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a b s t r a c t

Considering the milk fatty acid influence on human health, the aim of this study was to compare gas chro-
matography (GC) and Fourier transform infrared (FTIR) spectroscopy for the determination of these com-
pounds. Fatty acid content (g/100 g of fat) were obtained by both methods and compared through
Pearson’s correlation, linear Bayesian regression, and the Bland–Altman method. Despite the high corre-
lations between the measurements (r = 0.60–0.92), the regression coefficient values indicated higher
measures for palmitic acid, oleic acid, unsaturated and monounsaturated fatty acids and lower values
for stearic acid, saturated and polyunsaturated fatty acids estimated by GC in comparison to FTIR results.
This inequality was confirmed in the Bland–Altman test, with an average bias varying from �8.65 to
6.91 g/100 g of fat. However, the inclusion of 94% of the samples into the concordance limits suggested
that the variability of the differences between the methods was constant throughout the range of mea-
surement. Therefore, despite the inequality between the estimates, the methods displayed the same pat-
tern of milk fat composition, allowing similar conclusions about the milk samples under evaluation.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, there is an increased concern about food composi-
tion, and search for healthier food has become very important. It
is known that bovine milk is characterised by the predominance
of saturated fatty acids (70%), which are associated with high levels
of low density cholesterol (LDL) and, therefore, with cardiovascular
diseases (Kromhout, Menotti, Kestleloot, & Sans, 2002). Among
them, lauric acid (C12:0), myristic acid (C14:0) and palmitic acid
(C16:0) are the major fatty acids related to the increase of blood
cholesterol (Bonanome & Grundy, 1988). However, milk also has
many beneficial components, such as unsaturated fatty acids
(Mensink, Zock, Kester, & Katan, 2003), especially oleic acid
(C18:1cis-9) and conjugated linoleic acid (CLA). Thus, the knowl-
edge about the composition of milk and, consequently, about the
environmental and genetic factors that may influence or change
the profile of fatty acids (FA), is very important to improve the
nutritional quality of this product (Soyeurt, Dehareng, Mayeres,
Bertozzi, & Gengler, 2008; Soyeurt et al., 2006; Soyeurt et al.,
2007; Stoop, Van Arendonk, Heck, Van Valenberg, & Bovenhuis,
2008). Given this, the use of a fast, inexpensive and accurate way
to quantify the levels of fatty acids in milk is a significant issue
to be considered.

The determination of the fatty acid proportion in milk is per-
formed by gas chromatography (GC) and Fourier transform infra-
red (FTIR) spectroscopy methods. Commonly used (Collomb &
Buhler, 2000; Dorey, Brodin, Le Querler, & Kuzdzalsavoie, 1988;
Soyeurt et al., 2006) due to its efficiency, GC allows the quantifica-
tion of each FA. However, with the disadvantage of requiring the
preparation of an esterified compound, this method is time con-
suming and requires specialized skills. In turn, the FTIR is an alter-
native method to GC, allowing the analysis of a higher number of
samples, nearly 500 samples per hour (Foss, 2008; Soyeurt et al.,
2006) compared to GC.

FTIR analyzes the vibrational motions of molecules and can be
used for determination of FA in different ways. As there is no need
for pre-preparation of the sample for analysis, this method be-
comes advantageous because of the low cost of reagents, time
and specialized labour skills. Furthermore, FTIR is important for
studies involving cellular responses, and it can be used as biochem-
ical screening technique for explorative research, it requires
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Table 1
Number of observations (N), mean, standard deviation, maximum and minimum (in
g/100 g of fat) of fatty acids measures obtained by gas chromatography and Fourier
transform infrared (FTIR) spectroscopy.

