
ABSTRACT: Raman spectroscopy has been used for the first
time to predict the FA composition of unextracted adipose tissue
of pork, beef, lamb, and chicken. It was found that the bulk un-
saturation parameters could be predicted successfully [R2 = 0.97,
root mean square error of prediction (RMSEP) = 4.6% of 4 σ],
with cis unsaturation, which accounted for the majority of the un-
saturation, giving similar correlations. The combined abundance
of all measured PUFA (≥2 double bonds per chain) was also well
predicted with R2 = 0.97 and RMSEP = 4.0% of 4 σ. Trans unsat-
uration was not as well modeled (R2 = 0.52, RMSEP = 18% of 4
σ); this reduced prediction ability can be attributed to the low lev-
els of trans FA found in adipose tissue (0.035 times the cis unsat-
uration level). For the individual FA, the average partial least
squares (PLS) regression coefficient of the 18 most abundant FA
(relative abundances ranging from 0.1 to 38.6% of the total FA
content) was R2 = 0.73; the average RMSEP = 11.9% of 4 σ. Re-
gression coefficients and prediction errors for the five most abun-
dant FA were all better than the average value (in some cases as
low as RMSEP = 4.7% of 4 σ). Cross-correlation between the
abundances of the minor FA and more abundant acids could be
determined by principal component analysis methods, and the
resulting groups of correlated compounds were also well-pre-
dicted using PLS. The accuracy of the prediction of individual FA
was at least as good as other spectroscopic methods, and the ex-
tremely straightforward sampling method meant that very rapid
analysis of samples at ambient temperature was easily achieved.
This work shows that Raman profiling of hundreds of samples per
day is easily achievable with an automated sampling system.
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Government dietary guidelines in the United Kingdom (UK)
are based on the assumption that nutritional or dietary manage-
ment, and in particular management of dietary lipid intake, can
help reduce mortality and morbidity from cardiovascular dis-
ease (CVD). At present, UK Department of Health guidelines
(1994) recommend that the contribution of lipid intake to total
dietary energy should be reduced from about 40 to 30% of di-
etary energy intake and that the contribution from saturated FA
in particular should be reduced from 15 to 10% of total energy
intake (1). They also recommend that the ratio of PUFA to sat-
urated FA in the diet should be increased (1). Many studies

have identified the involvement of a high intake of saturated
fat with increased risk of CVD (2–4), and specific saturated FA
are now recognized to have hypercholesterolemic effects. In a
review of studies investigating the cholesterolemic effects of
individual FA, Kris-Etherton and Yu (5) concluded that the sat-
urated FA 12:0–16:0, were hypercholesterolemic but that the
unsaturated FA were hypocholesterolemic, with PUFA being
more potent than monounsaturated FA. The essential n-3 FA,
such as 18:3 α-linolenic acid, have also been demonstrated to
have health benefits by lowering blood lipid concentrations and
reducing the risk of platelet aggregation and thrombosis (6).
Finally, in recent years there has been much interest and re-
search on the potential health benefits of consumption of CLA,
and the anticarcinogenic and antiatherosclerotic properties of
some isomers of CLA have been demonstrated in animal stud-
ies and models (7–10).

The net result of all the foregoing is that it is becoming in-
creasingly important to measure the abundance of individual
FA in the complex mixtures of lipids that are found in foods.
This is particularly true for samples that have been deliberately
treated to move their FA composition away from “typical” val-
ues. For example, the saturated nature of animal lipids has ad-
versely influenced their perception by consumers; this has led
to research aimed at reducing the high level of saturated FA and
increasing the proportion of PUFA in both meat and milk lipids
through dietary manipulation (11–14).

This paper is part of a series that investigate the feasibility
of applying Raman spectroscopy to the analysis of FA-based
fats and oils (15–18). In previous experimental studies, the cor-
relation between particular bands in the Raman spectra of solid
and liquid samples of pure FAME (15) and properties such as
average chain length was investigated. This experimental work
on FAME was complemented by density functional calcula-
tions, which allowed the underlying reasons for the experimen-
tally determined structure/spectra correlations to be explored
(16,17). Application of the same approach to real foodstuffs
(clarified butterfat) showed that even with mixed TG, rather
than simple model FAME, bulk composition parameters, e.g.,
chain length or iodine value, could be determined from Raman
spectra (18). Furthermore, in addition to bulk or average prop-
erties, it was also possible to build multivariate calibration
models that allowed the abundance of individual FA to be de-
termined (18). The ability to monitor levels of desirable/unde-
sirable components is obviously important in dietary lipids.
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Here we extend the work on butterfat to investigation of adi-
pose tissue; the aim is to find whether Raman spectra can still
be used to predict FA composition when the samples are drawn
from a much broader range of sources, including tissue from
different species.

