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a b s t r a c t

This paper discusses the estimation of the uncertainty of the chromatographic determination of

4-desmethyl sterols in vegetable oils, combining the off line HPLC fractionation of the analytes, from

the unsaponifiable fraction of the samples, with their determination as TMS derivatives by GC(FID),

using the data obtained from a single internal calibration (one surrogate) at one level and ‘‘bottom up’’

approach. The methodology used, makes possible to identify the main uncertainty contributions, find

their origins, and reduce them. The final results show that the main contributions to the relative overall

uncertainty are those closely related with the chemical aspects of the method, i.e. those related to

derivatization reaction and quantification of the analytes, although others aspects, such as the addition

of a mass of surrogate, are not negligible.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, it is well established that the information obtained
from analytical measurements must be accompanied with its
uncertainty, in order to assure the reliability of the results. The
International Organization for Standardization (ISO) has estab-
lished general rules for evaluating and expressing the uncertainty
for a wide range of measurements, which have been applied to
analytical chemistry by EURACHEM (A Focus for Analytical
Chemistry in Europe) and CITAC (The Cooperation on Interna-
tional Traceability in Analytical Chemistry). Different authors
have developed different approaches for its evaluation: the
bottom-up and top-down strategies [1–5] are the most used,
although there are other as, fitness-for-purpose, validation-based
and robustness-based [6,7], that can also be applied.

According to the last version of the Guide for the Expression of
Uncertainty in Measurement (GUM) [8], and as some authors has
been pointed out [6], to determine the uncertainty of analytical
results using a bottom-up approach, the following steps must be
satisfied: (1) to define the measurement procedure and the
measurand; (2) to establish a mathematic model from which
the analyte concentration can be obtained; (3) to assign the
values to all the possible parameters that could affect the final
result of the analysis, as well as to determine the standard
uncertainties of each of them; (4) to apply the principles of
ll rights reserved.

: þ34 958243328.

@hotmail.com
uncertainty propagation and (5) to express the final result as
result7expanded uncertainty (K factor).

Bagur et al. [9] consider that the main uncertainty sources of
an analytical method are:
�
 Operational or working uncertainty (uworking), due to various
factors such as instrumental effects, reagents purity, measure-
ment conditions and sample handling, as more important.

�
 Recovery uncertainty (urecovery), which comes from the bias

error associated with the method.

�
 Inherent uncertainty (uinherent), which comes from factors not

controlled by the operator that affects directly to the analytical
results. It has two components associated with two aspects of
the chemical measurement process:
(i) The Intrinsic uncertainty (uintrinsic), closely related to the

chemical stages indicated in the procedure, depends on
the chemical parameters.

(ii) The chemical calibration uncertainty (uchem-cal), is related
to the chemical calibration process provoked by the
transformation of the analytical signal in concentration
and the acceptance of a normal distribution in the gen-
eration of the analytical signal [10].
One of the chemical calibration methodologies most used in
routine chromatographic analysis is the internal calibration (I.C.)
[11], because it combines several advantages:
(i)
 It is possible to carry out the simultaneous quantification of
several analytes with one sample portion, using an internal
standard (I.S.) or surrogate which represents all the analytes.
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(ii)
 The analysis time is reduced, since only one analytical
preparation for calibration and quantification is needed.
(iii)
 It makes up for the losing of analyte during sample prepara-
tion and, in a moderate way, for the matrix effect. That is
why, it is advisable its use when at least one of the following
circumstances is present: (a) the sample preparation process
is long and complicated; (b) a long time for the measure is
required and (c) there is no, or it is impossible to acquire
analyte standard.
5 g Vegetable Oil Sample + 500 (extra virgin and refined olive) or   
1500 (olive pomace and vegetables) μL of 0.2 % (m/v) I.S. solution    

• Saponification with 2M Potassium  
hydroxide ethanolic solution  

• Extraction with Ethyl ether  
• Evaporate the solvent

Dry Residue containing the unsaponifiable matter
The olive oil official analytical methods of the European Union
(UE) for the determination of waxes [12], sterols [13], stigmasta-
dienes [14], and aliphatic alcohols [15] by capillary column gas
chromatography, constitute examples of common application of
I.C. In these methods, a one level I.S. calibration, for the simulta-
neous quantification of analytes belonging to the same chemical
family, is used.