Fatty acid N Mean SD CV Maximum Minimum

Gas chromatography
C16:0 87 30.24 4.707 15.6 30.85 22.35
C18:0 86 11.25 2.795 24.8 20.07 4.82
C18:1cis-9 86 23.68 4.480 19.0 37.16 16.66
SFA 87 66.67 5.016 7.5 75.58 52.97
UFA 86 31.66 5.209 16.5 44.70 22.45
MONO 86 28.50 4.749 16.7 41.08 19.67
POLY 87 3.09 0.695 22.5 4.85 1.75

Fourier transform infrared spectroscopy
C16:0 87 25.81 3.157 12.2 32.91 16.32
C18:0 86 18.17 3.587 19.7 32.56 11.49
C18:1cis-9 86 15.02 3.771 25.1 26.17 7.60
SFA 87 70.96 4.453 6.3 79.41 58.94
UFA 86 25.83 5.227 20.2 40.57 15.18
MONO 86 21.35 4.336 20.3 32.75 11.63
POLY 87 4.28 0.967 22.6 7.10 2.01

The CV values (the coefficients of variation) are expressed as (SD/Mean) � 100 (%).
Abbreviations: C16:0, palmitic acid; C18:0, stearic acid; C18:1cis-9, oleic acid; SFA,
saturated fatty acids; UFA, unsaturated fatty acids; MONO, monounsaturated fatty
acids; POLY, polyunsaturated fatty acids; SD, standard deviation.
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minimal sample preparation and preserves the components in
their natural environment (Najbjerg et al., 2011). Recently, a novel
approach for FTIR characterization of the milk fatty acid composi-
tion based on dried film measurements has been presented and
compared to a standard FTIR approach based on liquid milk mea-
surements (Afseth et al., 2010; Najbjerg et al., 2011). However, de-
spite of the potential for using this approach in routine
measurements the dried film approach has not yet found industrial
use (Najbjerg et al., 2011).

Thus, considering the particularities of each method, the aim of
this study was to compare the measurements obtained by gas
chromatography and Fourier transform infrared spectroscopy
using validation methodologies, such as Pearson correlation,
Bland–Altman and Bayesian linear regression, in order to verify
the equivalence of both methods in fatty acids determination.

2. Materials and methods

2.1. Dataset

89 milk samples were collected from Holstein cows with lacta-
tions ranging between one and six. These samples, preserved with
bronopol, were analysed by GC and FTIR to determine the concen-
tration of FA, expressed as grams per 100 g of milk fat.

In GC analysis, 35 mL of bovine milk were centrifuged at
12,000 rpm (17,800�g) for 30 min at 4 �C to separate the fat from
whey. Fat was transferred to a 1.5 mL eppendorf and centrifuged at
12,000 rpm (17,800�g) for 20 min at 20 �C (Feng, Lock, & Garns-
worthy, 2004). After centrifugation, the fat had separated into
three layers: the top layer of lipids; the middle layer of protein,
fat and other water-insoluble solids; and the bottom layer of water.
Then, an aliquot of the lipid extract was methylated in two steps
with 2 mL of 0.5 M sodium methoxide (10 min at 50 �C), followed
by addition of methanoic HCl (10 min at 80 �C), according to Kra-
mer et al. (1997) and was stored at �20 �C in amber vials contain-
ing 1.5 mL of nitrogen to avoid possible oxidation.

After this step, a gas chromatography system (Agilent Technol-
ogies 7890A) was used equipped with a flame ionisation detector
for the quantification and determination of FA. 10 lL of the sample
were injected into the system with a 10 lL syringe. The identifica-
tion of the FA in the samples was done by comparing the retention
time of fatty acid methyl esters with a standard. The standard used
was the Supelco� mix of 37 compounds (Sigma Aldrich) and indi-
vidual patterns for the identification of C18:1 trans-11 (vaccenic
acid), C18:2 cis-9 trans-11, C18:2 trans-10 cis-12 (Nu-CheckPrep)
and C18:1-OH (Sigma Aldrich) were obtained. The dataset acquisi-
tion was performed using the software Chem Station (Agilent
Technologies).