EXPERIMENTAL PROCEDURES

Samples. The samples used in this investigation were subcuta-
neous adipose tissue dissected from above the Longisimus
dorsi in the position of the 12th rib for beef, lamb, and pork,
and from above the breast for chicken. As it is well known that
the FA composition varies between the inner and outer surfaces
of adipose tissues, care was taken when dissecting the samples
to note the outer (next to skin) and inner (next to muscle) sur-
faces of the adipose tissue. Samples were obtained from a num-
ber of research sources and were all dissected within 48 h of
slaughter.

GC. GC was the primary analysis method in this study. Sub-
samples (ca. 0.2–0.5 g) of adipose tissue were dissected from
the regions, on each surface of the samples, that had been
Raman probed. These samples were then extracted three times
in 10 mL of 2:1 chloroform/methanol. FAME were prepared
from the extracted fat according to the British Standard method
(British Standards Institute BS 684-2.34) and were analyzed
by GC (18). Aliquots of FAME in heptane (0.1 µL) were in-
jected via a septa programmable injector at 250°C onto a GC
column (WCOT CP Sil-88; i.d. 0.25 mm; length 50 m; film
thickness 0.2 µm) supplied by Varian Inc. (Middelburg, The
Netherlands) fitted in a Varian 3400 gas chromatograph (GC).
An FID was used, and the heating program was ramped as fol-
lows to improve separation of the FA peaks: 50°C for 1.0 min,
50 to 140°C at 20°C min−1, 140 to 225°C at 5°C min−1, and fi-
nally 225°C for 10.0 min. Pure FAME, obtained from Sigma-
Aldrich (Poole, UK), were used to prepare internal and exter-
nal standards to establish retention times and peak identifica-
tion. The following acids, as well as all FA 20 carbons in
length, were undetectable in at least one species: 12:0, 14:1c∆9,
15:1c∆10, 17:1c∆10, and 18:2t∆9,12. Only FA detectable in
more than half the samples were investigated. The total com-
bined abundance of PUFA was determined by summing the rel-
ative abundances of all the PUFA including those only detected
in pork and chicken (half of the samples).

Raman spectroscopy. Raman measurements were carried out
using a 785 nm excitation wavelength (typically 100–120 mW
at the sample, 10 cm−1 resolution, 180° geometry) generated by
a home-built spectrometer previously described (19). Raman
spectra of 8–10 samples of each of the four species were
recorded. The sample was mounted on a rotating stage, oriented
with the surface perpendicular to the incident radiation. The
laser was line focused on the surface of the sample while the
stage was rotated, giving an approximate coverage of 1.5 cm2.
Spectra were accumulated from both sides (outer and inner) to
give two separate spectra for each sample, yielding a total of
16–20 spectra per species. Wavelength calibration was carried
out using a neon emission lamp. The spectrograph was cali-

brated for Raman shift using a 50:50 (vol/vol) acetonitrile/tolu-
ene mixture [comparing to frequency standards from the Amer-
ican Standard Testing Method (ASTM E 1840 (1996)]. The
Raman signal was recorded from 270 to 1900 cm−1, the region
containing the C–C, C=C, C–O and C=O, stretches and the C–H
bends, in two sequential 60-s accumulations.

The non-Raman background in the raw data was removed,
and the spectra were normalized and mean-centered as previ-
ously described (18). Standard partial least squares (PLS)
analysis was carried out between the Raman data and FA pro-
files (using PLS2 to simultaneously model the full range of FA)
using The UnscramblerTM v9.1 (Camo, Trondheim, Norway)
and leave-one-out cross-validation to confirm the predictive
ability of the model generated. During the PLS analysis of the
data the Uncertainty Test was used to select the wavenumber
shifts correlated with the measured parameter and reject
wavenumber shifts not contributing to the prediction. To test
the predictive ability of the models on unknown samples, cali-
brations were generated using PLS2 with test set validation.
The data set was prepared by removing a subset of 10 randomly
selected spectra and the model constructed from the remaining
63 samples and validated using the subset of 10. All species
were represented in the test set.

