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Abstract

In order to improve the authentication effectiveness by principal component analysis (PCA), 52 single malt Scotch whiskies, 31
blended Scotch whiskies, and 3 adulterated Scotch whiskies were analyzed to select appropriate fermentation congeners with gas
chromatography-mass spectrometry (GC-MS). After the evaluation process, six fermentation congeners, including acetaldehyde,
ethyl acetate, ethyl octanoate, 2-methyl propanol, 2-methyl butanol, and 3-methyl butanol, were selected based on the total ex-
plained variances results of PCA. Subsequently, the distribution fitting method demonstrated that the data distribution of these six
fermentation congeners more suitably corresponded to the lognormal distribution for both authentic single malt Scotch whiskies
and authentic blended Scotch whiskies. Along with comparing original data and log-transformed data of the integrated value of se-
lected fermentation congeners, PCA charts with log-transformed data were demonstrated to express better exclusory authentication
results for single malt Scotch whiskies. For blended Scotch whiskies, both PCA and LDA, with log-transformed data, can enhance
the discrimination of adulterated samples. As a result, it was verified that PCA with log-transformed data could effectively improve

the discriminating power in determining the authenticity of adulterated Scotch whiskies.

Keywords: forensic science, authentication, adulterated Scotch whisky, fermentation congeners, normality test, lognormal
distribution, principal component analysis (PCA), gas chromatography-mass spectrometry (GC-MS)

i export markets by value in 2021, up from 4% in 2019,
Introduction P y P

according to the Scotch whisky Association report [2].

Based on the dietetic culture, the Taiwanese’s In light of its high market value, Scotch whiskies have

growing preference for Whisky has been driving the
imported market to supply more Scotch whiskies. Scotch
whisky is one of the most popular distilled alcoholic
beverages in the world, which must only be made in
Scotland and manufactured following the rigorous
regulation by the statutory instrument of Scotland [1].
Taiwan was ranked as the 3™ of the top 10 Scotch whisky

become subject to illegal adulterated and counterfeited.
Therefore, consumer protection agencies and producers
eagerly require a more valuable and efficient method to
support authenticity analyses.

In general principle, there are six processes to
make Scotch whiskies in the manufacture protocol, in-
cluding malting, mashing, fermentation, distilling, and
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maturation, sequentially. As the process of whisky wort
fermentation by distiller’s yeast, it produces not only
ethanol (EtOH) as a major product but also a variety of
essential congeners, such as aldehydes, higher alcohols,
organic acids, and then esters, as flavor compounds.
The fermentation process of whisky is similar to beer
fermentation, but the wort used in the process is not
boiled. Therefore, the enzymes in the wort can continue
to react with the carbohydrate molecules/oligosaccharides
to increase the yields of congeners [3]. Many research-
ers, mainly in genetic and proteomic fields [4-7],
have deduced the pathway for showing the syntheses
of higher alcohols and their esters. These studies
discussed the knowledge of the pathways involving the
synthesis of higher alcohols and esters by yeasts and
fermentation parameters during biosynthesis. Also, some
instrumental analysis has investigated the fermentation
congeners to differentiate the counterfeit whiskies by
gas chromatography (GC), gas chromatography-mass
spectrometry (GC-MS), and liquid chromatography-
quadrupole-orbitrap mass spectrometry (LC-Q-Orbitrap)
[8-10], but rare of them studied the forensic application
based on statistical characteristics via data distribution
principles for the authentication purpose.

According to the literature survey related to princi-
pal component analysis (PCA) applications, most
studies have merely described their analytical results
via statistical methods [8, 11-16]. However, they rarely
discussed how to improve PCA results deriving from data
distribution fitness. A normal distribution is a widely used
statistical model to describe observations for the natural
and social sciences. Over the past decades, however, more
and more studies have revealed that the observed data for
most natural and technological processes are lognormal
while showing a skewed distribution pattern [17]. For
many studies, especially in earth and environmental
science, lognormal distributions are observed to describe
the random variation or mixing factors that occur in the
data [18-20]. For example, ascribing a series of complex
chemical reactions in organic substrates to fermentation,
the concentration of fermentation congeners in Scotch
whiskies might not distribute as normal distribution.

According to ILAC-G19:2002, Guidelines for
Forensic Science Laboratories, reference collections of
data should be uniquely identified and controlled for
identification, comparison, or interpretation purposes
[21]. However, it is not practical to collect all reference

samples for authentication of adulterated or counterfeited
Scotch whiskies. It is necessary to figure out a proper
statistical distribution model to describe the data popu-
lation of authentic Scotch whiskies. One such log-
normal distribution of methanol (MeOH) has already
been identified that the concentration of MeOH could
serve as an exclusion marker to distinguish authentic
Scotch whiskies without any other reference samples of
authentic whisky in our previous work [22]. Moreover,
the analysis of 8'3C-ethanol distribution also found the
differential between the authentic Scotch whiskies and
rectified spirits to authenticate the seized Scotch whiskies
via establishing criteria from the log-normal distribution
of authentic samples [23].

In this study, we tried to investigate the log-
normal distribution of fermentation congeners and
develop a method to improve the discriminating power
of PCA for the authentication of Scotch whiskies.
Thus, a set of model fitting procedures for fermentation
congeners was conducted on both authentic single malt
Scotch whiskies and authentic blended Scotch whiskies
to receive the appropriate statistical models. Finally,
we compared the PCA charts with log-transformed and
original data to evaluate authentication effectiveness in
both single malt Scotch whiskies and blended Scotch
whiskies.

