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The possibility of fatty acid identification from ions in the mass region of 50-110 amu in
electron impact mass spectra has been studied by application of various multivariate
techniques. The focus has mainly been on the prediction of the number of double
bonds in methylene-interrupted polyunsaturated fatty acids isolated from marine
lipids.

The number of double bonds in these fatty acids could be predicted with high accu-
racy, both by partial least squares regression on all ions in this region, and by multiple
linear regressions on selected subsets of 5-6 ions. The subsets with optimal predictive
power have been found, and the ability to distinguish between methylene interrupted
polyunsaturated fatty acids and other fatty acids have also been evaluated.

Keywords: Mass spectrometry, selected ion monitoring, fatty acid methyl esters, par-
tial least squares regression, multiple linear regression.

Research Paper

1 Introduction
1.1 General

Fatty acid methyl esters (FAME) are the most common
derivatives for gas chromatographic analyses of fatty
acids. The application of FAME derivatives for the identi-
fication of unknown fatty acids by electron impact mass
spectrometry (EI MS) has been limited because the spec-
tra give incomplete information about the fatty acid struc-
ture, and in particular the number of double bonds in poly-
unsaturated fatty acids (polyenes) [1-3].

Determination of double bond positions can be carried out
by derivatisation of the double bonds [4, 5] or by the deriva-
tisation of the carboxyl group with nitrogen containing cy-
clic groups [4, 6]. These methods have certain drawbacks
in common: 1) the preparation of the derivatives is more la-
borious and time consuming than the preparation of methyl
esters. 2) The interpretation of the spectra often depends
on the presence or absence of ions of rather low abun-
dance. Preconcentration of the analyte may therefore be
necessary to achieve spectra of sufficient quality. 3) The
molecular weights of these derivatives are higher than for
the corresponding FAME molecules. This usually leads to
poorer chromatographic properties, and elution of long-
chain fatty acids on polar GC columns may be a problem.
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Interpretation of mass spectra is usually done by visual
inspection and decisions are made on the presence or
absence of certain critical ions. In the spectra of nitrogen
containing fatty acid derivatives, double bond positions
are for instance identified from diagnostic ions spaced by
12 amu instead of 14 amu. In El mass spectra of methyl
esters, polyunsaturated fatty acids (polyenes), diunsatu-
rated fatty acids (dienes), monounsaturated fatty acids
(monoenes) and saturated fatty acids, are distinguished
by different base peaks. An alternative approach is to pre-
dict afatty acid structure from smaller differences in relative
abundances of all or selected ions in the spectra, by means
of classification, regression, or other statistical analyses [7].
The statistical approach has proven beneficial in several
cases. The identification of double bond position in mono-
enoic fatty acids is one example. It has been stated [3, 5, 8]
that the double bond positions in these isomers can not be
determined from El spectra of FAME or other simple fatty
acid esters, because the spectra have no ions indicating
the positions. Nevertheless, it has been shown that the
double bond positions can be determined from partial least
squares regressions (PLSR) on El spectra of fatty acid ethyl
esters [9]. Similar approaches have been used for the
determination of double bond positions in monounsatu-
rated acetates [10, 11] and long-chain alcohols [10].
Another example is the identification of frans geometry in
the unsaturated fatty acids [12, 13]. A further advantage of
the statistical approach is that the reliability of the identifi-
cation can be calculated from the error estimates of the
regression or classification. Classical mass spectral inter-
pretation provides no such information.
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Traditional mass spectral interpretation of fatty acid deri-
vatives requires a full-scan spectrum. However, monitor-
ing of a few ions (selected ion monitoring, SIM) is advan-
tageous both with respect to signal to noise ratio and
scan speed. In El spectra of FAME, ions of high abun-
dance can be found in the lower mass range (m/z 50—
110). The purpose of this work has been to show that fatty
acid structure can be predicted from ions in this range
and that there exist subsets of ions that are suitable for
SIM analyses, with similar predictive power as full-scan
spectra. The subsets of 4-6 ions with best predictive
power have been sought.

If the number of double bonds in FAME is known, the rest
of the fatty acid structure can often be predicted from
retention indices and chromatographic elution patterns.
The main focus has therefore been on prediction of the
number of double bonds in methylene-interrupted (Ml)
polyenes, but the various subsets have also been evalu-
ated for the ability to distinguish between MI polyenes,
non methylene-interrupted (NMI) polyenes, dienes,
monoenes and saturated fatty acids.

1.2 Electron impact mass spectra of FAME

The mass spectra of FAME and other simple esters have
been thoroughly investigated and the identities of most of
the abundant ions are known; several reviews have been
published [1-3, 5]. Saturated unbranched FAME mole-
cules are dominated by the ion [CH,C(OH)OCH,]**® at
m/z 74, which is formed via McLafferty rearrangement
[14]. Other important ions are the series of ions with the
formula [(CH,),COOCHj5]*. The ion where n equals 2 (m/z
87) is usually the most abundant of the series, followed by
ions where n is 6, 10 and 14 [5]. It has been shown that
these ions can be formed by more than one mechanism
[15]; a structure where the positive charge is located on
protonated carbonyl oxygen after abstraction of the
hydrogen from certain positions in the carbon chain, has
been proposed [16]. Another important series in the satu-
rated molecules are the ions with formula [CHa,.4]"
where m/z 43 and 57 are the most abundant ions [17].