RESULTS AND DISCUSSION

Figure 1 shows the average Raman spectrum of adipose tissue
from each of the species used in this experiment. The major
bands have been assigned previously, but for convenience they
are numbered on the Figure and the most important assign-
ments are given in Table 1. The differences between the aver-
age adipose tissue spectrum of each species, as shown in Fig-
ure 1, are larger than the differences between the butterfats ob-
tained under various feeding regimes that were studied
previously (18). The average FA profiles of the four species
studied and the corresponding average bulk properties are
given in Tables 2 and 3, respectively. The data in Figure 1 show
that the samples are partly melted because the spectra show fea-
tures similar to those characteristic of both liquid FAME
(which give only broad unresolved features in several spectral
regions) and solid FAME (which typically display sets of nar-
row, well-defined bands (15). The differences between solid
and liquid FAME are particularly noticeable at ca. 1000–1200
cm−1, and in the spectra shown in Figure 1 there are sharp
solid-phase peaks on top of underlying broad liquid-phase
bands in this spectral range.

Since the Raman spectra contain readily identifiable bands
associated with particular groups, such as C=C bonds or CH2
groups, it would be expected that the Raman spectrum of a
mixed sample, being an ensemble average of the spectra of the
individual FA chains present, would reflect the bulk sample
properties. For example, the determination of unsaturation
(measured as C=C per chain or per gram, i.e., in molar or molal
units, respectively) is the most widely investigated aspect of
the Raman spectra of lipids. In the adipose tissue samples in-
vestigated here, the level of unsaturation (the number of cis un-
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saturated bonds per chain, i.e., molar unsaturation) was well-
predicted using standard PLS2 methods, which gave a correla-
tion coefficient of R2 = 0.97 and a root mean square error of
prediction (RMSEP) of 4.6% of the range. In contrast, it was
not possible to find a good prediction model for trans unsatura-
tion; the best model gave R2 = 0.52 and RMSEP = 18% of the
range. This poor trans prediction ability is due to the low range
of relative abundances of trans unsaturated bonds in the adi-
pose tissue (0.031, compared with 0.24 bonds per FA for cis
unsaturated bonds). However, it has previously been demon-
strated that Raman spectroscopy is capable of accurately pre-
dicting trans content in samples with a larger range of trans
values (20). Total unsaturation (sum of cis and trans) was pre-
dicted with similar accuracy to the cis content, primarily be-
cause the low trans unsaturation meant that it was the well-pre-
dicted cis contribution that dominated total unsaturation.

In addition to unsaturation, another major compositional pa-
rameter is the average chain length. It was found that, as was
the case for butterfats and model FAME, the Raman spectra
could be used to predict average chain length satisfactorily, R2

= 0.92 and RMSEP = 6.9% of the range. Since the chain length
is the sum of the number of saturated and unsaturated C–C
bonds and both chain length and unsaturation were modeled
satisfactorily in this sample set, it would be expected that the
third parameter, number of saturated C–C bonds, could also be
modeled. However, it was found that even the best model gave
an unsatisfactory correlation, R2 = 0.58, for the average num-
ber of C–C bonds per chain. Although this result appears anom-
alous, it is a straightforward consequence of the fact that the
number of saturated bonds per chain varied very little between
samples (σ = 0.07, compared with 0.24 for unsaturated bonds),
which made it difficult to model. In effect, the number of satu-
rated bonds was almost constant in all the tissue samples so that
modeling the increase in double bonds effectively also mea-
sured the increase in chain length over a constant baseline value
of ca. 15.5 saturated C–C bonds per chain. In sample sets with
a larger range of saturated C–C values it should be possible to
obtain a better calibration.