FTIR spectra were taken using a Delta Instruments Combi-
Scope™ Filter equipment, Advanced Instruments, Inc., Norwood,
USA. Based on these analyses, the samples concentrations of the
FA palmitic (C16:0), stearic (C18:0), oleic (C18:1cis-9), groups of
saturated fatty acids (SFA), unsaturated fatty acids (UFA), monoun-
saturated (MONO), polyunsaturated (POLY) were determined. Ex-
treme values, identified as values larger or smaller than three
standard deviations from the mean of each fatty acid, were consid-
ered to be outliers and not considered (Table 1).

2.2. Concordance analysis

The comparison of the results obtained by both methods was
carried out using Pearson’s correlation, Bland–Altman analysis
and Bayesian linear regression.

The Pearson’s correlation (r) quantifies the degree of linear rela-
tionship between two variables (x and y). Values of r near to �1
represents an inverse relationship between two variables, and
values near to 1 indicates a positive relationship between them,
while r equal to zero means that the variables are not correlated
(Gasparini, Barbieri, & Mazzer, 2007; Polit & Hungler, 1995).

The Bland–Altman analysis (Bland & Altman, 1999) is based on
the construction of a scatter plot linking the average of results ob-
tained by the two methods (abscissa axis) with the bias (ordinate
axis), in order to evaluate the dimension of the differences between
the methods, the dispersion of these differences around the mean,
and possible outliers and trends. The average of the measurements
was calculated by (xi + yi)/2, where xi is the concentration of FA (in
g/100 g fat) determined by the FTIR method for the ith milk sample
and yi is the concentration of the same FA measured by GC in the
ith milk sample analyzed. Similarly, the bias was given by the dif-
ference between the measurements of each method on the same
sample by the following equation: (xi � yi). From the bias mean
(d) and its standard deviation (sd), the limits of agreement (LA)
were estimated using the equation LA ¼ d� 1:96 sd, which indi-
cates the area where 95% of the differences in the studied cases
can be found, considering a normal distribution of the data. The
accuracy of the bias and the limits of agreement values were calcu-
lated using the standard error (SEd) and confidence interval (CI),
the former being given by SEd ¼ sd=

ffiffiffi

n
p

where n is the sample size,
and the latter estimated by CI ¼ d� t � EPd; where t is the tabu-
lated value of t distribution for n � 1 degrees of freedom.

The third method used was the simple linear regression with a
Bayesian approach based in the model: y = a + bx + e, where y is the
vector of the observed values of fatty acid concentration estimated
by GC, a is the regression intercept, b is the angular coefficient of
regression, x is the vector of observed values of concentration of
the same fatty acid found in the vector y, but measured by FTIR,
and e is the residual vector (e � N(0, Ir2)). For the vectors y and
x, the C16:0, C18:0, C18:1cis-9 FA as well as SFA, UFA, MONO
and POLY FA groups were analyzed. For each linear regression,
analyses were performed considering non-informative and infor-
mative priors for a (intercept) and b (inclination), and non-infor-
mative priors for s (precision, s = 1/r2). For the a and b non-
informative priors, normal distributions with mean equal to zero
and precision equal to 106 were used, while for s the prior the gam-
ma distribution was used with shape and scale parameters equal to
10�3. The informative priors for a and b were chosen assuming con-
cordance between y and x in each regression, and therefore,
a � N(0, 100), b � N(1, 100). The range of 0 and 1 values by the
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credibility intervals of the intercept and its inclination, respec-
tively, allows the conclusion that both methods studied produce
similar results.

The analysis involving Bayesian linear regression was per-
formed by the Markov Chain Monte Carlo method associated with
Gibbs algorithm (Casella & George, 1992; Sorensen & Gianola,
2002) through the program WinBUGS (Lunn, Thomas, Best, & Pie-
gelhalter, 2000). Three Markov chains of 10,000 samples with sam-
pling intervals of one were conducted. The first thousand samples
were discarded. The lack of convergence in each chain was verified
by the Geweke (1992), Heidelberger and Welch (1983), Gelman
and Rubin (1992), and Raftery and Lewis (1992) tests.