In our opinion, for these cases, the chemical calibration
uncertainty could be redefined as ‘‘quantification uncertainty
(uquantif.)’’ considering that the use of one level internal calibration
with a surrogate implies that the calibration is implicit in the
quantification process. Thus, in the estimation of this source of
uncertainty, it is necessary to consider that both analytical signal,
i.e. very analyte peak area, and surrogate area, are correlated. This
fact must be taken into account for uncertainty budget, mainly
due to it is implicit into the equation used to estimate the
concentration of the analytes, which is given by

CsterolðiÞ ¼ 1000�
msurrogate

msample
�

AsterolðiÞ

Asurrogate
ð1Þ

where Csterol(i) is the concentration of sterol ‘‘i’’ in the oil sample
analyzed, expressed in mg kg-1; msurrogate is the mass of surrogate,
expressed in mg; msample is the mass of oil sample, expressed in g;
Asterol(i) is the peak area of sterol ‘‘i’’, expressed in arbitrary units;
Asurrogate is the peak area of surrogate, expressed in arbitrary
units; 1000 is the conversion factor to express the concentration
of the analytes in mg kg�1.

This paper presents a procedure to estimate the uncertainty
associated with the determination of 4-desmethyl sterols in 24
vegetable oil samples, using a bottom-up strategy. The analytical
methodology implies the fractionation of sterols from the sapo-
nification extract by HPLC and its quantification by GC(FID), using
an internal calibration at one level, with 5-cholestanol as
surrogate.
Dissolve in 1 mL of 
mobile phase

HPLC-UV Phytosterols Fractionation 

Cromatographic Conditions :
- Mobile Phase: n-Hexane: tert-butylmethylether (TBME), (80:20)  
- Column: Cyano LiChroCART® 250-4 mm LiChrospher® 100 CN (5 μm)   
- Flow Rate: 0.8 mL/min -
- λ: 208 nm
- VINJ: 20 μL 

Evaporate to dryness

Dry residue (Sterols)

Derivatization Reaction 
+ 200 μL of DM / (mg of total sterols) 

Mobile phase containing sterols fraction

GC-FID Phytosterols determination as TMS-Sterols 

- Sterols collection time window: From 7.30 to 9.30 min    

Fig. 1. Procedure for the off line HPLC–GC(FID) determination of 4-desmethyl sterols

in vegetable oils. The boxes include the changes with respect the method of COI.
2. Experimental

2.1. Apparatus and software

The liquid chromatograph consisted of a Hewlett Packard 1050
series equipped with an UV–visible variable wavelength detector,
Rheodyne (Rheodyne, Inc. Cotati, Ca, USA) 7125 loop injector with
a 20 ml sample loop, and a 3396-A integrator. A Lichrospher 100
CN (244�4.5 mm i.d., 5 mm) column with a Lichrospher guard
column (10�4.6 mm i.d.) was used for the fractionation of the
unsaponifiable fraction of the oil.

The gas chromatograph used in the study, equipped with a
flame ionization detector (GC-FID) and a split-splitless injector,
was an Agilent 6890 system (Palo Alto, CA, USA). A fused silica
capillary column 25 m long DB-5 (0.32 mm i.d., 0.25 mm film
thickness) (J&W Scientific, Folsom, CA, USA) was used for the
analysis of sterols as trimethylsilyl ethers.

A Vortex Heidolph mixer, model Reax 2000, a BHG Fixette
2 centrifuge and a heater, model Selecta were used. Agilent
ChemStation was used for data acquisition and processing.
2.2. Chemical and reagents

A 2 M potassium hydroxide (Panreac, Castellar del Vall�es,
Barcelona, Spain) solution in ethanol was prepared, adding
20 mL of distilled water to a 13 g of potassium hydroxide and,
after shaking, the solution was made up to 100 mL with ethanol.
This solution was kept in a well-stoppered dark glass bottle.

Pyridine (99.5% purity) from Panreac, hexamethyldisilazane
and trimethylchlorosilane (97% purity) from Sigma Chemical Co.
(St. Louis, MO, USA), were used. In order to form TMS derivatives a
combination of pyridine: hexamethyldisilazane: trimethylchlor-
osilane (9:3:1, v/v/v) was used as derivatization mixture (DM).

A 0.2% (m/v) 5a-cholestan-3b-ol (cholestanol) (Sigma Chemi-
cal Co. (USA)) solution was prepared by adding 10 mL of ethyl
acetate to 2070.01 mg of cholestanol and shaking with the
Vortex mixer until complete dissolution.