The ability to predict bulk composition parameters from
Raman spectra is not surprising if the spectra of individual FA
are simply regarded as the sum of the contributions from indi-
vidual entities, because incremental structural changes would
be expected to give incremental increases in the intensities of
the associated vibrational bands. For example, addition of CH2
groups into the chain would be expected to increase the inten-
sities of the vibrations associated with the methylene groups,
such as the CH2 twist and scissoring bands. However, if this
model were strictly accurate, it would be impossible to deter-
mine relative proportions of the individual constituents in sam-
ples containing mixtures of different FA since there would be
many ways of preparing different mixtures with the same bulk
properties, which would therefore give the same overall spec-
trum. However, experimental and theoretical studies on model
FAME showed that, whereas many of the vibrational modes
did show the expected incremental changes with changing
structure, there were some bands that did not follow a smooth
progression and potentially might allow the variation in indi-
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FIG. 1. Average Raman spectra for each species: (A) beef, (B) lamb, (C)
chicken, and (D) pork. The numbering of the bands refers to the band
positions and assignments given in Table 1. Each average spectrum has
been normalized about the carbonyl stretch band at ca. 1750 cm−1.
Spectra acquired at 19–21°C.

TABLE 1
Assignment of Bands in the Raman Spectra of Adipose Tissue
at Ambient Temperature (19–21°C) 

Banda Band position (cm−1) Assignment (ref.)

1 1730–1750 ν (C=O) Carbonyl stretch (27)
2 1670–1680 trans ν (C=C) Olefinic stretch (28)

1650–1660 cis ν (C=C) Olefinic stretch (28)
3 1400–1500 δ (CH2)sc Methylene scissor deformations (27)
4 1295–1305 δ (CH2)tw Methylene twisting deformations (29)
5 1250–1280 δ (=CH)ip In-plane cis olefinic hydrogen bend (29)
6 1100–1135 ν (C–C)ip In-phase aliphatic C–C stretch all trans (30)
7 1080–1090 ν (C–C)g Liquid: aliphatic C–C stretch in gauche (31)
8 1060–1065 ν (C–C)op Out-of-phase aliphatic C–C stretch all-trans (32)
9 800–920 ν (C1–C2), CH3 rk, ν (C–O) Complex broad table in liquid (33)
aThe band number refers to the numbering in Figure 1.
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TABLE 2
Average FA Profile of Each of the Animal Species Used to Prepare
the Calibration for the Raman Spectra

FA Lamba Beefa Porka Chickena

14:0 4.18 4.09 1.16 0.79
14:1c∆9 1.26 1.47 NDa 0.19
15:0 0.65 1.20 ND 0.12
16:0 28.83 28.74 20.46 23.23
16:1c∆9 5.00 5.67 1.67 5.80
17:0 1.08 1.17 0.33 0.12
17:1c∆10 0.95 ND 0.22 0.25
18:0 13.91 11.95 10.39 5.47
18:1c∆9 37.53 39.37 32.70 45.05
18:1tb 2.53 1.97 0.09 0.78
18:2c∆9,12 1.03 2.18 26.55 14.90
18:2t∆9,12 0.26 2.19 ND ND
18:3c∆6,9,12 0.19 ND 0.09 0.27
18:3c∆9,12,15 0.57 ND 2.60 1.99
20:0 0.21 ND 0.16 0.02
20:xcc 1.58 ND 3.47 0.88
aValues quoted are g/100 g FA. ND = not detected.
bThe isomers for 18:1t are not well resolved, so the figure is for an undiffer-
entiated mixture of isomers. 
cThe various 20-carbon unsaturated FA could not be unambiguously as-
signed under experimental conditions, and so have been grouped together.

TABLE 3
The Average Chemical Subunit Contenta for Each of the Species,
Derived from the Subset Used for GC Analysis

Parameter (per chain) Species Average SD

Total number of Beef 16.576 0.044
Carbons Pork 16.375 0.077
(no. of C) Chicken 16.117 0.029

Lamb 16.024 0.055
Total number of Beef 15.599 0.042
saturated bonds Pork 15.528 0.017
(no. C–C) Chicken 15.488 0.007

Lamb 15.436 0.037
Total number of Pork 1.030 0.076
unsaturated bonds Chicken 0.903 0.020
(no. C=C) Beef 0.572 0.038

Lamb 0.548 0.059
trans:cis Ratio Beef 13.341 7.818
(%) Lamb 6.080 2.019

Chicken 0.872 0.096
Pork 0.089 0.049

aFor each chemical subunit the samples are arranged in descending order.

