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13C NMR (nuclear magnetic resonance) spectroscopy, in conjunction with multivariate analysis of
commercial fish oil-related health food products, have been used to provide discrimination concerning
the nature, composition, refinement, and/or adulteration or authentication of the products. Supervised
(probabilistic neural networks, PNN) and unsupervised (principal component analysis, PCA; Kohonen
neural networks; generative topographic mapping, GTM) pattern recognition techniques were used
to visualize and classify samples. Simple PCA score plots demonstrated excellent, but not totally
unambiguous, class distinctions, whereas Kohonen and GTM visualization provided better results.
Quantitative class predictions with accuracies >95% were achieved with PNN analysis. Trout, salmon,
and cod oils were completely and correctly classified. Samples reported to be salmon oils and cod
liver oils did not cluster with true salmon and cod liver oil samples, indicating mislabeling or adulteration.
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INTRODUCTION

In recent years, fish and fish oil have received growing
interest due to their nutritional benefits. This interest has been
focused on fish and fish oils’ high levels of the long-chainn-3
fatty acidscis-5,8,11,14,17-eicosapentaenoic (20:5n-3) andcis-
4,7,10,13,16,19-docosahexaenoic (22:6n-3), which are believed
to play a preventive role in cardiovascular disease and in the
alleviation of other health problems (1). Dietetic research has
shown that most people do not have enoughn-3 fatty acids in
their diet (2). The health properties of the products are expected
to be dependent on the molecular nature of the agents (e.g., as
ethyl esters or triacylglycerols and their positional distribution
in the triacylglycerol molecule) and the relative concentration
of the n-3 fatty acids.

New fish oil products based on natural fish oil or their
derivatives are constantly being introduced on the international
market as health foods (capsules) or medicines. Microencap-
sulated fish oil has been introduced for enrichment of foodstuff
including bread, infant formulas, baby food, soups, and prepared
food, such as pizza. The constituents of these “fish oil products”
can either be natural fish oil, in which the initial glycerol
structure is intact;n-3 acid triacylglycerols, obtained by trans-
esterification of concentrated or purifiedn-3 acids with glycerol;
and methyl or ethyl esters and/or mono- and diacylglycerols.

Most of the fish oil capsules on the market today are blends of
natural fish oil and their derivatives. During the past few years,
marine oil capsules have been introduced, specified as tuna oil,
salmon oil, etc.

The quality of the fish oil products may vary significantly
according to the quality of the raw material and how they have
been produced or manufactured. Demand for product specifica-
tion and label requirements varies significantly, depending upon
whether the product is a health food, a food ingredient, a remedy,
or an ingredient in a remedy. In general, precise directives for
fish oil products on the health food market are lacking with
respect to both national and international regulations. There are
European monographs for salmon oil (3), cod liver oil, and fish
oil rich in n-3 acids, n-3 acid ethyl esters, andn-3 acid
triacylglycerols (4). However, the need for quality assessment
and authentication work on fish oil products will intensify as
more products with detailed descriptions related to species, etc.,
are introduced to the market. National and international (EU)
regulations existing today include, to a large extent, methods
meant to be used for product identification, which are valuable
only for general quality control. Authorities have expressed an
immediate need for standard methods to determine composition,
quality, and authenticity of a wide variety of marine lipids. A
broad range of methods used in basic lipid research is available
for authentication purposes. For fish oil products, “fingerprint”
methods [nuclear magnetic resonance (NMR), gas chromato-
graphy (GC), and gas chromatography isotope ratio mass
spectrometry (GC-IRMS)], which make it possible to minimize
the manipulation of the product before examination, will be
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valuable tools with respect to authentication of fish oil capsules,
foods containing microencapsulated fish oil, and other related
products.