2.3. Procedure

To 5 g of sample, 500 mL (for extra virgin and refined olive oils)
or 1500 mL (for olive pomace and vegetable oils) of the cholesta-
nol solution (I.S) are added, and the saponification of the sample
is made according to the COI procedure [13]. Then, the separation
of the sterols family is made by HPLC, following the next steps:
the dry residue containing the insaponifiable matter is dissolved
in 1 mL of a n-hexane:tert-butylmethylether (TBME) (80:20)
mobile phase and 20 mL are injected in an HPLC-UV system, using
the conditions described in Fig. 1. The sterols are collected in the
time interval indicated in the figure and derivatized using 200 mL
of D.M./mg sterols. Finally, the analytes are determined by GC-FID
using the conditions established in the official procedure.

This procedure could be considered as a possible alternative to
the official analytical procedure for sterols determination [13], in
which, the time-consuming and the tedious stage of TLC is
replaced for an off line HPLC stage.



Table 1
Types of vegetable oils analyzed and 4-desmethyl phytosterols determined.

Vegetable oils (n)a Code Analyte Code

cholesterol (1)

Extra virgin olive (3) (EVOO) brassicasterol (2)

Refined olive (1) (ROO) 24-methylen-cholesterol (3)

Pomace olive (3) (POO) campesterol (4)

Sunflower (1) (SFO) campestanol (5)

High oleic Sunflower (2) (SFO(o)) stigmasterol (6)

Rapeseed (2) (RO) D7-campesterol (7)

Canola (2) (CanO) D5,23-stigmastadienol (8)

Soybean (2) (SyO) clerosterol (9)

Corn (2) (CO) b-sistosterol (10)

Peanut (2) (PeaO) sitostanol (11)

Grapeseed (2) (GO) D5-avenasterol (12)

Sesame (2) (SesO) D5,24-stigmastadienol (13)

D7-stigmastenol (14)

D7-avenasterol (15)

a Number of samples analyzed.
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2.4. Samples

The method was applied to twenty four trade mark edible
vegetable oils, from different origins, Spain, France, Mexico and
USA, purchased from local market or gourmet shops. The type of oil
and the different 4-desmethyl phytosterols analyzed are shown in
Table 1. Fig. 2 shows typical GC(FID) chromatograms obtained for two
of the samples analyzed: (a) extra virgin and (b) pomace olive oil.
Fig. 2. GC(FID) chromatograms obtained for two of the samples analyzed:

(a) Extra virgin olive oil (EVOO-1), and (b) Pomace olive oil (POO-1). The analytes

are coded as in Table 1.
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Fig. 3. Cause and effect diagram (Ishikawa diagram)showing the different uncer-

tainty sources associated to the off line HPLC–GC(FID) determination of

4-desmethyl sterols in vegetable oils.
3. Results and discussion

The different contributions to the overall uncertainty asso-
ciated with the proposed method, are shown in a cause-effect
diagram, also called Ishikawa diagram (Fig. 3)

It can be seen that the uncertainty arises mainly from:

3.1. Working or operational or uncertainty: uworking

For the basic equipment the urel values were calculated
considering the manufacturers’ specifications, taking into account
that, for the microbalances and pipettes used for the addition of
surrogate to extra virgin and refined olive oil samples, a verifica-
tion process was developed in the laboratory, and, for the rest of
volumetric material (pipettes and volumetric flasks), were calcu-
lated from the data shown in Table 2(b).

The representative urel
working of this source of uncertainty is

given by

urel
working ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
urel

mass-surrogate

� �2
þ urel

mass-sample

� �2
r

ð2Þ

3.1.1. Mass surrogate (umass�surrogate):

As it can be seen in Fig. 3, umass-surrogate is affected by the
uncertainty of the stock solution of surrogate and the uncertainty
associated to the volume of this solution added to the oil sample,
before the saponification step. Expressed as relative uncertainty,
it is given by the next equation:

urel
mass-surrogate ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
urel

mass-surrogate stock solution

� �2
þ urel

pipette

� �2
r

ð3Þ

The relative uncertainty associated to the preparation of the
surrogate stock solution, among others factors, depends on the
purity of the surrogate (PUR) used as internal standard. Since the
manufacturers do not supply any uncertainty concerning this



Table 2
Uncertainty values for basic equipment used in the procedure.