TABLE 4
Regression Coefficients and Standard Errors of Prediction for the Prediction of FA Content and Bulk Parameters Using Raman Spectra

RMSEPd No. No.

Meana σb R2 c Absoluted (% Mean)d (% 4 σ)d RMSEEe samples Factors

14:0 2.55 1.66 0.793 0.751 29.5 11.3 0.494 72 4
14:1c∆9 0.71 0.74 0.472 0.517 72.7 17.5 0.416 53 4
15:0 0.5 0.48 0.823 0.202 40.3 10.5 0.063 72 4
16:0 25.3 4.08 0.892 1.304 5.2 8.0 1.362 72 1
16:1c∆9 4.51 2.03 0.834 0.804 17.8 9.9 0.684 72 3
17:0 0.68 0.5 0.819 0.21 30.8 10.5 0.150 72 3
17:1c∆10 0.47 0.36 0.7 0.206 43.9 14.3 0.054 54 5
18:0 10.46 3.78 0.89 1.257 12 8.3 1.403 72 3
18:1c∆9 38.61 5.48 0.796 2.476 6.4 11.3 1.842 72 2
18:1tf 1.371 1.56 0.752 0.81 59.1 13.0 0.843 63 4
18:2c∆9,12 11.18 10.99 0.965 2.058 18.4 4.7 2.278 72 3
18:2t∆9,12 1.25 1.13 0.613 0.719 57.5 15.9 0.597 38 3
18:3c∆9,12,15 1.71 0.93 0.932 0.284 16.6 7.6 0.205 54 3
18:3c∆6,9,12 0.18 0.09 0.593 0.053 29.7 14.7 0.030 54 6
20:0 0.13 0.1 0.719 0.055 42.5 13.8 0.029 54 4
20-Carbon unsaturatedg 1.977 1.190 0.890 0.392 19.8 8.2 0.45 54 5
Chain length 17.3 0.23 0.922 0.063 0.4 6.9 0.054 73 3
Saturation 15.51 0.07 0.575 0.046 0.3 16.3 0.037 73 3
Unsaturation 0.76 0.22 0.965 0.041 5.4 4.6 0.033 73 3
cis Unsaturation 0.73 0.24 0.965 0.045 6.2 4.7 0.041 73 3
trans Unsaturation 0.026 0.031 0.516 0.022 82.7 17.9 0.020 73 3
cis/trans 5.1 6.57 0.499 4.66 91.4 17.7 3.81 73 8
PUFAh 17.3 12.64 0.973 2.01 11.6 4.0 2.54 56 3
Group 1 12.46 34.8 0.971 2.07 16.6 5.9 2.32 73 3
Group 2 42.94 28.4 0.861 2.70 6.3 9.5 3.76 73 7
Group 3 6.35 12.6 0.926 2.00 31.6 15.8 1.96 73 2
Group 4 1.27 3.4 0.925 0.30 23.8 9.0 0.42 73 7
Group 5 10.77 18.0 0.884 1.31 12.2 7.3 1.62 73 3
aMean weight percentage of total FA (g/100 g FA) for all samples used within investigation. 
bSD of the % total mass of lipid from the mean. 
cLeast squares regression correlation coefficient (validation). 
dRoot Mean SE of prediction (RMSEP) as absolute value and as percentage of mean (RMSEP % of µ) and sample range (RMSEP % of 4 σ). 
eRoot Mean SE of estimate (RMSEE), determined by test set validation, removing a subset of 10 samples. 
fThe isomers for 18:1t are not well resolved, so the figure is for an undifferentiated mixture of isomers. 
gThese FA are unassigned due to difficulty in unambiguously identifying the different 20-carbon unsaturated FA under the experimental conditions used in
this study.
hPUFA represents the combined abundances of all measured FA with ≥2double bonds in the chain. FA groups, as determined by grouping in principal com-
ponents analysis: Group 1 = 18:3c∆9,12,15; 18:2c∆9,12; 20:xa ; Group 2 = 18:2t∆9,12; 18:1c∆9, 18:3∆6,9,12; 16:1c∆9; Group 3 = 16:0, 18:1t∆9; 15:0,
17:1c∆10; 14:0; 14:1c∆9; 17:0; Group 4 = 20:xb; 20:xc*; Group 5 = 20:0, 18:0. *Here the symbols 20xa–c stand for three different 20-carbon FA, which
could be distinguished in the GC but could not be unambiguously identified.



vidual constituents to be determined, even in mixed samples
with the same bulk composition (15,17).