In monoenes, a similar unsaturated series with formula
[C Hj,_1]" dominates, and m/z 55 (n = 4) is usually the
base peak in the spectra [17]. The series [C,Hp,_3]" is
abundant in MI dienes and m/z 67 (n = 5) is usually the
base peak [17]. In Ml polyenes with three or more double
bonds the base peak is usually m/z 79, which belong to
the series [CHy,_5]"-

As explained above, saturated FAME, monoenes, Mi
dienes, and MI polyenes can be distinguished by large
differences among the most abundant ions in the spectra.
The differences between the spectra of FAME with three
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or more double bonds are much smaller, and m/z 79 is
usually the base peak in all these spectra. A weak molec-
ular ion may sometimes reveal the number of double
bonds in the molecule. It has also been reported that the
ion m/z 91, part of the series [C,H,,_;]", increase with
increasing number of double bonds [8, 18].

The determination of the double bond position in polyun-
saturated FAME can be done from diagnostic ions pres-
ent in the El spectra. The position of the first double bond
counted from the methyl end of the carbon chain can be
determined from a series of ions (w-ions) with the molec-
ular formula [CH,,_4]** where m/z 108, 122, and 150 are
indicative of n-3, n-4 and n-6 fatty acids respectively [1,
17,19, 20]. A similar series of ions (x-ions) with the molec-
ular formula [C,O,H,,_¢]"® indicate the double bond posi-
tions counted from the carbonyl group, where A6 and A9
positions give ions of m/z 194 and 236 respectively [19].

2 Materials and methods
2.1 Overview

AOCS Ce 1b-89[21] was used for preparation of fatty acid
methyl esters from four commercial fish oils (cod liver,
tuna, salmon, blue whiting) and a Bligh and Dyer [22]
extract of blue mussels. The methyl esters were sepa-
rated according to the degree of unsaturation by silver
ion liquid chromatography (Ag-LC), and the fractions
were analysed by GC-MS. After an initial screening, frac-
tions containing fatty acids of interest (3—6 double bonds)
were concentrated and rerun with several different GC-
MS programs. Spectra were collected in a spectral base
and calculations were performed on the spectral area of
50-110 amu. Further details are given below.

2.2 Silver ion chromatography (Ag-LC)

Ag-LC was performed on a Chromspher 5 Lipids column,
250 x 4.6 mm (Varian, Middelburg, The Netherlands) on a
system equipped with evaporative light scattering detec-
tion and a fraction collector. Details are described else-
where [13]. Fractions were collected every 2 min and the fol-
lowing gradient program was applied: Solvent A: hexane,
Solv. B: acetone, Solv. C: 10% acetonitrile 90% acetone.
0-5min: 100% Solv. A, 5-9 min: gradient 100% A to 80%A/
20%B, 9-10min gradient 80%A/20%B to 100%B, 10-
30 min: gradient 100%B-100%C, 30-46 min: 100%C. Sol-
vent flow was 1.5 mL/min. The split between the fraction
collector and the detector was approximately 75/25. Satu-
rated FAME and monoenes eluted in one peak. FAME with
2-6double bonds eluted in different baseline separated
peaks according to the number of double bonds.
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2.3 Gas chromatography-mass spectrometry

The fractions were analysed on a HP-5890 gas chromato-
graph equipped with HP-5972 mass spectrometric
detector (Agilent, Palo-Alto, CA, USA) and a BPX-70 cap-
illary column, L =60m, [.D. = 0.25mm, d;= 0.25 um (SGE,
Ringwood, Australia). Two different temperature pro-
grams were applied to reduce the risk of undetected
peak overlaps. To avoid influence on the mass specitra,
column flow and MS transfer line temperature were equal
for the two programs. Program 1: Injection (splitless) at
60 °C, isothermal for 4 min, thereafter 30 °C/min-190 °C
and 4 °C/min-260 °C, isothermal (260 °C ) for 5min. The
injector pressure was 414 kPa at injection; after 2 min the
pressure was reduced to 138kPa (73 kPa/min). There-
after, the pressure was increased with column tempera-
ture (constant flow mode) to give an estimated carrier
gas velocity of 20cm/s. Helium (99.996%) were used as
carrier gas. Injector temperature was 250 °C and MS
transfer line temperature was 260°C. The injected
amounts were 0.5 or 1.5 pL, depending on the concentra-
tion of the compounds of interest. Program 2: Identical to
program 1, with the following exceptions: the second
temperature gradient (190-260 °C) was 2 °C/min, and
there were no isothermal period after the second gradi-
ent. The two different GC-programs were combined with
two MS-programs. ‘Full scan’ was applied for identifica-
tion of the compounds from the molecular ion and the -
and w-ions, m/z 50-382 were recorded, and 2.1 spectra
were collected every second. ‘Local scan’ were used to
get better signals in the region used for the calculations,
m/z 50-110 were recorded, and 7.3 spectra were col-
lected every second.