(a) Equipment verified in the laboratory using an internal quality management plan

Microbalances Precision (g) Mass (g) Correction (g) Ua(g)

0.0001 1 0.0001 0.0003

0.001 10 Not needed 0.002

Mechanic pipettes Range (lL) Volume (mL) Correction (mL) U (mL)

100–1000 0.1 0.000 0.002

100–1000 0.2 �0.001 0.002

100–1000 0.3 �0.001 0.002

100–1000 0.5 0.001 0.002

100–1000 0.9 �0.005 0.002

100–1000 1.0 �0.005 0.002

(b)Uncertainty values given by the manufacturersb

Pipettes Volume (mL) ucfor organic solvents (mL)

2 0.0092

Flasks Volume (mL) u for organic solvents(mL)

10 0.025

a Overall uncertainty.
b LGC/VAM/2000/053. V.J. Barwick et al., Evaluating Confidence in Analytical Measurement. Part (d): Studies of uncertainty in laboratory operations.

VAM.LGC.2000.
c Standard uncertainty.
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issue, it has been estimated considering the last significant digit
of the value of stated purity. Besides, it has been assumed that the
molar mass of cholestanol does not have a significant influence on
the uncertainty. The relative standard uncertainty for the con-
centration of the stock solution arises from:

urel
surrogate stock solution ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 msurrogate stock

� �
m2

surrogate stock

þ
u2ðPURÞ

PUR2
þ

u2 Vf lask

� �
V2

f lask

vuut
ð4Þ

Considering the analytical procedure used, each term
(expressed as secondary relative uncertainty) has been calculated
by Eqs.(A.I.1–A.I.4) included in Annex I.

Finally, as the volume of the stock solution added to the oil
sample depends of the type of oil analyzed, its contribution to the
uncertainty has been calculated using the next equations:

(a) Addition of 500 mL of surrogate (Extra virgin and refined
olive oils):

urel
pipetteð500Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
maximum errorverif icacion process=

ffiffiffi
3
p� �2

V2
pipetteð500Þ

vuuut ð5Þ

(b) Addition of 1500 mL of surrogate (Pomace olive and
vegetable oils):

urel
pipetteð1500Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

standard

V2
pipetteð1500Þ

vuut ð6Þ

3.1.2. Mass sample (umass�sample):

The uncertainty associated to the mass of oil sample weighted,
expressed as relative uncertainty, was estimated by

urel
mass-sample ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
balance maximum errorverif ication process=

ffiffiffi
3
p� �2

m2
sample

vuuut ð7Þ

Table 3(a) shows the influence of each term (expressed as
percentage) over the relative operational uncertainty of two oil
samples (extra virgin and pomace olive), selected as example of
calculations. As it can be seen, in both samples, the preparation
and addition of the surrogate stock solution represents the major
influence, being negligible the uncertainty associated with the
addition of different volumes of surrogate.

3.2. Contribution of bias to uncertainty: urecovery

According to ISO [16], the definition of uncertainty indicates that
the presentation of results must be free from systematic errors
(proportional and constant bias). In general terms, the evidence of
proportional bias is assayed by recovery studies in which, prior to
the sample treatment, it is spiked with known quantities of analyte,
normally at different levels. Nevertheless sometimes, as in this case,
these studies cannot be carried out due to, as has been quoted
previously, it is not possible to acquire analyte standards and a one
level internal calibration with surrogate is used for quantification
purposes. That is why, this term represented in the Ishikawa
diagram, has not been included in the uncertainty budget.

3.3. Inherent uncertainty: uinherent

As it has been mentioned previously, the main contributions to
this uncertainty are the intrinsic and quantification uncertainties,
and it is calculated by the equation:

urel
inherent ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðurel

intrinsicÞ
2
þðurel

quantif :Þ
2

q
ð8Þ

3.3.1. Intrinsic uncertainty: uintrinsic

The intrinsic uncertainty associated to the quantification of 4-
desmethyl sterols in vegetable oils depends on the following
chemical steps: saponification of the sample, fractionation of the
phytosterols by off-line HPLC and derivatization reaction of ana-
lytes as trimethyl-sylilsterols for GC-FID quantification purposes.
From all of them, the uncertainty arising from saponification of the
sample has not been considered, mainly due to the reagents and
solvents used in this step are in great excess respect to surrogate
and analytes, which involves a lot of chemical processes not being
‘‘under metrological control’’. The intrinsic uncertainty has been



Table 3
Contribution of different factors to the: (a) (urelworking.) and (b) (urelintrinsic.) in the determination of 4-desmethyl sterols in two of the samples analyzed.

(c) Contribution of uintrinsic and uquantif. to the relative inherent uncertainty (urelinherent) for four analytes.