3. Results and discussion

In the samples, a high share of SFA (approximately 51% and 58%
for GC and FTIR, respectively, Table 1) was observed, with a low
content of POLY (about 2% and 3.5% for GC and FTIR, respectively).
A low content of POLY in milk occurs due to the biohydrogenation
of about 90% to vaccenic acid (C18:1 trans-11) with a subsequently
biohydrogenation to stearic acid (C18:0) by rumen bacteria (Van
Knegsel et al., 2007). The C16:0 was the most abundant FA found
in milk samples (30.24 and 25.81 g/100 g of fat to GC and FTIR,
respectively). Similar results were obtained by Afseth et al.
(2010), whose study compared the approaches of FTIR based on
dried film measurements with FTIR based on liquid milk measure-
ments. As also evidenced by Afseth et al. (2010), many of the fatty
acids were present high sample-to-sample variation (Table 1),
which denotes the set of data to be suitable for further studies cal-
ibration and evaluation of prediction equations.

With respect to the linear relationship between the measure-
ments obtained by GC and FTIR, this was verified by the high val-
ues for the Pearson correlation (r = 0.60–0.92 – Table 2, Figs. 1 and
2). The groups of SFA (r = 0.86), UFA (r = 0.92) and MONO (r = 0.89)
showed a concentration dispersion nearest to the diagonal line of
concordance, indicating a high degree of linear relationship be-
tween the two methodologies (Fig. 1). The closer to 1 the value
of r is (regardless of sign) the greater the degree of linear statistical
dependence between variables. Thus, it can be said that the in-
crease or decrease of one unit in the content of these FA obtained
by GC generates the same effect on the same FA obtained by FTIR.
Table 2
Pearson correlation (r), and values of mean (M), standard deviation (SD), credibility interval
prior used.

Fatty acid r Bayesian linear regression

Non informative prior

M SD

C16:0 0.75 a 1.29 2.799
b 1.12 0.108

C18:0 0.75 a 0.66 1.055
b 0.58 0.057

C18:1cis-9 0.83 a 8.90 1.138
b 0.98 0.073

SFA 0.86 a �1.65 4.555
b 0.96 0.064

UFA 0.92 a 8.08 1.16
b 0.91 0.044

MONO 0.89 a 7.61 1.184
b 0.98 0.054

POLY 0.60 a 1.25 0.278
b 0.43 0.063

C16:0, palmitic acid; C18:0, stearic acid; C18:1cis-9, oleic acid; SFA, saturated fatty
polyunsaturated fatty acids.
In other words, the higher the value of r, the greater is the shared
variance between the same fatty acids obtained by the two meth-
ods. In graphic terms, the Pearson correlation requires a sharing of
variance and this variation is distributed linearly. Despite of the
high correlation (r = 0.60) between the measures in both methods
studied, POLY also showed a high dispersion of points, which can
be attributed to the instability and difficulty quantification of this
FA in milk generated by the action of rumen microorganisms in
C18:0 conversion, as mentioned above.

It should be emphasised that the Pearson correlation coefficient
quantifies the degree of linear association between the two meth-
ods used to obtain the concentration of fatty acids and not the
agreement between them. According to Bland and Altman
(1986), there is a perfect agreement only if the points are in the
equality line (‘‘line zero’’ – graphical display obtained in the
Bland–Altman methodology) and a perfect correlation is found if
the points are in any straight line. Thus, a high correlation does
not necessarily indicate that the measurements obtained by GC
and FTIR are similar.

Bayesian methods are increasingly being used in several fields
due to advantages such as the inclusion of uncertainty in the prob-
ability model, yielding more realistic predictions. This gives the
opportunity to compare models with different methods including
hierarchical models, and identify of inferences on the data, without
dependence on asymptotic approximation (Wasserman, 2004).
Herein, the adoption of Bayesian inference aimed to exploit mainly
the combination of prior information with the data. This way, two
priors were employed: a non-informative prior, which has minimal
impact on the posterior distribution of the parameters, assigning
equal likelihood on all possible values of the parameters, and an
informative prior assuming the hypothesis of equality in the meth-
ods in the mensuration of fatty acids concentration, since the same
samples were analyzed for both methodologies. However, the sim-
ilar results between these two analyses suggested that in both
cases the information provided by the data had more effect on
the posterior distribution compared to the prior information. This
can be probably due to the large sample data used in the analyses
and also because the prior distribution established was not aligned
with the actual distribution of the parameters considered.