The1H and13C NMR spectra of the most important saturated
and mono- and polyunsaturated fatty acids found in fish lipids
have been interpreted (5-7) and the2H spectra of pure fatty
acids, including 20:5n-3 and 22:6n-3, have been published (8).
2H SNIF (site-specific natural isotope fractionation) NMR in
combination with data from GC and IRMS have been used to
study commercial fish oil and lipid extracted from muscle of
wild and farmed salmon from Norway and Scotland. It was
possible to differentiate between wild and farmed salmon and
between farmed salmon from Norway and Scotland (9, 10).
Multicomponent analysis of encapsulated cod liver oil by1H
and13C NMR has been carried out by Siddiqui et al. (11).

The positional distribution of mono-, di-, and polyunsaturated
fatty acids in the triacylglycerol molecule seems to be unique
for each fish species, and13C NMR spectra give us information
about such distribution (7).

Pattern recognition techniques have been frequently and
successfully applied to a variety of applications related to food
composition and authentication (12), and species differentiation
has been reported by multivariate analysis of phospholipids from
canned Atlantic tuna (13).

The aim of this study was to test the possibility of using13C
NMR in quality assessment of fish oil (commercial fish oil and
capsules) with emphasis on authentication. We demonstrate that
the use of13C NMR high-resolution solution spectra of fish oils
allows one to develop classification and quantification schemes
and also that, due to the highly diagnostic properties of these
complex spectra, a wide variety of classification methodologies
can be successfully applied.

MATERIALS AND METHODS

Fish Oil Products. Commercial fish oil capsule products were
bought at different supermarket, retail pharmacy, and health food stores.
Fish oil samples were prepared either by extraction of liver (farmed
cod from Norway and wild cod from Iceland and Barents Sea) or muscle
lipids (farmed trout and salmon from Norway) (14,15) or delivered
by commercial producers of fish oil (fish oil products from different
manufacturing steps). Sample numbers and comments are given in
Table 1.

NMR Parameters. Fish oil (0.1 mL) in CDCl3 (0.6 mL, 99.8%
purity) (Isotec Inc., Matheson) was placed in 5-mm NMR tubes, and
proton-decoupled13C spectra were recorded on a Bruker Avance
instrument at 125.77 MHz. A semiquantitative approach was chosen,
due to the fact that quantitative measurements require considerably
longer experimental time. The following experimental conditions were
applied: spectral width 25252.5 Hz, pulse angle 30°, relaxation delay
1.0 s, dwell time 19.80µs, acquisition time 1.298 s, and 32 768 data
points. Number of scans (NS) was set to 10 240 for the spectra used in
the multivariate data analysis. Prior to Fourier transformation, a line-
broadening factor of 0.5 Hz was applied to minimize noise, but not at
the expense of resolution among significant closely spaced resonances.
Chemical shifts were referenced to the CDCl3 peak at 77.08 ppm.

Multivariate Data Analysis. For the multivariate data analysis, in
each spectrum the peak positions and corresponding intensities were
obtained for all resonances with relative intensities greater than 1.5%
of the maximum peak intensity (excluding any solvent resonances).
Spectra were normalized, with the maximum peak in each spectrum
scaled to a value of 100.

Principal component analysis (PCA) (16), Kohonen neural network
analysis (17), and generative topographic mapping (GTM) (18) were
applied as unsupervised multivariate analyses, whereas probabilistic
neural networks (PNN) (19) provided quantitative, supervised clas-
sification. General regression neural networks (GRNN) (20) were

applied to the calculation of the components of blends containing
systematically varying proportions of salmon oil and adulterant.

RESULTS AND DISCUSSION

Classification of the Fish Oil Product: (A) Principal
Component Analysis.The results of the PCA analysis for all
112 samples (Table 1) are shown inFigure 1. The first two
principal components account for about 37% of the variance.
Sample groups were defined as follows: samples 1-5 (fish oil
capsules); samples 6-25 (cod liver oils, known origin); samples
26 and 27 (commercial trout oil, known origin); samples 28-
31 (commercial salmon oils, known origin); samples 32-54
(miscellaneous capsules); samples 55-63 (wild cod, Iceland,
extracts); samples 64-66 (farmed cod, Norway, extracts);
samples 67-76 (wild cod, Barents Sea, extracts); samples 77-