2.4 ldentification

Because the fatty acids elutes according to the degree of
unsaturation, the number of double bonds in a FAME can
be estimated directly from Ag-LC retention times and
from compounds with known structure appearing in the
same Ag-LC fraction. In addition, the a- and w-ions, the
equivalent chain lengths (ECL), and fractional chain
lengths (FCL) were used for identification. ECL values
are retention indices calculated relative to the number of
carbons in the saturated unbranched fatty acids [23, 24].
The FCL values are the difference between the ECL
value of the actual FAME and the ECL value of the satu-
rated unbranched FAME with the same number of car-
bons. All compounds applied in the calculations were
identified by the presence of both the o- and w-ions,
except the n-1 fatty acids, which can not be identified
from the w-ion (see further details in results and discus-
sion section).
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A reference mixture, GLC-461 (Nu-Chek Prep. Elysian,
MN, USA), spiked with additional saturated FAME,
C19:0, C21:0, C25:0, C26:0, C27:0, and C28:0 (Sigma-
Aldrich, Steinheim, Germany) was applied for calculations
of ECL values. Local second order regressions were
applied to determine the relationship between ECL values
and retention times. Calculations were performed in
Matlab 6.5 (MathWorks, Natick, MA, USA). A total of
30 fatty acids with 3-6 MI double bonds were identified,
details are given in Tab. 1. For comparison of Ml polyene
spectra with other FAME spectra, the spectra in the refer-
ence mixture were included in the dataset together with
two spectra tentatively identified as NMI polyenes. For
the compounds with more than one spectrum in the origi-
nal library, the average spectrum of the compound was
calculated and the spectrum with best correlation to the
average was applied further.

2.5 Calculations and error estimates

In the descriptions below, X is the matrix containing all
spectra, and y is the vector containing the corresponding
number of double bonds. Subsets of the spectra with 3-6
ions, X, were tested for the ability to predict the number
of double bonds, y;, in the fatty acids. Multiple linear
regression (MLR) was used to find the vector of regression
coefficients, b, from the spectral data, X, and the number
of double bonds in the molecule, y;:

b— (X Xs) " X0 T ()

The predicted number of double bonds, y,,, was then cal-
culated from X, and b:

Yo =Xs xb @

Standard error of calibration (SEC) is the standard devia-
tion of the difference between predicted values, y,, and
true values, y;:

1 Y »
SEC = \J,\H; (Ypn — Ytn — ),
L
3= N; (Yp‘n — Ytn) )

N is the number of cases.

Because of the risk of overfitting, error estimates calcu-
lated directly on the calibration set may be misleading. In
full cross validation, each sample (fatty acid) is left out of
the data set and the model is calibrated on the remaining
samples. Then the y-value for the excluded sample is pre-
dicted from the model. The process is repeated with every
sample in the calibration set. Standard error of prediction
(SEP) is computed like SEC, but on cross validated y,,. To
resemble SIM spectra, all subsets (sub-spectra) were nor-
malised to constant sum prior to the regressions.
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Tab. 1. Polyunsaturated fatty acids applied in the calculations. ECL and FCL values are given togeth-
er with the amount injected (estimated from the peak area compared to peak areas in the reference

mixture).

Fatty acid a-ion m-ion ECL FCL ng inj. Source

C16:3n-3 264 108 17.94 1.94 0.4 Cod liver oil
C18:3n-3" 292 108 19.99 1.99 19.6 Blue mussels
C20:3 n-3° 320 108 22.00 2.00 4.4 Reference compound?
C22:3n-3 348 108 24.00 2.00 7.2 Reference compound?
C16:3n-4 264 122 17.85 1.85 3.6 Cod liver oil
C18:3n-4 292 122 19.86 1.86 1.8 Cod liver oil
C18:3n-6" 292 150 19.65 1.65 25.0 Reference mixture
C20:3 n-6' 320 150 21.63 1.63 23.4 Reference mixture
C16:4 n-1 262 80" 18.56 2.56 7.3 Blue whiting
C18:4 n-1 290 80" 20.58 2.58 4.5 Salmon oil

C20:4 n-1 318 80" 22.60 2.60 1.2 Salmon oil
C16:4n-3 262 108 18.25 2.25 6.8 Blue whiting
C18:4n-3 290 108 20.47 2.47 46.7 Herring oil

C20:4 n-3 318 108 22.49 2.49 271 Salmon oil
C21:4n-3 332 108 23.48 2.48 4.9 Blue whiting
C22:4 n-3 346 108 24.49 2.49 10.9 Blue whiting
C23:4n-3 360 108 25.49 2.49 1.0 Blue whiting
C24:4 n-3 374 108 26.50 2.50 4.4 Blue whiting
C26:4 n-3 402 108 28.51 2.51 3.8 Blue whiting
C18:4 n-4 290 122 20.22 2.22 1.2 Blue whiting
C20:4 n-6" 318 150 21.99 1.99 49.4 Blue mussels
C21:4 n-6 332 150 23.10 2.10 0.5 Blue mussels
C22:4 n-6" 346 150 24.07 2.07 20.4 Reference mixture
C18:5n-1 288 80" 20.94 2.94 1.7 Blue whiting
C20:5n-3° 316 108 22.83 2.83 13.8 Blue whiting
C21:5n-3 330 108 23.94 2.94 4.4 Blue whiting
C22:5n-3f 344 108 24.94 2.94 21.2 Reference mixture
C24:5n-3 372 108 26.97 2.97 3.7 Cod liver oil
C22:5n-6 344 150 24.33 2.33 2.5 Cod liver oil

C22:6 n-3" 342 108 25.22 3.22 19.3 Reference mixture

T These compounds are present in the reference mixture.