Previously it was found that PLS1 regressions of Raman
data against the amounts of individual FA in butterfat samples

(18) (determined by GC as percentage of total FA) could be
used to predict the relative proportions of the major FA in but-
terfat. In the previous study PLS1 regressions were used to cre-
ate individual calibration models for each FA; in this study
PLS2 was used so that we could generate a single model that
predicted all the FA in the profile. The PLS2 approach gives
slightly reduced prediction accuracy but it is preferable owing
to its inherent simplicity. Table 4 shows the results for a PLS2
regression carried out for 73 samples of subcutaneous adipose
tissue. The samples were taken from four different species,
which ensured the extent of variation of each individual FA was
acceptably large, but they were not separated according to
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FIG. 2. Partial least squares (PLS) regression validation plot for (a) percentage of 18:1c∆9 and
(b) percentage of 18:2c∆9,12 compared with total FA content (g/100 g FA) in subcutaneous
adipose tissue predicted from Raman spectra against the percentage of total FA measured by
GC.

FIG. 3. PLS regression coefficients used to predict, from the Raman
spectra of intact tissue at 19–21°C, the percentage of total FA content of
16:0, 18:1c∆9, 18:1t, and 18:3c∆9,12,15 in subcutaneous adipose tis-
sue, as determined by GC. For abbreviation see Figure 2.

FIG. 4. Principal components analysis loading plot for the GC data,
showing the groups of interrelated FA present in adipose tissue. Group
1 = 18:3c∆9,12,15, 18:2c∆9,12,20xa; Group 2 = 18:2t, 18:1c∆9,
18:3c∆6,9,12, 12:0, 16:1c∆9; Group 3 = 16:0, 18:1t, 15:0, 17:1c∆10,
14:0, 14:1c∆9, 17:0; Group 4 = 20:xb 20:xc; Group 5 = 20:0, 18:0.
Here the symbols 20xa–c stand for three different 20-carbon FA, which
could be distinguished in the GC but could not be unambiguously iden-
tified.



species for the purpose of regression. The Table shows that the
four most abundant FA analyzed had regression correlation co-
efficients ranging from R2 = 0.80 to 0.97, with standard errors
of prediction ranging from 4.7 to 11.3% of the range (4 σ). Ex-
ample regression plots of the most common FA (18:1c∆9) and
that of the FA with the largest range (18:2c∆9,12) are shown in
Figure 2. Of all the moderately abundant (>3%) FA, 18:1c∆9
gave the poorest correlation (due to the relatively narrow range
of values, range = 14% of the mean, compared with 98% of the
mean for 18:2c∆9,12) but it is clear from Figure 2 that even in
this worst case the scatter in the plot is still reasonably small
with no systematic error apparent. This is reflected in the pre-
diction error of 6.4% of the mean, which is acceptably low for
a rapid, nondestructive analytical method. These FA are of par-
ticular interest as they confer the predominant chemical and
physical characteristics of the lipids within the adipose tissue
and furthermore have important consequences in health and nu-
trition. For example, 16:0 is known to be hypercholesterolemic,
whereas the cis unsaturated acids lower cholesterol (in particu-
lar, LDL).

The loadings used to predict the proportion of selected FA
from the Raman spectrum are presented in Figure 3. The pat-
tern of bands used to predict each FA agrees well with well-es-
tablished assignments of the bands in the Raman spectrum of
FAME. The saturated FA 16:0 has positive correlation coeffi-
cients in positions known to arise from saturated modes (e.g.,
1440, 1300, 1130, and 1060 cm−1) whereas bands related to un-
saturated modes are negative (e.g., 1270 and 1660 cm−1). Con-
versely, the unsaturated FA would be expected to have positive
coefficients for unsaturated modes and negative coefficients
for saturated modes. The weighting plot for 18:3c∆9,12,15
shows the expected pattern, such as large positive bands at
1660 (cis C=C stretch) and 1270 cm−1. The 18:1t FA shows
some of the expected bands such as positive bands at the trans
C=C stretch position (1670–1680 cm−1), but the correlation is
less obvious than the 18:3c∆9,12,15, which is hardly surpris-
ing given the low abundance in the sample and the correspond-
ing high prediction error. The weighting plot for 18:1c∆9 is
complicated by the occurrence of strong negative and positive
components, which, although they presumably arise from
changes in saturation from the mean values, are so close to
those values (18:1c is the predominant FA in adipose samples)
that the model can only find a very complex relationship be-
tween the abundance of 18:1c and the spectra.