Table 1. Fish Oil Products, Lipid Extracts,a Fish Oil Products from
Different Manufacturing Steps, and Commercial Fish Oil Capsules

number comments or reported compositionb

1, 2 fish oil capsule product
3 fish oil capsule product, salmon oil
4 fish oil capsule product rich in omega-3
5 fish oil, reported as salmon oil
6, 7 cod liver oil before processing
8, 9 cod liver oil first processing step
10, 11 cod liver oil second processing step
12, 13 cod liver oil third processing step
14, 15 cod liver oil fourth processing step
16, 17 cod liver oil end product
18, 19 cod liver oil, Hustøy, Norway
20, 21 cod liver oil, Andenes, Norway
22, 23 cod liver oil, Iceland
24, 25 cod liver oil, Varøy, Norway
26, 27 fish oil product, trout oil from farmed fish, Norway
28−31 fish oil product, salmon oil from farmed fish, Norway
32, 33 health food/fish oil (supposedly salmon)snot
34, 35 standard commercial fish oil, South America
36 capsule, natural fish oil
37 capsule, free fatty acids
38, 39 capsule, mono-, di-, and triacylglycerols
40 capsule, ethyl esters
41 65% omega-3, capsule, mono-, di-, and triacylglycerols
42 plant oils mixed with fish oils
43 cod liver oil, natural triacylglycerols
44 cis-5,8,11,14,17-eicosapentaenoic, GLA, capsule,

plant/fish oils
45 capsule, mono-, di- and triacylglycerols
46 capsule, natural fish oils
47 fluid, natural fish oils
48 capsule, ethyl esters
49 capsules, natural fish oils
50 capsules, mono-, di-, and triacylglycerols
51 capsules, cod liver oil (natural triacylglycerols)
52 capsules, mono-, di-, and triacylglycerols
53 natural cod liver oil
54 shark liver oil (special oil containing squalene/sterols,

etc.)
55−63 wild cod, Iceland, extract
64−66 farmed cod, Norway, extract
67−76 wild cod, Barents Sea, extract
77 commercial fish oil, salmon oil
78−89 capsule, labeled as salmon oil
90−92 blend 0% South American oil−100% salmon oil
93−95 blend 100% South American oil−0% salmon oil
96−98 blend 5%
99−101 blend 10%
102−104 blend 20%
105−107 blend 40%
108−112 commercial cod liver oil

a Farmed salmon and trout and cod liver from farmed and wild cod. b For
commercial products, the product declaration is reported.
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89 (various capsules, described as natural salmon oil); samples
90-107 (blends, commercial salmon oil with South American
oil (5-40%)); and samples 108-112 (described as commercial
cod liver oil). Unambiguous discrimination among all classes
is not possible for this data set, although substantial separation
of most classes is achieved. The method discriminated between
lipids from farmed and wild cod and between wild fish from
Icelandic and Barents seas (data not shown). The samples
described as natural salmon oil (32, 33, and 78-89) are clustered
together with the commercial South American fish oils and
encapsulated fish oil products. The samples described as
commercial cod liver oil are also clustered in the same region
of the PCA plot, indicating mislabeling and/or adulteration.

(B) Kohonen Neural Network Analysis. Results for a
20 × 20 2D Kohonen map are given inFigure 2A. Classifica-
tion was based on the same categories defined previously for
the PCA analyses. There are no assumptions regarding class
membership. Samples are grouped together on the basis of their
similarity. The method is primarily used for the examination
of data sets for which no, or little, a priori knowledge concerning
the internal relationships is available. Once the network has been
trained, each unit in the Kohonen map might be associated with
an object class and then the map may be used for visualization
and classification purposes. Samples belonging to apparently
related clusters are outlined. As long as interclass variations in
chemical shift intensities are greater than experimental (and
intraclass) variability, then this approach is quite effective.