I Spectrum from pure (>99%) reference compound (Nu-Chek Prep).
* The w-ion is not suitable for identification of the n-1 position. m/z 66 can be an alternative indicator.

See text for details.

The optimal subsets of ions were found by testing every
combination of 3-6 ions between m/z 50 and 110 for the
ability to predict the number of double bonds in the fatty
acids. The number of combinations, n, to test is given by:
al
" bl(a—Db)! @)
where a is the number of ions in the total dataset (m/z 50-
110) and b is the number of ions in the subset. The sub-
sets were tested by an iterative procedure programmed in
Matlab 6.5. For computational reasons, SEC was used as
initial error estimates. SEP for the ten solutions with low-
est SEC was then calculated by full cross validation. In
addition to searching for optimal combinations of all

Nc
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ions, searches were also performed on two datasets
where only ions with abundance of 10 and 20% of the
base peak were included.

The predicted numbers of double bonds are rounded to
the nearest integer. Assuming normally distributed resi-
duals and negligible bias, the expected number of predic-
tion errors, ENPE, can be estimated directly from SEP.
ENPE equals the area percent under the normal distribu-
tion curve that is outside the 0.5 limits.

MLR can not be used in situations were there are more
variables than compounds, or on datasets with large
degree of correlation between the X-variables. Partial
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least squares regression (PLSR) was therefore used for
predictions based on all ions. In PLSR, the original X-
data, are projected onto latent variables on which the
regressions are performed. Further details about PLSR
are given elsewhere [25-27]. Principal component analy-
sis (PCA) was used to get a general overview over the
structure in the data. PLSR with full cross-validation and
PCA were performed in Unscrambler 6.0 (CAMO, Oslo,
Norway). Spectra normalized to the base peak were
used with PLSR.

3 Results and discussion
3.1 Description of the structure in the dataset

The compounds used in the Ml polyene dataset are listed
in Tab. 1, together with the source of the compound. Most
of the compounds are well known constituents of marine
lipids and were found in varying amounts in all samples.
However, C21:4 n-3, C23:4 n-3, C24:4 n-3, C26:4 n-3 and
C18:5 n-1 were only found in the blue whiting oil.

The average spectrum of the MI polyenes is shown in
Fig. 1. The most abundant ion, m/z 79, was the base
peak in all spectra, except in C20:3 n-6 and C18:3 n-4,
where m/z 67 was the base peak. Other dominating ions
are m/z 55, m/z 80, and m/z 93. Possible structures of
these ions are given in Tab. 2 together with mean values
and standard deviations. Several series of abundant ions
spaced 14 amu apart can be seen in the average spec-
trum. The two most abundant series are m/z 53; 67; 81;
95; 109 and m/z 51; 65; 79; 93; 107. The different series
are numbered in the Tab. The suggested structures in
Tab. 2 are tentative and based on literature data (see intro-
duction) and structures expected from the presence of

100 79
901
801
70 67
60

N

50 55 93

40

30 105

20 59

10

0
50 60 70 80 90 100 110 miz

Fig. 1. Average spectrum of the 30 methylene-inter-
rupted polyenes in the dataset. All spectra were normal-
ized to the base peak (100%).
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Tab. 2. Masses included in the subsets given in Tab. 3
and tentative identification of the ions. Mean and stand-
ard deviations are calculated on all M| polyenes in the
dataset. Masses belonging to the same series are spaced
by 14 amu (one methylene unit). Series 0 is a hypothetical
ionized alkane; the series numbers increase with increas-
ing loss of hydrogens.

lon  Mean  Stdev. Rel. Series  Tentative
Stdev. identification
[%]
51 3.0 092 30.6 7 [CiHan—sl" n =4
52 24 0.66 28.2 6 [CiHy—al™*n=4
53 13.0 1.61 123 5 [CoHon_s] " n=4
54 10.1 397 394 4
55 457 12.03 26.3 3 [CiHy—11" n=4
57 6.0 311 520 1 [CHysi] " n=4
58 0.5 0.64 135.5 0
64 03 0.56 183.1 8
65 11.6 250 21.6 7 [CiHyp—sl" n=5
66 15.3 514 33.6 6 [CiHy—al™*n=5
(Indicator for n-1)
67 68.1 1435 211 5 [CiHy—sl" n=5
68 10.1 361 359 4
69 17.0 6.79  40.0 3 [CHy—11" n=5
71 341 130 417 1 [CiHyiil" n=5
74 123 358 29.2 McLafferty ion
77 29.0 588 20.3 9 Correlates to m/z 78.
possibly [CeHs] ™
78 18.0 284 158 8 [CeHel ™
79 99.9 0.54 0.5 7 [CiHpn—sl" n=6
(Usually base
peak)
80 515 13.45 26.1 6 [CiHy—al™*n=6
81 342 10.84 317 5 [CiHyy—sl" n=6
83 6.8 3.03 445 3 [CHy " n=6
84 22 1.24  56.9 2
91 52.1 1598 30.7 9 [CHy— 71" n=7
93 452 6.02 13.3 7 [CiHop—sl" n=7
94 220 6.58 29.9 6 [CHy-al™*n=7
95 25.0 13.84 554 5 [CiHyp—al " n=7
9% 53 3.42 641 4
97 45 1.93 431 3 [CHy—i1" n=7
9 1.2 051 414 1 [CiHypsi]l N =7
103 2.4 098 40.4
104 3.2 212  66.0
105 241 922 383 9
106 12.5 759 60.8 8
107 18.6 352 18.9 7 [CiHyy—s]" n=8
108 20.4 1275 625 6 [CHysl" =8