EVOO1 POO1

(a) Relative working uncertainty (urel
working)

Mass surrogate (umass-surrogate) 99.97 99.97

Mass sample (umass-sample) 0.03 0.03

(b) Relative intrinsic uncertainty (urel
intrinsin)

HPLC fractionation of 4-desmethyl sterols (uHPLC fractionation) 11.1 11.1

Derivatization reaction (uderivatization reaction) 88.9 88.9

Analytea (c) Relative inherent uncertainty (urel
inherent)

(4) uintrinsic 89.9 42.9

uquantif 10.1 57.1

(6)
uintrinsic 88.0 94.8

uquantif. 12.0 5.2

(10)
uintrinsic 88.5 99.4

uquantif. 11.5 0.6

(13)
uintrinsic 95.6 96.4

uquantif. 4.4 3.6

a Analytes are coded as in Table 1.
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estimated according the next equation

urel
intrinsic ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðurel

HPLC f ractionationÞ
2
þðurel

derivatization reactionÞ
2

q
ð9Þ

On one hand for the estimation of the uncertainty associated to
the HPLC fractionation of 4-desmethyl sterols (uHPLC fractionation) it
has been considered that, the final residue obtained from saponi-
fication is dissolved in 1 mL of mobile phase (added with a pipette)
and 20 mL of this solution are introduced in the liquid chromato-
graph. The fraction of eluate containing the sterols is collected, in
the time window indicated in the procedure, in a graduated test
tube for ulterior GC(FID) analysis. The uncertainty associated to the
injection has been considered negligible. Therefore,

urel
HPLC-f ractionation ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2ðVpipetteÞ

V2
pipette

þ
u2 Velutedð Þ

V2
eluted

vuut ð10Þ

The uncertainty associated to the Veluted has been estimated
considering the mass of the volume collected during the ‘‘time
window’’ (2 min), using a flow rate of 0.8 mL/min. The collected
volume (1.54 mL) was determined from the mass and density of
the mobile phase (0.6675 kg/L). Thus,

u2 Velutedð Þ

V2
eluted

¼
s2
Dm

Dm2
ð11Þ

where sDm is the standard deviation of the mass of the collected
volume containing the 4-desmethyl sterols; Dm is the difference
between the masses of the test tube with the eluted fraction and
the test tube empty.

The equation used to calculate the uncertainty associated with
the addition of 1 mL of mobile phase to the final residue of the
saponification is included in Annex I (Eq. (A.I.5)).

On the other hand, the uncertainty associated with the
derivatization reaction (uderivatization reaction) comes mainly from
the use of pipettes in the preparation and addition of the
derivatization mixture to the dry residue obtained previously.
This component of uncertainty is given by

urel
Derivatization Reaction ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
urel

Derivatization mixture D:M:ð Þ

� �2
þ

u2 Vpipette

� �
V2

pipette

vuut
ð12Þ

The equations used to estimate both terms of this expression,
are included in Annex I (Eqs. (A.I.5) and (A.I.6)).
Table 3(b) shows that, for the two selected samples, the
relative intrinsic uncertainty is mainly due to the preparation
and addition of the derivatization mixture, although the HPLC
fractionation also contributes.

3.3.2. Quantification uncertainty: uquantif.

In this case, the relative uncertainty associated to the quantifica-
tion, depends on the peak area of analyte (Asterol(i))/peak area of
surrogate (Asurrogate) ratio. Thus, applying the principles of uncertainty
propagation, it should be calculated according to the next equations.

urel
quantif : ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 AsterolðiÞ=Asurrogate

� �
AsterolðiÞ=Asurrogate

� �2

vuut ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 ARELð Þ

ARELð Þ
2

s
ð13Þ

u2 ARELð Þ ¼
@AREL

@AsterolðiÞ

� �2

u2 AsterolðiÞ

� �
þ

@AREL

@Asurrogate

� �2

u2 Asurrogate

� �
þ2 � r AsterolðiÞ , Asurrogateð Þ �

@AREL

@AsterolðiÞ

� �
�

@AREL

@Asurrogate

� �
ð14Þ

u2 ARELð Þ

A2
REL

¼
s2 AsterolðiÞ

� �
A2

sterolðiÞ

þ
s2 Asurrogate

� �
A2

surrogate

�2xr AsterolðiÞ , Asurrogateð Þ �
s AsterolðiÞ

� �
AsterolðiÞ

�
s Asurrogate

� �
Asurrogate

ð15Þ

where s(Asterol(i)) is the standard deviation of the peak area of sterol(i),
obtained from ‘‘n’’ GC-FID chromatograms run in repeatability con-
ditions; s(Asurrogate) is the standard deviation of the surrogate peak
area, obtained from ‘‘n’’ GC-FID chromatograms run in repeatability
conditions; Asterol(i) is the arithmetic mean of the sterol(i) peak
areas, obtained from ‘‘n’’ chromatograms; Asurrogate is the arithmetic
mean of the surrogate peak areas, obtained from ‘‘n’’ chromatograms;
r(A(sterol(i)), A(surrogate)) is the correlation coefficient of the areas, which is 1 for
multivariate probability distributions.