Compared to the PCA analysis, there was better differentiation
of the defined classes when the Kohonen network analysis was
applied. We were able to discriminate between cod liver oil
from wild and farmed cod in addition to geographical origin
(Icelandic Sea and Barents Sea). Crude and processed cod liver
oil of known origin were clustered together. However, the
samples described as commercial cod liver oil (108-112) were
not clustered together with either the crude oil or the processed
cod liver oil samples with known origin. This indicates that the
samples could be mixtures of different fish oil or oil from other
species than cod. In this data treatment, the commercial salmon
oils (two different batches produced from byproducts from the
salmon processing industry) are clustered together. Several of
the capsules and health foods described as natural salmon oil
(32, 33, and 79-89) were not clustered together with the

commercial salmon oil of known origin. In the PCA plot (Figure
1) these samples are close to the capsules and the commercial
South American fish oil. The basis for many of the fish oil
capsules on the market is 18/12 oil from South America (the
designation 18/12 means that the oil contains 18% 20:5n-3 and
12% 22:6n-3, where anchovy or sardines are the raw material
for the production). Shark liver oil was not clustered with any
of the other fish oil groups; this marine oil has a unique
composition containing high amounts of squalene that gives rise
to unique signals in the13C NMR spectrum.

(C) Generative Topographic Mapping. The GTM map
provides a useful complementary method for visualization of
class relationships (18), obviates some of the possible deficien-
cies associated with the Kohonen algorithm, and also gives an
opportunity to easily compare spectra from various classes in a
systematic way (Figure 2B). The definition of a class is largely
a functional assignment based on the available empirical
evidence. Thus, while trout and salmon and cod may be clearly
identified as separate groups, it is also clear that relevant
subgroups may be of considerable importance for classification
purposes. As an example we note that the cod class in our
present data set can actually comprise several significant subsets
based on the geographical origin of the samples in question (i.e.,
Iceland vs Barents Sea). In addition, the wild versus farmed
distinction can also be identified from these approaches.
Similarly, cod samples obtained at different stages within the
processing of the samples can be viewed as a significant cluster
when viewed as a group, but may also be further subdivided
within the cluster based on the exact stage of processing.

Clusters identified as capsules 1, 2, and 3 have been identified
as single groupings (denoted C, H, and J, respectively) inFigure
2B, but in reality, these samples are associated with a distribution
of chemical shift patterns. Thus, while they have many features
in common (hence the clustering tendencies), close inspection
of the data and of the origins of these samples indicate
subclassifications that appear consistent among certain samples.
For instance, in the capsules 2 cluster (denoted as H) we have
identified three subgroups (designated I, II, and III). Group I
samples were obtained from a South American source, and
despite the varied claimed compositions of the samples, they
form a relatively tight grouping indicative of their close
similarity in composition. Group II appears similar and is

Figure 1. PCA plot of the 112 fish oil samples.
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characterized by sample descriptions that are also similar (natural
fish oils and triacylglycerols). Conversely, Group III samples
are described as mixtures of mono, di-, and triacylglycerols,
consistent with their clustering tendencies in these plots. Samples
from a given vendor may form a single cluster while specific
products within the vendor’s product line may form significant
subgroups. Unsupervised classification indicates significant and
consistent groupings of samples of apparently similar origins.

The PCA score plots and Kohonen and GTM maps provide
clear opportunities for visualization of clusters within a complex
array of sample compositions. While they can be applied as

unsupervised multivariate analyses, they can also be used in a
supervised manner to make predictions for unknown samples
acquired.

(D) Probabilistic Neural Networks. The principles discussed
above apply equally to the use of probabilistic neural network
analyses. To be consistent, we performed calculations using the
same group definitions as for the PCA and Kohonen analyses.