Therefore, in the simple Bayesian linear regression analyses,
independent of the prior used, it was verified through the values
(CI) for the intercept (a) and slope (b) in Bayesian linear regression, according with the

Informative prior

CI M SD CI

(�4.20, 6.82) 1.20 2.692 (�4.09, 6.51)
(0.91, 1.33) 1.13 0.104 (0.92, 1.33)

(�1.42, 2.74) 0.65 1.049 (�1.41, 2.72)
(0.47, 0.70) 0.58 0.057 (0.47, 0.70)

(6.67, 11.16) 8.79 1.130 (6.57, 11.02)
(0.84, 1.13) 0.99 0.073 (0.85, 1.13)

(�10.61, 7.36) �1.37 4.132 (�9.48, 6.79)
(0.84, 1.09) 0.96 0.058 (0.84, 1.07)

(5.80, 10.37) 7.97 1.152 (5.70, 10.25)
(0.83, 1.00) 0.92 0.044 (0.83, 1.00)

(5.29, 9.96) 7.51 1.175 (5.19, 9.83)
(0.87, 1.09) 0.98 0.054 (0.88, 1.09)

(0.71, 1.80) 1.25 0.278 (0.71, 1.80)
(0.30, 0.55) 0.43 0.063 (0.31, 0.55)

acids; UFA, unsaturated fatty acids; MONO, monounsaturated fatty acids; POLY,



Fig. 1. Dispersion of fatty acids concentration (g/100 g of fat) measures determined by gas chromatography and infrared spectrometry (the black line represents the diagonal
line of concordance).

Fig. 2. Dispersion for the difference and the mean between the values obtained by
gas chromatography and infrared spectrometry (the black lines represent concor-
dance thresholds and the dotted line represents the average bias).

Fig. 3. Dispersion for the difference and the mean between the values obtained by
gas chromatography and infrared spectrometry (the black lines represent concor-
dance thresholds and the dotted line represents the average bias).
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estimated for the intercept (a) and the slope (b) that there was no
similarity between the methods of determining the content of fatty
acids in milk (Table 2). Only for the C16:0 and SFA group confi-
dence intervals included zero and one values for the intercept
and slope, respectively. However, it should be considered that, de-
spite including zero, the confidence interval for the intercept in SFA
concordance analysis was wide, indicating low accuracy for the
estimate and consequently making it impossible to firm conclu-
sions about these results.

Also, by the simple Bayesian linear regression analysis, it was
observed that for C16:0, C18:1cis-9, UFA and MONO, the mea-
surements provided by GC were higher than those obtained by
FTIR while for C18:0, SFA and POLY, these were smaller for
chromatography, which was also verified by the means of FA con-
centration in the evaluated samples (Tables 1 and 2). Thus, con-
sidering the predominance of C16:0 (20–32%) and C18:1cis-9
(15–30%) fatty acids in bovine milk (Grummer, 1991), the highest
values of these FA measured by GC can be explained by the great-
er amount of fat (3.81 g/100 g milk) in analyzed samples by this
approach as compared to milk fat obtained by FTIR analysis
(3.69 g/100 g milk).

Bland–Altman analyses showed a certain correlation between
the estimates provided by GC and FTIR (Figs. 2 and 3). There were
discrepancies between FA concentrations in three to five samples
evaluated, which corresponded to approximately 3.5–5.8% of the
total number of samples, values very close of the tolerated thresh-
old of 5%. However, the levels of FA obtained by the two methods
are not equal, since the bias values estimated in the Bland–Altman



Table 3
Standard-deviation (SD), standard error (SE), concordance thresholds and confidence interval of average bias (g/100 g of fat) from Bland–Altman analyses for fatty acids.

