-derived concentrations of cholesterol and cholesteryl palmitate in standard mixtures I-X.

Sample Cholesteryl Measured concentration of Cholesterol (mM) Concentration of Cholesteryl palmitate (mM)
Bromide
concent. C-5 C-6 C-3 C-1 Mean ± SD Expected Diff C-5 C-6 C-3 C-4 C-1 Mean ± SD Expected Diff.

(mM) value value

I 97.0 96.7 105.0 103.0 97.2 100.0 ± 4.1 97.2 2.8 45.7 40.6 36.4 39.5 40.9 40.6 ± 3.4 42.2 –1.6
II 97.0 96.7 101.0 102.3 97.6 99.5 ± 2.8 97.2 2.3 45.8 43.4 38.2 41.0 41.6 42.0 ± 2.8 42.2 –0.2
III 72.7 74.0 74.9 78.5 71.4 74.7 ± 2.9 72.9 1.8 34.6 33.8 27.1 31.1 30.7 31.5 ± 2.9 31.6 –0.1
IV 48.5 51.6 50.1 52.2 47.9 50.4 ± 1.9 48.6 1.8 21.4 20.8 19.8 20.1 20.1 20.4 ± 0.6 21.2 –0.8
V 38.8 41.8 42.8 41.7 38.9 41.3 ± 1.7 38.9 2.4 19.6 17.1 16.6 16.3 17.0 17.3 ± 1.3 16.9 0.4
VI 29.1 32.1 29.9 29.7 30.4 30.5 ± 1.1 29.2 0.1 16.4 11.9 13.2 10.9 12.8 13.0 ± 2.1 12.7 0.3
VII 24.2 28.4 25.6 26.3 25.5 26.4 ± 1.4 24.3 2.1 11.0 9.02 9.79 9.57 11.8 10.2 ± 1.1 10.6 –0.4
VIII 19.4 19.1 20.1 22.3 21.7 20.8 ± 1.5 19.4 1.4 9.44 7.39 7.92 8.48 8.79 8.41 ± 0.8 8.44 –0.03
IX 14.5 13.4 15.7 18.0 14.6 15.8 ± 1.9 14.6 1.2 6.11 7.42 7.62 6.26 6.66 6.81 ± 0.7 6.33 0.48
X 12.1 9.81 14.0 14.7 12.1 12.7 ± 2.2 12.2 0.5 7.63 4.84 6.64 3.06 4.81 5.40 ± 1.8 5.27 0.13

Samples I to X are mixtures of cholesteryl bromide, cholesteryl palmitate and cholesterol in known concentrations, in CDCl3. Concentrations of choles-
terol and cholesteryl palmitate were calculated from the signal integrals of four or five carbon atoms relative to those of cholesteryl bromide as internal
reference.

Table II. NMR determination of the concentrations of free and esterified cholesterol extracted from human blood.

Peak Areas Concentration (mM)

Free cholesterol Esterified Cholesteryl Free Esterified
cholesterol cholesterol bromide cholesterol cholesterol

C-5 1.62 3.98 21.6 1.45 3.56
C-6 3.55 9.36 51.5 1.33 3.51
C-3 3.43 7.39 51.5 1.29 2.77
C-4 8.91 55.8 3.08
C-1 4.09 8.84 56.2 1.40 3.03
C-2 4.18 61.2 1.32
Mean ± SD 1.36 ± 0.07 3.20 ± 0.30

The concentration of cholesteryl bromide was 19.3 mM. The mean concentrations of free and esterified cholesterol correspond to initial weights of 0.33
± 0.02 and 1.29 ± 0.12 mg respectively, which is in good agreement with the results obtained by another method (0.34 ± 0.01  and 1.30 ± 0.03 mg respec-
tively).
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In summary, a direct and accurate method to quantify free
and esterified cholesterol in a mixture by 13C NMR has been
described, with the nuclear Overhauser enhancement and the
use of a short recycle time. This is achieved by the use of
an adequate internal reference and allows precise results in
diluted samples to be obtained during a reasonable experi-
ment length. While unlikely to replace “routine” biochemi-
cal screening methods, this approach could be useful when
a precise measurement of cholesterol and cholesteryl ester
concentrations is needed or if the validity of enzymatic mea-
surements requires checking. It necessitates less manipula-
tions than measurements requiring chromatography separa-
tion. A unique advantage of this method is that it could also
be used for the simultaneous measurement of the 13C enrich-
ments of cholesterol and cholesteryl ester in isotopic tracer
studies, if this enrichment is sufficiently different from 13C
natural abundance. Thus, for example, the turnover of cho-
lesterol and cholesteryl esters could be determined directly
on human subjects, as could the measurement of the relative
contributions to the plasma pools of dietary cholesterol and
cholesterol synthesized de novo.
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