Probabilistic neural network predictions were made for 86
samples that were randomly selected for the training set, while
26 were held back for the validation calculations. Training
results (leave-one-out cross-validation results) showed 98.8%

Figure 2. (A) 20 × 20 2D Kohonen map: A, farmed cod, Norway; B, wild cod, Iceland; C, capsules 1; D, wild cod, Barent’s Sea; E, salmon; F, trout;
G, cod liver oils, different processing stages; H, capsules; I, salmon oil blends; J, commercial cod liver oil. (B) GTM data analysis. Boundaries drawn
are not meant to be quantitative but rather to draw attention to the nature and extent of the clustering. A, farmed cod, Norway; B, wild cod, Iceland; C,
capsules 1; D, wild cod, Barent’s Sea; E, salmon; F, trout; G, cod liver oils, different processing stages; H, capsules 2, with subsets I, II, and III; J,
capsules 3.
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(n ) 85) classified correctly and 1.2% (n) 1) classified
incorrectly. Validation results were also excellent [96.2% (n )
25) classified correctly; 3.8% (n) 1) classified incorrectly].
Furthermore, samples for each group (training, test, and valida-
tion) were randomly selected several times and calculations were
made with systematic variations in the number of validation
samples. Typically about>96% of the predictions were correct,
the majority of errors being associated with the clearly unique
samples (e.g., shark oil) that belong in their own distinct
classifications. In the full leave-one-out cross-validation calcula-
tion using all samples, 111 of 112 samples were correctly
classified; sample 54 (shark oil) was not classified, as opposed
to being misclassified, by the PNN, as its characteristic spectrum
was considered too different from any other defined class to be
assigned. This points out the need for optimizing neural
networks in such a way as to set an acceptable threshold for a
prediction to be made to minimize errors. More robust training
sets may also be designed by taking original data sets and
systematically varying parameters known to vary in routine data
acquisitions (including peak heights and peak positions) to create
new training samples.

Both chemical shift intensity data and scores from PCA were
used as input for the PNN analyses with approximately equal
success. Less than 10 scores, chosen from calculations of
variable relevance during the PNN calculations, were adequate
to achieve>96% prediction accuracy. Similarly good predic-
tions were achieved through the use of as few as 13 chemical
shifts as input, these shifts also being selected from inspection
of measures of variable relevance made during the neural
network modeling process.

Blend Analysis.We have already demonstrated that the blend
samples occupy a distinct group in the unsupervised analyses.
In order to determine whether neural networks could be used
to quantify the relative amount of a material used to adulterate
true salmon oil, we prepared a series of samples with systemati-
cally varying proportions of real salmon oil and diluent oil
(commercial South American fish oil). Three sets of samples
were prepared at four different concentrations of diluent: 5%,
10%, 20%, and 40%. Multiple samples at the same concentration
were prepared as a way of assessing the sensitivity of the
calculations to preparation procedures and unavoidable varia-
tions in acquisition conditions. It would appear that there are,
for instance, minor variations in relative signal intensities for
some resonances as a consequence of differential signal overlap,
minor solvent effects, and the inherently high resolution of the
spectra. Generalized regression neural networks (GRNN) work
in a similar fashion to PNNs but perform regression (20) rather
than classification tasks. The results indicate that the degree of
adulteration in a mixture can be quantified to within about(1%
(absolute); the limits to which this can be taken will ultimately
depend on the number of samples used in the training set and
the signal-to-noise ratios readily attainable (21, 22). Principal
components regression (PCR) was also applied, yielding a root-
mean-square error of about 1.8%.

While unsupervised visualization, limited by being 2D
representations of multidimensional data, may indicate that
samples of one class may be somewhat confused with samples
of another class, the actual differences may be more clearly
delineated by PNN analyses. For instance, if one deliberately
mislabels any of the blend samples and then repeats the PNN
analysis, the sample that was given the inaccurate target class
assignment was always predicted to belong to the blend class.
The inherent characteristics of the shift intensities associated

with the mixtures are in no way confused with the assignment
of those samples that are known to be of true salmon oil origin.