Surprisingly good predictions were obtained for a number
of the less abundant FA, with 15:0 and 17:0 giving R2 = 0.82
and RMSEP = 10.5% of the range, despite being present in rel-
ative abundances of 0.5% of the total FA content. It seems
highly unlikely that these low-abundance compounds give dis-
tinct characteristic signals that are detectable under our experi-
mental conditions, since the intensity of even the strongest
bands in a FA present at <1% would be similar to the noise in
the data, and the differences that would allow the particular FA
to be distinguished from similar compounds in the tissue would
be expected to be much smaller again. A more convincing ex-
planation is that this good modeling ability arises from an un-

derlying correlation between the low-abundance FA and much
more abundant ones whose signals would be expected to be de-
tectable. Since the adipose tissue is a product of biosynthetic
pathways, such cross-correlation might be expected. In this
study the samples were dissected from four animal species (two
ruminant and two nonruminant) with a selection of breeds from
within each species to minimize cross-correlation. Moreover, a
range of experimental programs and commercial suppliers was
used to reduce the influence of feeding regimes. The conse-
quence is that the cross-correlation is significantly less than that
in the butterfat samples previously studied (18), so the correla-
tion determined within this sample set is more widely applica-
ble.

One way of explicitly including the cross-correlation in the
analysis and simplifying the data is to carry out a principal
components analysis (PCA) and divide all the FA into groups
according to which others their abundance correlates with. Fig-
ure 4 shows such a plot for the FA in this study. The FA abun-
dances for each of the five groups found in the PCA analysis of
the data were then summed, and the Raman spectra were used
to model the variation between the FA groups. The results of
these regressions of the FA groups are summarized in Table 4,
with details of contributing FA given in the footnote. The one
obvious group is the FA set comprising 18:2t∆9,12; 18:1c∆9;
18:3∆6,9,12; 12:0; and 16:1c∆9 while another large group
contains highly cis unsaturated compounds 18:2c∆9,12,
18:3c∆9,12,15, and 20xa (which is one of the unassigned 20-
carbon unsaturated FA). The Raman spectra were able to pre-
dict the total abundance of all of these groups with some suc-
cess. In fact, the least well-modeled group is the one constitut-
ing the largest fraction of the sample, although this may be
attributed to the lower range of values relative to the mean
abundance (range < 0.66 σ) that this group shows (in the re-
maining groups the range was >1.5 σ).

A further useful group that can be defined, though not cross-
correlated by relative abundance, is the combined proportion
of PUFA. This group of FA, as detailed above, is of extreme
interest because of their relevance to health issues. Raman
spectroscopy was able to model this group well (R2 = 0.97,
RMSEP = 4.0% of 4 σ). One individual FA that is of particular
interest is the EFA 18:3c∆9,12,15, which was well modeled (R2

= 0.932) with good prediction accuracy (7.6% of 4 σ). Using
a PLS1 regression allows models to be optimized for any
given FA. In this case, using PLS1 regression to predict
18:3c∆9,12,15 gave a slightly better result than PLS2 (R2 =
0.946, RMSEP = 5.8% of 4 σ). As already alluded to, Raman
spectroscopy is able to predict the relative abundances of sev-
eral FA that influence the level of cholesterol in the blood in-
cluding 14:0 and 16:0, which increase cholesterol, and the un-
saturated FA, which are important in reducing cholesterol. Un-
fortunately the limitations of the GC method used did not allow
calculation of the cholesterolemic index, but the results sug-
gest that Raman could be used to predict this important param-
eter. One FA of interest, CLA, was not detected in large quanti-
ties in concentrate-fed ruminants, most probably because it was
not sufficiently resolved from the more abundant 18:3∆9,12,15
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on the GC column used in this study. However, it has been pre-
viously demonstrated that Raman spectroscopy can be used to
predict the relative abundance of CLA in butterfats from grass-
fed cows, where higher concentrations are found (18).