The equations used for the estimation of the quantification
uncertainty are shown in Annex I (Eqs. (A.I.7)–(A.I.10)), bearing in
mind that, depending on the type of oil, the number of replicates
ranged from 7 to 9.

Table 4 shows the values of the urel
quantif. of 4-desmethyl sterols

determined in the two selected samples. In this case, each analyte
has its own quantification uncertainty, coming from the areas
ratio calculated from the GC(FID) chromatograms.

As it can be seen, the relative quantification uncertainty
(urel

quantif.) is, in most of the cases, higher for the sterols found in
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pomace olive oil, apart from, campesterol, stigmasterol, b-sistos-
terol and D5,24-stigmastadienol in the extra virgin olive oil. This
fact could be explained on the basis of the analytes resolution.
Table 4
Relative uncertainty values (urelquant.) for the quantification of 4-desmethyl

sterols in two of the samples analyzed.

Analytea EVOO1 POO1

urel
quant. urel

quant.

(1) 0.014 0.017

(2) – 0.015

(3) 0.01 0.020

(4) 0.0058 0.00028

(5) 0.0048 0.020

(6) 0.0063 0.0040

(7) – 0.016

(8) – 0.016

(9) 0.0012 0.020

(10) 0.0037 0.0013

(11) 0.00048 0.011

(12) 0.0036 0.0068

(13) 0.0037 0.0033

(14) 0.0077 0.020

(15) 0.0015 0.0096

a Analytes are coded as in Table 1.

Fig. 4. Contribution of the different uncertainty sources to the relative overall uncertain

oils. (a) Extra virgin olive oil (EVOO-1), (b) Pomace olive oil (POO-1).
Finally, Table 3 (c) shows the influence of quantification and
relative intrinsic uncertainties on the inherent uncertainty, for
campesterol (4), stigmasterol (6), b-sistosterol (10) and D5,24-
stigmastadienol (13). It can be observed that, in most of the cases,
the main contribution is due to the urel

intrinsic, especially from the
derivatization reaction. The quantification process predominates
over the chemical factors only for campesterol, in POO-1.

3.4. Relative overall uncertainty

The relative overall uncertainty was obtained according to the
Eq. (16), where C(sterol(i)) is the estimated result:

urel
Overall sterol ið Þð Þ ¼

uOverall sterolðið ÞÞ

C sterolðið ÞÞ

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðurel

operationalÞ
2
þðurel

inherentÞ
2

q
ð16Þ

The contribution of the different uncertainty sources to the
relative overall uncertainty, for the two selected samples, is
shown in Fig. 4. It can be seen that in the pomace olive oil, the
relative overall uncertainty values are higher or of the same order
of magnitude as in extra virgin olive oil, being in all the cases the
relative inherent uncertainty the predominant. In relation with
this source of uncertainty, although it varies depending on the 4-
desmethyl sterol, it could be said that, in the case of the extra
virgin olive oil, it is mainly affected by the contribution of
ty for the off line HPLC-GC(FID) determination of 4-desmethyl sterols in vegetable



Table 5
Results obtained in the analyzed olive oil samples (the results are expressed as R7U).