(Indicator for n-3)

related ions. It is likely that several of the abundant
masses are caused by ions with the same mass but differ-
ent molecular composition.

The w-ions for the n-1 and n-3 series are m/z 80 and m/z
108 respectively. m/z 80 had a large abundance in all
spectra and is not a suitable indicator for the n-1 class.
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However, m/z 66 may be an alternative indicator. The
abundance of m/z 66 was above 24% relative to the
base peak for all n-1 fatty acids, while the abundance
was below 17% for all other fatty acids. A possible struc-
ture for m/z 66 is [CsHg] '®, which can be formed by loss of
a methylene unit from the w-ion. All a-ions, and the w-ions
for n-4 and n-6, m/z 122 and 150 are outside the recorded
mass range.

Principal component analysis (PCA) was used to get an
overview over the data. Fig. 2A shows the 2 first principal
components (PC) after PCA of the spectra of the Ml poly-
enes, calculated together with spectra of saturated
FAME, monoenes, dienes, and 2 compounds tentatively
identified as NMI C20:3 and C22:3. The plot shows clear
separation between saturated FAME, monoenes, dienes
and polyenes. The 2 NMI polyenes are also separated
from the MI polyenes. The NMI polyenes were found in
the blue mussels sample and appeared in the same

Electron impact MS of polyunsaturated FAME 555

HPLC-fraction as Ml trienes. Weak molecular ions were
present at m/z 320 and 348, and m/z 67 was the base
peak in both spectra. ECL-values were 21.44 and 23.53
(GC program 2). The 2 compounds are probably 5,11,14-
C20:3 and 7,13,16-C22:3, which have previously been
identified in mussels [28].

Fig. 2B shows the score plot of the 2 first PCs when the
PCA was performed only on the Ml polyene dataset. The
n-3, n-6 and n-4 are clearly separated along PC2. The n-1
fatty acids are positioned between the n-3 and n-4 group,
but very close to the n-3 group. The separation between
n-1 and n-3 was better when these two groups were cal-
culated alone, also when the w-ion (m/z 108) for the n-3
group was deleted from the dataset and the variables re-
normalised (plots not shown).

Within each group, there are sub-groups with the same
number of double bonds. These are connected with lines.
This means that there is some information about the num-

140
PC-2 (20%)
120
(A) % DUFA
100 4
80 . é
60 4 - NMI PUFA
40 4 MUFA
20 4
04
-20 4
) SFA
-a0 4 (]
',
60
PC-1 (68%)
-80 T T T T T 1
=150 =100 -50 L] 50 100 150

4 n-3
PC-1 (56%)

Fig. 2. Score plot of the 2 first principal com-
ponents after PCA of spectra with all ions in the
range m/z 50-110 used as variables. A. All
spectra of the methylene-interrupted polyun-
saturated fatty acids in the dataset (MI PUFA),
together with saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA), and
diunsaturated fatty acids (DUFA) from the
reference mixture GLC-461. Included are also
2 fatty acids tentatively identified as non-meth-
ylene interrupted fatty acids (NMI PUFA). B. All
spectra in the Ml PUFA dataset. N-3 fatty acids
are shown with closed circles, n-1, n-4 and n-6
fatty acids are shown with open circles.
Classes of fatty acids with the same number
of double bonds and the same n-x positions
are connected with lines. The number of car-

60 40 20

[1 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

go  bons is shown within each class.
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ber of double bonds in the spectra, although it is not the
dominating source of variation in the dataset. The separa-
tionalong PC1 (56% of the variation) seems to be related to
the position of the first double bond when counted from the
carbonyl group (A-position). The fatty acids to the right in
the plot are all A4 (C22:5 n-6, C22:6 n-3, C16:4 n-3) or A5
(C18:4 n-4,C18:5n-1, C20:5n-3, C20:4 n-6) polyenes.

3.2 PLS regression on all ions

PLSR was applied to build a model for the prediction of the
number of double bonds based on all ions in the mass
range 50-110 amu. The optimal number of PLS-compo-
nents in the model was determined by full cross-validation.
Predicted vs. true values are shown in Fig. 3A. SEP of
0.141 and bias of 0.01 gave an ENPE of 0.05%. All the pre-
dicted values were within the range of —0.5 to +0.5 of the
true values; thus, there were no incorrect predictions. Al-
though a correlation between the spectra and number of
double bonds was not easily seen in Fig. 2B, the PLSR

0.8 .
Res. Y-variance

o7 (A)
0.6
0,5
04
0,3
0,2

01

6.5 =
Predicted e

6.0 1 (B) -

5.5 -
5.0 SEP=0141 2~

45 .
s
4.0 1

-

-

3.5 -

3.0 '%"’ h‘“—(Z:ﬁ|:Jttirnur|'| y=x)

s True

2.5
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Fig. 3. PLS regressionresults for the prediction of the num-
ber of double bonds in Ml polyenes from the El mass spec-
tra(m/z50-110). A. Predicted versus true number of double
bonds for the regression with 5 PLS components. B. Resi-
dual y-variance (cross validated) for models with 0-10 PLS
components.
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results show that there is enough information in the spec-
tral region to find an accurate model for the prediction of
the number of double bonds.