Fatty acid Average bias SD SE Concordance threshold Confidence interval

C16:0 �4.42 3.123 0.334 �10.54, 1.69 �5.09, �3.75
C18:0 6.91 2.380 0.256 2.20, 11.62 6.40, 7.42
C18:1cis-9 �8.65 2.511 0.270 �13.63, �3.68 �9.19, �8.12
SFA 4.29 2.606 0.279 �0.87, 9.45 3.73, 4.84
UFA �5.83 2.134 0.230 �10.05, �1.60 �6.28, �5.37
MONO �7.14 2.136 0.230 �11.38, �2.91 �7.60, �6.69
POLY 1.19 0.784 0.084 �0.35, 2.74 1.02, 1.36

C16:0, palmitic acid; C18:0, stearic acid; C18:1cis-9, oleic acid; SFA, saturated fatty acids; UFA, unsaturated fatty acids; MONO, monounsaturated fatty acids; POLY,
polyunsaturated fatty acids.
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methodology are not close to zero, one of the necessary conditions
to assume similarity between the methods (Table 3).

Another point assessed was the limits of concordance deter-
mined in this methodology. It can be seen that the differences gi-
ven by the limits are considered acceptable (Table 3). Therefore,
despite the unequal value, the variability of the differences be-
tween the methods was constant throughout the range of
measurement.

The approach in the present study is somewhat different than
that applied by Afseth et al. (2010). In their study, all spectra were
pre-treated mathematically prior to calibration in order to remove
scaling and offset variations from spectrum to spectrum. In this pa-
per, even though the milk samples were homogenised prior to li-
quid milk analysis there was no other kind of pre-treatment. This
may have contributed to the lack of similarity between the content
of fatty acids obtained by GC and FTIR in this study. Thus, the con-
tent of FA obtained here showed greater variability (CV ranged
from 6.3 to 25.1 for the SFA and C18:1cis-9, respectively) when
compared to FA analyzed by Afseth et al. (2010) (CV ranged from
5.5 to 17.0 for the SFA and C18:1cis-9, respectively).

It is noteworthy that the FTIR has been widely used for the
study of lipids, increasingly replacing the GC (Rutten, Bovenhuis,
Hettinga, van Valenberg, & van Arendonk, 2009; Soyeurt et al.,
2006). According to Flåtten, Bryhni, Kohler, Egelandsdal, and Isaks-
son (2005), results showed that marine fatty acids and fatty acid
composition in pork fat can be measured with FTIR spectroscopy
with good precision and the classification of the samples on the ba-
sis of these measurements gives the opportunity for useful imple-
mentations of the method in commercial situations, with less
labour and time required than alternative chromatographic
methods.

The majority of the studies use FTIR data associated with mul-
tivariate statistical methods in FA prediction. However, it is impor-
tant to consider that studies involving FA concordance and
prediction analyses, despite of the methodology employed, are still
rare. Thus, this study is relevant as an initial evaluation of some of
these approaches, with the aim to increase the amount and the
quality of FA data for researches involving food nutritional quality.
Herein, among the statistical methodologies employed, the Bland–
Altman concordance analysis showed to be more appropriate to
the dataset and to the objectives of this study, since it allowed a
visualisation of the dispersion and magnitude of the differences.
4. Conclusions

There is no equivalency between the measurements of milk FA
yielded by GC and FTIR. However, it was observed that both meth-
ods indicate a similar pattern of milk composition. Therefore, inde-
pendently of the method employed, the conclusions taken by
comparing samples will be probably the same.

Moreover, given the constant variability of the differences in
measures obtained by these two methodologies, it may be possible
to establish an association between the concentrations of FA
through linear regression, in order to predict the concentration of
certain fatty acids in milk only estimated by GC, for samples sub-
jected to FTIR using equations that involve the fatty acids deter-
mined by both methods. This way, the number of analyzed
samples could be expanded and consequently, more studies
involving milk nutritional quality could be realised.
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