Interpretation of 13C NMR Spectra. 13C NMR spectroscopy
provides a fingerprint of the specific lipids and oils analyzed.
This process resulted in an initial data matrix, that is, unique
chemical shifts, of approximately 282 points for the 112 samples
investigated. Detailed examination of the original data revealed
small variations in resonance positions of comparable lines in
different samples. Variations in the positions may arise from
differences in relative concentrations, temperature effects, pH,
magnetic field homogeneity variations, and shimming effects.
Corrections were made, as required, in all samples to optimize
consistency among the peak positions. In the present case each
spectrum was inspected visually and resonances were assigned
and modified by hand, although recent advances in automated
peak alignment algorithms reduce the necessity for our proce-
dure for future work (23). The composition and quality of the
fish oil studied varied significantly according to the raw material
and how it was produced or manufactured. Many of the samples
in this study are clearly composed of a few clearly identifiable
components (e.g., pure triacylglycerols), whereas others are
mixtures of mono-, di-, and triacylglycerols (commercial health
food products with high concentration of 20:5n-3 and 22:6n-
3), all of which exhibit characteristic peaks in the NMR spectra.
Similarly, many samples contain ethyl esters and related
functional groups that, although diagnostic, may also overlap
and even obscure other components. While characteristic
resonances may be observed for various classes or groupings
of samples, such visual inspection is generally insufficient to
unambiguously identify any given class. Complex, nonlinear
relationships among metabolite concentrations are inherently
present in biological systems and necessitate the use of methods
such as those used in this study. In order to address the question
of the possible existence of specific markers associated with
any defined class, we inspected loading plots from PCA and
variable relevance plots from the PNN analyses.

Figure 3 shows the PCA loading plot for the first principal
component. Although the aliphatic carbons exhibit relatively
higher loadings than the aromatic carbons, the majority of the
resonances could be considered as significant. Although the
score plot exhibits reasonable differentiation of various classes,
the origins of the positions in the score plot are complex; it
appears that the positions of the samples in this plot depend on
a large number of shifts with similar loadings. The potential
importance of applying more sophisticated approaches for
biomarker identification is provided by inspection of the most
significant variables arising from the PNN analysis (which, by

Figure 3. Principal component analysis loadings for all chemical shifts
for first principal component, PC1.
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use of the genetic analysis algorithm, explicitly takes into
account nonlinear relationships among variable contributions);
as few as 13 chemical shifts (172.54, 172.50, 172.46, 129.66,
128.06, 127.93, 129.72, 68.85, 34.13, 33.80, 31.87, 29.71, and
29.64 ppm) account for all of the defined classifications.
However, the nature of the genetic analysis requires that multiple
runs be made, from which the most frequently occurring
variables (chemical shifts) yielding the best predictions/models
be identified. Many different nonlinear combinations of reso-
nance intensities may yield accurate predictions. While suc-
cessful classification models employing neural network methods
do not require that known assignments be made, we provide an
overview of several systematic chemical shift variations that
can be identified within several regions of interest.

The interpretation of the13C spectra of some of the products
examined is given inFigures 4-6and is based on published
data (5, 7, 11, 24-26). A 13C spectrum of fish oil gives

multicomponent information about the fatty acid profile (27),
content of polar lipids (28), lipid class composition (24), and
positional distribution of fatty acids in the triacylglycerols/
phospholipids (7, 28). The various regions of the spectra contain
different information regarding the lipid composition.

Carbonyl Region. In this region (174.0-172.0 ppm), signals
correspond to different carbonyl carbons from fatty acids present
in the sample (Figure 4). In general, the chemical shift in this
region depends on the type of glycerol ester (i.e., triacylglyc-
erols, diacylglycerols, or monoacylglycerols), the stereospecific
conformation [fatty acids inR (sn-1,3) orâ (sn-2) position in
acylglycerols), and the distance (4) of the nearest double bond
to the carbonyl carbon. Since the positional distribution of fatty
acids in triacylglycerols seems to be unique for each species
(7), the carbonyl region can be of value for fish species
identification. Additionally, it may be possible to discover if

Figure 4. Carbonyl region of 13C NMR spectra of extracted salmon lipids (A) and three commercial fish oil products labeled as follows: concentrated
fish oil (B), fish oil from deep-water fish (C), and 20:5n-3-rich fish oil with evening primrose oil (D). Unique signals from fatty acids in triacylglycerols
(TAG) and diacylglycerols (DAG) are assigned. The position of the fatty acids (R) in acylglycerols is designated sn-1, sn-2, or sn-3. Asterisks indicate
tentative assignment of the individual fatty acids in diacylglycerols.
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natural oil has been chemically modified or oil added from
another species from this region of the spectra.