The optimal number of PLS-components in the PLSR-
model gives a rough indication of the minimum number
of ions that must be included in a MLR-model without
loss of accuracy. The residual y-variance for PLS-models
with different number of PLS-components is shown in
Fig. 3B. The residuals falls rapidly from 0 to 4 compo-
nents, there is a minimum at 5 components and a slight
increase as more components are included. It was there-
fore decided to search for suitable SIM combinations by
testing MLR-models with 3-6 ions.

3.3 Selection of ions for SIM

The results for the search for optimal ion combinations are
shown in Tab. 3. For each search, the ten results with low-
est SEC were cross validated. Only the five combinations
with lowest SEP are given in Tab. 3. All searches showed
positive correlation between SEP and SEC. With one
exception, the model with lowest SEP was found among
the models with the two lowest SEC values. This indicates
that the models with lowest SEP will generally be among
the ten models with lowest SEC. For the search for the
five best combinations of all ions, the solution with best
SEP had only the fifth best SEC. This search was therefore
repeated and the 50 solutions with lowest SEC were cross
validated. The five best solutions remained the same.

The bias in the models was too low to have any significance
on ENPE. The estimation of ENPE assumes normally dis-
tributed residuals. The residual distribution was not
checked for all models, but the sums of estimated and
actual errors for all cross validated models were compared.
The actual number of errors was 91% of the estimate.
Regression of actual (y-variable) on predicted (x-variable)
number of errors gave a slope of 0.87 and r? of 0.81.

Besides being able to predict the number of double
bonds, an optimal subset of ions should also have other
features. A strong signal is in most cases favourable.
Expected signal strength was calculated for all combina-
tions by summing the selected ions in the average spec-
trum (Fig. 1). The signal strength is given as percent rela-
tive to the signal strength of the n most abundant ions in
the spectrum. Ideally, the selected subset should also be
able to distinguish MI polyenes from other classes for
which the MLR models are not valid. The ability to sepa-
rate M| polyenes from saturated FAME, monoenes,
dienes and NMI polyenes was tested by PCA, and visual
inspection on score plots of the 2first principal compo-
nents, on the same dataset as applied in Fig. 2A. In cases
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Tab. 3. Results for prediction of the number of double bonds in Ml polyenes: Standard error of calibration (SEC), standard
error of prediction (SEP), expected number of prediction errors (ENPE), Prediction errors, estimated signal strength, and
class overlaps (see note) for the five best models with (A) 3 ions, (B) 4 ions, (C) 5 ions, (D) 6 ions. 10% abund. and 20%
abund. denote that the subsets are selected among ions with at least 10% or 20% abundance relative to the base peak in
the average spectrum (Fig. 1).