Analytea Extra-virgin oliveb Refined Oliveb Pomace oliveb

EVOO-1 EVOO-27 EVOO-28 ROO-1 POO-1 POO-2 POO-3

(1) 1.970.1 2.170.1 2.070.1 2.970.1 5.470.3 330720 10.370.6

(2) oL.O.D oL.O.D oL.O.D oL.O.D 2.370.1 5.770.3 3.970.2

(3) 1.870.1 3.370.2 3.170.1 1.870.1 4.270.2 4.970.3 2.970.2

(4) 4672 4972 6173 4272 11275 9174 8174

(5) oL.O.D 2.270.1 1.270.1 1.570.1 6.770.4 4.570.3 3.670.2

(6) 8.070.4 17711 7.570.3 11.270.5 3171 2971 3872

(7) oL.O.D oL.O.D oL.O.D oL.O.D 6.770.4 3.870.2 7.670.4

(8) oL.O.D oL.O.D oL.O.D oL.O.D 2771 2671 7.670.4

(9) 13.970.6 13.270.6 11.470.5 12.670.5 3472 3172 2772

(10) 1250750 1010740 890740 940740 2000790 1600770 2200795

(11) 13.070.5 15.2 70.6 9.070.4 9.070.4 5072 4172 4872

(12) 5672 10174 6973 7673 6273 3872 8274

(13) 6.070.3 8.770.4 6.670.3 12.670.5 4572 5372 2271

(14) 5.270.3 6.970.3 3.970.2 7.770.4 1871 9.570.6 1771

(15) 4.570.2 6.170.3 4.370.2 6.970.3 7.970.4 5.270.2 4.970.2

a Analytes are coded as in Table 1.
b The content of each sterol is expressed in mg of sterol/kg of oil sample.

Table 6
Results obtained in the analyzed vegetable oil samples (the results are expressed as R7U).

Analytea Sunflowerb Sunflower high oleic acidb Rapeseedb Canolab Soybeanb

SFO-1 SFO(o)-1 SFO(o)-2 RO-1 RO-2 CanO-1 CanO-2 SyO-1 SyO-2

(1) 3.470.2 2.470.1 4.170.2 2471 2871 2671 2771 9.070.5 11.070.6

(2) oL.O.D 1.070.1 1.870.1 710740 840740 700740 710740 6.770.4 7.670.4

(3) 9.070.5 4.870.3 7.070.4 1771 oL.O.D 5773 oL.O.D 3172 2371

(4) 280710 19078 250710 26007100 31007100 23007100 26007100 580730 520720

(5) 7.270.4 13.470.8 6.270.4 7.970.5 6.770.4 11.670.7 11.770.7 2471 2271

(6) 240710 16077 218710 2271 2871 3171 3271 440720 470720

(7) 8775 6674 8374 8074 7974 11976 10476 oL.O.D 2271

(8) 2771 9.670.5 oL.O.D 2271 2071 4672 3972 oL.O.D oL.O.D

(9) 3072 2071 3572 4272 5173 6474 6874 1871 2271

(10) 1720770 1090750 1430760 34007100 40007200 36107200 37007200 1070750 1400760

(11) 2271 3572 2071 12.370.6 12.370.6 12.470.6 10.870.5 3472 4472

(12) 7573 4972 8874 20679 240710 16077 260710 4672 7273

(13) 7973 4072 4772 5272 5973 10575 8774 20.970.9 3071

(14) 400720 300720 370 720 12.570.7 9.270.5 2671 2071 2571 9275

(15) 14077 11275 15177 7.470.4 7.070.3 11.270.5 12.670.6 17.670.8 5373

Analytea Cornb Peanutb Grape seedb Sesameb

CO-1 CO-2 PeaO-1 PeaO-2 GO-1 GO-2 SesO-1 SesO-2

(1) 12.470.7 16.270.9 9.070.5 8.670.5 5.070.3 4.170.2 8.670.5 4.370.2

(2) 4.770.2 2.270.1 8.770.5 oL.O.D 4.770.2 5.670.3 3.570.2 1.970.1

(3) 6574 8175 10.370.6 14.070.8 4.970.3 5.570.3 11477 9776

(4) 1080750 1290760 330710 350720 19378 220710 9230740 910740

(5) 14579 8175 7.170.4 7.670.5 11.370.7 10.570.6 10.370.6 15.370.9

(6) 430720 480720 19078 21479 19679 220710 360720 380720

(7) oL.O.D oL.O.D 5.070.3 6.870.4 14.270.8 2071 2771 2972

(8) oL.O.D oL.O.D oL.O.D oL.O.D 9.070.5 8.770.5 oL.O.D oL.O.D

(9) 8375 6374 2071 2271 2471 2471 5373 5473

(10) 44407200 43007200 1400760 1400760 1400760 1600770 31007100 31007100

(11) 360720 19079 15.170.7 14.370.7 8274 7374 2071 16.470.8

(12) 290710 290710 18078 220710 3872 4672 660730 680730

(13) 8574 4772 20.770.9 2371 3972 3872 7673 8174

(14) 190710 5173 13.570.8 14.770.9 6374 8975 3572 6374

(15) 11976 5873 2372 2571 17.670.8 2871 6073 7173

a Analytes are coded as in Table 1.
b The content of each sterol is expressed in mg of sterol/kg of oil sample.
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operational and chemical aspects, such as the use and preparation
of surrogate, and those related to the derivatization reaction,
respectively. For pomace olive oil sample, it is mainly affected for
the quantification stage.
3.5. Expanded overall uncertainty

In order to provide a 95% level of confidence for the final
results, the expanded overall uncertainties (Uoverall (sterol(i)))
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were obtained by multiplying the overall uncertainties by a
coverage factor, k¼2. As an application of the previous equations
to calculate the uncertainty, Tables 5 and 6 show the final results
obtained for all the samples analyzed.