Figure 4 shows an expansion of the carbonyl region of the
13C spectrum of salmon oil (A) and three commercial fish oil
products labeled as concentrated fish oil (B), fish oil from deep-
water fish (C), and 20:5n-3-rich fish oil with evening primrose

oil added (D). Characteristic peaks from the mainn-3 fatty acids
in sn-1,3 andsn-2 positions of the triacylglycerols are identified
in the carbonyl region for all samples. The13C spectrum of oil
extracted from farmed salmon gives a signal profile (Figure
4A) that is in accordance with the13C NMR profile given in
European Pharmacopoeia 2005 (3). The commercial concen-

Figure 5. Olefinic region of the 13C NMR spectra of extracted salmon lipids (A) and three health oil products labeled as follows: concentrated fish oil
(B), fish oil from deep-water fish (C), and 20:5n-3-rich fish oil with evening primrose oil (D). ω; carbon number from the acyl chain.
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trated fish oil product (Figure 4B) displays a number of peaks
(173.1 and several peaks in the region 173.4-174.0 ppm)
assigned to monoacylglycerols and diacylglycerols (25, 26).
These findings confirm that this oil has gone through chemical
modifications to reach high concentration ofn-3 fatty acids.
Concentrated fish oil products are usually prepared by esteri-
fication (29) or transesterification (30) with subsequent phys-
icochemical purification processes. In addition, ethyl esters can
be formed during concentration of fish oil, and from previous
13C NMR studies the ethyl esters of 20:5n-3 and 22:6n-3 have
been identified at 60.06 and 60.25 ppm (assigned to CH3CH2-
atoms) (11). However, in this study the absence of these signals

in the concentrated productB excludes the presence of 20:5n-3
and 22:6n-3 ethyl esters in this oil. Furthermore, free fatty acids,
which display signals in the region 181-176 ppm (5), were
not detected in the spectra obtained.

By comparison of the carbonyl profiles given inFigure 4,
productB has gone through chemical treatments and product
D is a mixture of oils (contains evening primrose oil), while
both productsA andC are based on natural fish oil with the
species-authentic positional distribution of fatty acids (3, 4, 7).
However, the carbonyl profile of the salmon oil differs from
the profile of the fish oil productsC andD, especially for the
positional distribution of 20:5n-3 and 22:6n-3, where 20:5n-3

Figure 6. Glycerol region of the 13C NMR spectra of extracted salmon lipids (A) and three commercial fish oil products labeled as follows: concentrated
fish oil (B), fish oil from deep-water fish (C), and 20:5n-3-rich fish oil with evening primrose oil (D).
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is preferentially esterified in thesn-1,3 position in samplesC
andD [also verified by information obtained from theC2 carbon
region of 20:5n-3 (33.4-33.7 ppm; data not shown)]. In general,
stereospecific analysis of triacylglycerols has shown that the
positional distribution of fatty acids varies among plant and
animal fat (31,32). In vegetable oils, linoleic acid is mainly
present in thesn-2 position, while saturated fatty acids are
concentrated in thesn-1 andsn-3 positions (33). In animals (and
fish), the stereospecificity varies among species (7, 31) and
among parts of the same animal. Studies of fish has shown that
22:6n-3 are preferentially esterified at thesn-2 position, while
saturated and monounsaturated fatty acids are preferably es-
terified at thesn-1,3 positions (31,34).