Overall, the prediction ability for the FA in this study on adi-
pose tissue (average R2 = 0.74 and average RMSEP = 12.0%
of 4 σ for the 18 most abundant FA) was significantly better
than was found in experiments carried out on clarified butter
samples analyzed at 55°C [average R2 = 0.68, and average
RMSEP = 18.5% of 4 σ for the 18 most abundant FA (18)].
This improvement is not due to higher signal-to-noise ratios in
the adipose spectra but seems to stem from the fact that the
spectra of the adipose tissue were recorded at temperatures
within the melting range whereas those of the butterfat were
recorded on fully melted samples (although the slightly larger
range of abundances for the FA in the adipose samples may
also have contributed). Since the Raman spectrum of each FA
changes with physical state, recording spectra in a temperature
range that allows the adoption of different physical states, i.e.,
within the melting range, gives information that is simply lost
at temperatures where all the components have melted. In this
case the adipose tissue was run at 21 ± 2°C (ambient tempera-
ture), which allowed the higher m.p. TG to solidify and give
rise to characteristic sharp bands that can easily be distin-
guished from the broader bands of the liquid constituents
(shorter-chain or unsaturated components).

The results shown in Table 4 compare favorably with other
published investigations that used spectroscopic techniques to
predict FA composition. A number of papers investigating the
use of NIR spectroscopy to predict FA composition of food-
stuffs (21–24) found that it is possible to predict the proportion
of the major unsaturated FA well (R2 typically ≥0.95 for the
most abundant unsaturated FA) but that the prediction ability is
reduced as the proportion of the FA decreases and the satura-
tion increases. Velasco et al. (23) found the NIR regression cor-
relation coefficients for saturated FA such as palmitic and
stearic acids in rapeseed were lower (<0.8) that those for unsat-
urated FA, which were between 0.84 and 0.98 (25). Kohler and
Kallweit (21) found that the NIR regression correlation coeffi-
cients for the 15 major FA in sheep intramuscular fat ranged
from r = 0.57 to 0.90 (R2: 0.32–0.81). When FTIR was used to
predict the FA composition of dissected but unextracted adi-
pose tissue (26) it gave poor correlation coefficients for the
main FA (R2 = 0.69–0.79) although much better correlations
(R2 = 0.91–0.98) were found if the tissue was extracted before
analysis. Similarly, NIR analysis had poorer prediction ability
for the less significant FA compared with Raman analysis (21).

It is clear that Raman has the advantage of giving correla-
tion coefficients as high as the best of the other spectroscopic
methods, and it can do this without the need for prior solvent
extraction steps in the analysis. The most common method of
determining the FA profile of adipose tissue and similar TG
systems is to use GC; typically, 100-m capillary columns and
temperature ramps are required to obtain effective separation
and identification of isomers. Since this GC method requires
time-consuming, destructive sample extraction and trans-

methylation, the ability to use Raman spectroscopy, with a sim-
ple calibration, on unextracted, dissected tissue is a significant
advantage.

Thus, Raman spectroscopy can accurately predict the bulk
properties of adipose tissue and a detailed FA profile of the 18
most abundant FA found in neat adipose tissue with an accu-
racy at least as good as that of other spectroscopic methods but
with extremely straightforward sampling. The bulk unsatura-
tion parameters could be predicted successfully (cis: RMSEP =
4.7% of 4 σ; total PUFA RMSEP = 4.0% of 4 σ) but trans un-
saturation was not so well modeled (RMSEP = 18% of 4 σ).
For the individual FA, the average RMSEP of the 18 most
abundant FA was 11.9% of 4 σ while the prediction errors for
the five most abundant FA were all better than the average
value (in some cases as low as RMSEP = 4.7% of 4 σ). Of par-
ticular note was the ability of Raman spectroscopy to predict
quantities important in human health, such as the proportion of
18:3c∆9,12,15 present, or the total proportion of PUFA. The
accuracy of the prediction, although as good as other spectro-
scopic methods, does not approach that of conventional GC
methods: This method is not intended as an alternative to es-
tablished chromatographic methods for high-accuracy profil-
ing. The approach is predominantly aimed at on-line applica-
tions, in which the lower accuracy is compensated by the abil-
ity to make rapid, noncontact measurements with no additional
sample preparation.
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