No SEC SEP ENPE Pred. Sign. Selected ions Class
(%) Errors Strength overlap
A.3ions
Allions 1 0.230 0.254 4.90 1 4.9 51, 96, 103 (1), 4
2 0.237 0.264 5.82 1 11.7 54,104,106 (1)
3 0.227 0.267 6.11 2 48.5 51, 80, 91 1,(2)
4 0.256 0.285 7.94 2 25.9 51, 80, 103 1,2
5 0.253 0.296 9.12 3 48.2 52, 80, 91 1,(2),4
10% abund. 6 0.252 0.297 9.23 2 52.4 65, 80, 91 4)
7 0.262 0.307 10.34 2 53.0 58, 80, 91 (1),
8 0.270 0.308 10.45 4 78.4 79,91,108 1,(2),3,4
9 0.267 0.314 11.13 2 60.3 77,80, 91 1,4
10 0.276 0.316 11.36 3 79.8 79, 80, 105 1,2,3,4
20% abund. 11 0.270 0.308 10.45 4 78.4 79,91,108 1,(2),3,4
12 0.267 0.314 11.13 2 60.3 77, 80, 91 1,(2),4
13 0.276 0.316 11.36 3 79.8 79, 80, 105 1,(2),3,4
14 0.289 0.339 14.02 4 54.9 80, 93, 105 1,(2),3
15 0.301 0.341 14.26 4 92.5 79, 80, 91 1,2,3,4
Highest 3 16 0.371 0.412 22.49 7 100.0 67,79, 91
B.4ions
Allions 17 0.170 0.201 1.29 0 6.5 51, 83, 96, 103 (2), (8)
18 0.186 0.207 1.57 0 26.6 51, 66, 80, 103 1,2,3,4
19 0.188 0.213 1.89 1 21.4 51, 81,103, 107
20 0.185 0.215 2.00 0 5.6 51, 96, 97, 103
21 0.189 0.217 212 0 8.5 51,74,96,103 ), (8)
10% abund. 22 0.193 0.232 3.11 2 68.3 68, 79, 80, 105
23 0.191 0.237 3.47 1 73.9 67,77, 80, 91
24 0.198 0.237 3.49 1 81.2 69, 79, 80, 91 1
25 0.210 0.246 4.21 3 68.0 79,91, 106, 108 1,()
26 0.205 0.249 4.46 3 61.4 55, 79, 80, 91 (1)
20% abund. 27 0.191 0.237 3.49 1 73.9 67,77, 80, 91
28 0.205 0.249 4.46 3 91.8 55, 79, 80, 91 (1)
29 0.204 0.252 4.72 2 77.2 79, 80, 81,105
30 0.218 0.272 6.60 2 61.4 77,80, 81, 91
31 0.233 0.276 7.00 2 82.4 79, 80,91, 108 ), @)
Highest 4 32 0.308 0.366 17.19 5 100.0 67,79, 80, 91
C.5ions
Allions 33 0.143 0.166 0.26 0 10.9 51, 54, 58,103, 107
34 0.133 0.169 0.31 1 82.5 55,79, 80, 91, 106 (1)
35 0.136 0.170 0.33 0 72.0 65, 67, 80, 91, 93 )
36 0.146 0.172 0.36 0 5.9 51, 83, 96, 99, 103 2), (8), 4)
37 0.148 0.173 0.39 0 10.8 51, 54, 64,103, 107 2
10% abund. 38 0.133 0.169 0.31 1 82.5 55,79, 80, 91, 106 (1)
39 0.136 0.170 0.33 0 72.0 65, 67, 80, 91, 93 Q)
40 0.143 0.180 0.55 0 84.2 55,78, 79, 80, 91
41 0.143 0.183 0.63 0 63.4 65, 67, 78, 80, 91
42 0.153 0.189 0.82 1 73.4 69, 79, 80, 91, 106 ()
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Tab. 3. Continued.
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No SEC SEP ENPE Pred. Sign. Selected ions Class
(%) Errors Strength overlap
20% abund. 43 0.151 0.191 0.88 0 94.7 67,77,79, 80, 91
44 0.153 0.195 1.03 0 77.7 55, 67,77, 80, 91
45 0.160 0.201 1.29 0 70.2 67,77,80,91,94
46 0.164 0.202 1.33 0 77.5 67,77,80,91,93
47 0.165 0.205 1.47 0 70.8 67,77,80,91,105
Highest 5 48 0.210 0.273 6.70 3 100.0 55, 67, 79, 80, 91
D.6ions
Allions 49 0.101 0.132 0.02 0 84.7 55,79,80,91,93,106 (1)
50 0.110 0.135 0.02 0 50.5 71,74,79,91,104,106 (1)
51 0.116 0.148 0.07 0 63.6 65, 67, 80, 84, 91, 93
52 0.112 0.150 0.09 0 77.2 55,78, 79, 80,91, 106
53 0.115 0.150 0.09 0 62.2 57,67,77,80,91, 107
10% abund. 54 0.101 0.132 0.02 0 84.7 55,79,80,91,93,106 (1)
55 0.112 0.150 0.09 0 77.2 55,78, 79, 80,91, 106
56 0.115 0.150 0.09 0 84.6 55,74,79, 80,91, 93
57 0.117 0.155 0.13 0 68.2 55, 65, 67, 78, 80, 91
58 0.117 0.156 0.14 1 76.4 55, 66, 79, 80, 91, 106
20% abund. 59 0.131 0.172 0.36 0 92.3 67,77,79, 80, 81, 91
60 0.136 0.176 0.45 0 77.4 55, 67,77, 80, 81, 91
61 0.137 0.179 0.52 0 89.8 67,77,79, 80,91, 95
62 0.140 0.190 0.85 0 87.3 55, 67,77, 79, 80, 91
63 0.142 0.180 0.22 0 74.9 55,79, 80, 91, 93, 94 (1)
Highest 6 64 0.165 0.216 2.06 0 100.0 55, 67,79, 80, 91, 93

Class overlaps: 1) Overlap between Ml polyenes and NMI polyenes, 2) Overlap between MI polyenes and dienes, 3) Over-
lap between MI polyenes and monoenes, 4) Overlap between Ml polyenes, and saturated FAME. Numbers in parenthesis

indicates separation, but no clear grouping.

where the separation between the classes is poor, an
alternative approach may be to identify the classes by
means of retention time shifts [29] or by analysing the
sample with an additional MS SIM program optimised for
class separation.