Olefinic Region.From the olefinic region (132.5-126.5 ppm)
of the 13C NMR spectrum (Figure 5), information about
unsaturated fatty acid can be obtained (5). Since fatty acid
composition varies among species and geographical origin,
addition of different types of oil can be seen in this region.
Olefinic carbon atoms inn-3 fatty acids display characteristic
peaks because of the influence on the chemical shift from any
methyl end group in the vicinity. The two resonances at 132.0
(ω3 carbon) and 127.0 ppm (ω4 carbon), respectively, are
unique for fatty acids with a double bond atn-3 (ω3) position,
and these peaks allow quantification of the relative concentration
of n-3 fatty acids in lipid mixtures (5). Signals fromω3 and
ω4 carbons in 18:3n-3 are separated from the rest and display
peaks at 131.9 and 127.1 ppm. The salmon oil (Figure 5A)
has higher concentrations of long-chain monounsaturated fatty
acids (20:1, 22:1) than the commercial fish oil products (Figure
5B-D). The commercial products, on the other hand, are richer
in polyunsaturated fatty acids. This can be seen by comparing
the relative intensity of peaks arising mainly from polyunsatu-
rated fatty acids (128.6-127.8 ppm) to the intensity of the peaks
in the region of monounsaturated fatty acids (130.1-129.8 ppm)
(5, 11). Commercial South American fish oil (mainly sardine/
anchovy oil) has low levels of monounsaturated fatty acids (35).
In general, the fatty acid composition of fish (as liver or muscle)
reflects the lipid supplied in the diet (36-38). The enrichment
of evening primrose oil in health oilD can be verified by the
higher level of 18n-6 fatty acid (130.2 ppm); evening primrose
oil is rich in this fatty acid (39).

Glycerol Carbon Region. Figure 6shows an expansion of
the region between 61 and 72 ppm where resonances from
glycerol carbons (in mono-, di-, and triacylglycerols) appear.
As for the carbonyl region, the glycerol region gives valuable
information about chemical modifications a natural crude oil
sample might have gone through. The glycerol carbon reso-
nances are influenced by the stereospecific conformation and
the nature of the esterified fatty acid, namely, the distance to
the nearest double bond. For triacylglycerols, the resonances
from glycerol carbons esterified atsn-1,3 andsn-2 positions
are separated by approximately 7 ppm. Peaks fromn-3 fatty
acids are separated from the other fatty acids to a certain degree;
however, only signals from 22:6n-3 are fully resolved to allow
quantification of thesn-1,3 andsn-2 positions (5). Consistent
with the findings from the carbonyl regions, observations in
this region confirm that several glycerol ester species in addition
to triacylglycerols are present in the concentrated product (B);
specifically 1-monoacylglycerols (63.3, 65.3, and 70.3 ppm),
sn-1,2-diacylglycerols (61.4, 62.2, and 72.2 ppm), and 1,3-
diacylglycerols (65.1 and 68.3 ppm) (24). This spectrum is more
complex than for pure triacylglycerols, as chains insn-1 and
sn-3 positions can be distinguished (i.e., in 1,2- diacylglycerols).
In “symmetrical” molecules (2-monoacylglycerols, 1,3- di-

acylglycerols, and triacylglycerols),13C NMR cannot distinguish
between fatty acids insn-1 andsn-3 positions (31).

In conclusion, unsupervised multivariate analyses, Kohonen
neural networks, and generative topographic mapping provide
excellent visual discrimination among fish oil classes and would
also be suitable for supervised classification. Trout, salmon, and
cod oils can be completely and correctly classified. In addition,
different cod liver oil samples and the corresponding composi-
tions observed as a function of processing conditions are readily
differentiated from other oils studied to date. Samples reported
to be salmon oils, but which are not, are clearly represented as
being different from true salmon oils. Products from selected
vendors may be consistently identified through the use of these
methodologies, and products that have been inappropriately
labeled can be readily identified. Neural network models can
be designed (1) from whole spectra, (2) from selected spectral
regions, (3) from selected chemical shifts chosen by genetic
algorithms, or (4) from PCA scores derived from the original
variables. Several diverse classification approaches work well
for these data, which also suggests that employing a combination
of predictive methods (consensus analysis) might provide a
robust approach for practical implementation of these methods.
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