It can be check that, in most cases, the relative uncertainty
ranged from 4% to 6%, regardless of the type of sample, the
analyte and its concentration.
(ii)
4. Conclusions

After the evaluation of the different uncertainty sources
associated with the off line HPLC–GC(FID) determination of 4-
desmethyl sterols in vegetable oils, it can be concluded that, the
main contribution to the overall uncertainty is due to the
chemical aspects of the method (inherent uncertainty). Depend-
ing on the type of oil, as well as the 4-desmethyl sterol con-
sidered, the quantification step can play an important role in the
overall relative uncertainty.
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Annex I. Equations used for the estimation of the secondary
uncertainties

Operational or working uncertainty (uop)

Mass surrogate (umass�surrogate):

(a)

urel
surrogate stock ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
balance maximum errorverif ication process=

ffiffiffi
3
p� �2

m2
surrogate stock

vuuut
ðA:I:1Þ

where balance maximum errorverification process is the maximum
error of the balance used to weight the surrogate, obtained from
the internal quality management plan of the equipment (Table 2)
and it is calculated by the expression:

Balance maximum errorverification process

¼ 9Correction9þExpanded overall uncertainty ðA:I:2Þ
–
 msurrogate stock is the mass of surrogate necessary to prepare
10 mL of a 0.2 % (m/v) surrogate stock solution.

(b)

urel
PUR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
order of last decimal PUR specif ied by manuf acturer=2

ffiffiffi
3
p� �2

PUR2

vuut
ðA:I:3Þ

where PUR is the purity of the surrogate provided by the
manufacturer.

(c)

urel
f lask ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

standard

V2
f lask

vuut ðA:I:4Þ

where ustandard is the standard uncertainty of the flask used to
prepare the surrogate solution (Table 2); Vflask is 10 mL.
Inherent uncertainty: uinherent

(1) Intrinsic uncertainty: uintrinsic
(i)
 HPLC fractionation of 4-desmethyl sterols (uHPLC fractionation)

urel
pipette ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
maximum errorverif ication process=

ffiffiffi
3
p� �2

V2
pipette

vuuut ðA:I:5Þ

where maximum errorverification process is the maximum error
of the pipette used to add 1 mL of mobile phase to the residue
of the saponification process (see Eq. (A.I.2)); Vpipette: 1 mL;
Derivatization reaction for GC(FID) analysis

urel
Derivatization Mixture D:M:ð Þ

� �2
¼

u2ðVpipetteð1ÞÞ

V2
pipetteð1Þ

þ
u2ðVpipetteð2ÞÞ

V2
pipetteð2Þ

þ
u2ðVpipetteð3ÞÞ

V2
pipetteð3Þ

ðA:I:6Þ

where Vpipette (1) is the volume added of pyridine (900 mL);
Vpipette (2) is the volume added of hexamethyldisilazane
(300 mL); Vpipette (3) is the volume added of trimethylchlor-
osilane (100 mL). As the pipettes had been checked in the
laboratory, the equation used in all the cases is analogous to
Eq. (A.I.5).In the same fashion, the uncertainty associated to
the addition of the D.M. is also evaluated according to the Eq.
(A.I.5)
(2)
 Quantification uncertainty: uquantif

s2 AsterolðiÞ

� �
A2

sterolðiÞ

¼
ðsrepet AsterolðiÞ

� �
=
ffiffiffi
n
p
Þ
2

A2
sterolðiÞ

ðA:I:7Þ

s2 Asurrogate

� �
A2

surrogate

¼
ðsrepet Asurrogate

� �
=
ffiffiffi
n
p
Þ
2

A2
surrogate

ðA:I:8Þ

s AsterolðiÞ

� �
AsterolðiÞ

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsrepet AsterolðiÞ

� �
=
ffiffiffi
n
p
Þ
2

A2
sterolðiÞ

vuut ðA:I:9Þ

s Asurrogate

� �
Asurrogate

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsrepet Asurrogate

� �
=
ffiffiffi
n
p
Þ
2

A2
surrogate

vuut ðA:I:10Þ

In all the cases ‘‘n’’ is the number of GC(FID) injections
replicated.
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