All models based on 3ions had SEP above 0.25 and
ENPE of 5% or more. The class separation was also
poor for these models. The only combination that could
successfully separate Ml polyenes from all other classes
was the subset of the three most abundant ions, which
had ENPE above 30%. The accuracy of the predictions
improves as the number of ions in the subsets increase.
Several of the subsets of 4 ions could successfully predict
the number of double bonds for all compounds in the
dataset. However, ENPE was still above 1%, and none of
the subsets based on ions with average abundance
above 10 or 20% was free of errors. ENPE is below 1%
for most of the models based on 5 or 6 ions. Several of
these models also have good signal strength and are
able to distinguish MI polyenes from the other classes.
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It should be emphasised that the error estimates given in
Tab. 3 estimates the risk of model failure based on the
spectra used in the regressions. Because the spectra in
the applied dataset are acquired from samples that were
fractionated and concentrated, they are assumed to be
low in noise and free from interference from other com-
pounds. In a practical situation there is always a risk of
applying the models on spectra that are not suitable,
either because they are influenced by noise, or because
they are incorrectly classified as a Ml polyenes. The risk of
applying the model on an unsuitable spectrum is for
obvious reasons not easily estimated. However, in many
practical situations it can be expected to be at least 1%.
Because of this risk, there may be little to gain by select-
ing subsets with ENPE below 1%. In the following discus-
sion any model with ENPE below 1% is assumed to have
sufficient accuracy.

Several of the models with 5 and 6 double bonds seem
suitable from a practical point of view. ENPE is below,
1%, the signal strength is good, and the subset can be
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used for classification purposes. A few of these subsets
will be discussed in further detail. The 5-ion subset with
lowest SEP is subset number 33. However, this subset
includes an ion with average abundance below 1% (m/z
58). In addition to giving low signal strength, ions with this
low abundance are easily influenced by noise; the model
can therefore be expected to work only with spectra of
very high quality. The second best model is acquired
with subset 34; this subset is identical to the best subset
of ions of average abundance above 10% (subset 38).
ENPE is only 0.31, but the model failed to predict the
number of double bonds in C16:4 n-3 (the predicted value
was 4.58). The separation between Ml polyenes and NMI
polyenes was poor, and the classification between satu-
rated FAME and monoenes was also incomplete. Subset
43, with the lowest SEP of the subsets based on ions with
average abundance above 20%, is the only subset with
signal strength above 90%. This subset gave excellent
discrimination between MI polyenes and other classes,
especially between MI polyenes and NMI polyenes, but
saturated FAME overlapped with monoenes and poly-
enes.

Of the subsets with 6ions, subset 49 gave lowest SEP.
This is identical to the best subset of ions with average
abundance above 10% (subset 54). The only difference
between these subsets and subset 34/38 is the addition
of m/z 93. The addition of this ion improved the regres-
sion properties, but the classification properties were
not improved. Subset 50 and 56 are the only subsets
that include the McLafferty ion, m/z 74. This is the
base peak in saturated FAME, and both these subsets
give excellent separation between saturated FAME,
monoenes, dienes and polyenes. However, subset 50
gave poor separation between MI and NMI polyenes.
This subset also contains 2ions of low abundance, and
can therefore not be recommended for most practical
purposes. Subset 59 has the best signal strength and
is identical to subset 43 with the addition of m/z 81.
Similarly to subset 43, there is excellent discrimination
between MI polyenes and the other classes, but there
is overlap between saturated FAME and monoenes/
dienes. Subset 61 differs from 59 by the replacement
of m/z 81 with m/z 95, which belong to the same series
(Series 5, Tab. 2). These two subsets have similar signal
strengths and classification properties. Subset 62 is
also similar to subset 59, but m/z 81 is replaced by
m/z 55. Although m/z 74 is not included, this subset
discriminates clearly between all classes, including
saturated FAME.

Several of the subsets mentioned above can be suitable
for the purpose of identification. For a quantitative pur-
pose, subset 56 should be preferred. This subset
includes the base peaks of saturated FAME (m/z 74),
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monoenes (m/z 55) and polyenes (m/z 74). Dienes are
also expected to give a good response because several
of the selected ions are abundant in diene spectra. An
alternative is to use one of the models without m/z 74
as a basis and include m/z 74. This will generally have
no negative influence of the accuracy of the models.
However, some care should be taken when working
with real samples. m/z 74 is very weak in many polyene
spectra, but dominating in spectra of saturated FAME.
Chromatographic overlap between polyenes and even
a very small peak of a saturated FAME will have strong
influence on the abundance of m/z 74 in the polyene
spectrum, and may therefore lead to incorrect predic-
tions.

The MLR models applied in this study are based solely on
all-cis Ml polyenes. It has been shown that trans geome-
try in specific positions in Ml polyenes has significant
influence on the mass spectra [13]. The MLR models are
therefore expected to fail if applied on certain trans iso-
mers. Similarly, the models are expected to fail if applied
on NMI polyenes. Even though the spectra of the 2 NMI
polyenes could be distinguished from MI polyenes by
PCA, the number of available compounds was too low to
state this as a general rule. NMI polyenes with more than
3double bonds may have a methylene-interrupted tri-
enoic double bond system in addition to an isolated dou-
ble bond. The spectra of such compounds can be
expected to be more like the spectra of ordinary Ml poly-
enes.

4 Conclusions

It has been shown that the number of double bonds in
polyunsaturated fatty acid methyl esters with methylene-
interrupted double bond systems can be determined from
the mass region 50-110 amu in electron impact mass
spectra. The number of double bonds could be predicted
with high accuracy, both by partial least squares regres-
sion on all ions in this region, and by multiple linear regres-
sions on selected subsets of 5-6 ions within this region.
The subsets with optimal predictive power have been
found, and the ability for class separation by these sub-
sets has also been evaluated.
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