Materials and methods

Preparation of Whisky Samples

The analytical samples consisted of 83 authentic
Scotch whiskies and 3 adulterated whisky samples
were measured by GC-MS in this study. The authentic
samples, including 52 single malt Scotch whiskies and
31 blended Scotch whiskies imported from Scotland to
Taiwan, were purchased from legal tobacco and liquor
stores in Taiwan. Three adulterated samples, including
one adulterated single malt Scotch whisky and two
adulterated blended Scotch whiskies, were seized by the
police agency in Taiwan.

Before measurement, all the samples were added
into the same amount of internal standard (4-methyl-
2-pentanol), which is prepared as 0.2%(v/v) in 40%
Ethanol/DIW solution, to acquire the ratios of fermen-
tation congeners/internal standard for the sequent
principal component analysis.



GC-MS Analysis

All Scotch whisky samples with the internal standard
were analyzed by Agilent gas chromatography 6890
coupled to a quadrupole mass spectrometer 5973N (GC-
MS) with full scan mode (m/z:35 to 300). The GC was
equipped with an Agilent J&W CP-Wax 57 CB fused
capillary column (50mx0.25mmIDx0.2pm) and the
carrier gas was helium at the flow rate of 1.0mL/min.
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The analytical parameters of the GC/MS system were
set as follows: injection port and detector: 230°C and
split injection mode (split ratio 1/10); oven temperature:
initially 35°C for 2min, elevated to 80°C at 3°C min-1 and
held 20min, and then 200°C at 25°C min-1 and maintained
for 3 min. An example of the TIC chromatogram of GC-
MS for authentic Scotch whiskies, which labels selected
targets, is shown in Fig.1.

12 14 16 18 20

22 24 26 28 30 32 34 36 38 40 42 44

Counts vs. Acquisition Time (min)

Fig. 1

The TIC chromatogram of authentic Scotch whiskies in GC-MS. Peaks selected in this work: 1: acetaldehyde; 2:

ethyl acetate; 3: acetal; 4: 1-propanol; 5: 2-methyl propanol; 6: 2-methyl butanol; 7: 3-methyl butanol; 8: ethyl
octanoate; 9: ethyl decanoate; 10: 2-phenyl ethanol; IS: internal standard (4-methyl-2-pentanol).

Statistical Analysis of PCA and Model Fitting
Process

The evaluation process for the statistical analysis of
PCA in this study is shown in the following descriptions.
The integrated ratios of selected congeners/IS measured by
GC-MS for 52 bottles of authentic single malt Scotch
whiskies and 31 bottles of authentic blended Scotch whiskies
were first plotted as a histogram. Then, to determine
suitable distribution, the integrated area ratio of 10
components/IS, whose signal-to-noise (S/N) is higher
than 10, from the TIC chromatogram of GC-MS was
considered based on the definition of LOQ [24] and
adopted to conduct the PCA process. After this evaluation
step, it was found that the cumulative total explained
variances would be higher than 80% for both single malt
Scotch whiskies and blended Scotch whiskies, while
the total explained variances were established by the six
fermentation congeners which were acetaldehyde, ethyl
acetate, 2-methyl propanol, 2-methyl butanol, 3-methyl
butanol, and ethyl octanoate.

The total explained variances and their cumulative
values of PCA extraction is described in Table 1. For
single malt Scotch whiskies with original data, the ratio
of the variance of PC1 and PC2 are 44.303 and 39.244.
With log-transformed data, the variance ratio of PCI
and PC2 are 42.266 and 41.202, respectively. Therefore,
the cumulative explained variance for raw and log-
transformed data of single malt Scotch whiskies explains
more than 83% of variances. However, for the blended
Scotch whiskies, the ratio of the cumulative explained
variance to the log-transformed data is 90.771%, which
is higher than the ratio of the original data. To clarify the
statistical characteristics of these selected fermentation
congeners, these six components were further analyzed
by the model fitting procedures and the normality test.
Finally, PCAs with original data and transformed data
were both discussed to compare the discriminating power
for authentication of Scotch whiskies.
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Table 1 The total explained variance and their cumulative explained variance of PCAs in Scotch whiskies.

_ with original data with log-transformed data

single malt % of variance 44303 39244 42266 41.202
Scotch whisky cumulative explained variance (%) 44303 83.547 42.266 83.457
blended Scotch % of variance 72.209 16.698 73.434 17.337

whisky cumulative explained variance (%) 72.209 88.907 73.434 90.771

The statistical analysis was executed by two software, Table 2 The test results of normality for fermentation

SPSS(IBM) and SPC (BPI Consulting, LLC). First,
considering the rigor evaluation to deduce the suitable

distribution model, the software SPC checked all data for Anderson-Darling Test

their distribution fitting results. Afterward, the Anderson-

congeners with log-transformed data in auth-
entic Scotch whiskies.

Darling test was performed to confirm the normality of

with log-transformed data

fitting distribution models with a p-value of >0.05, which

was considered to confirm normality. The normality test

on the log scale is shown in Table 2. Also, for comparison, Statistic 0.537 0.643

the normality test results of fermentation congeners with acetaldehyde df 52 31
iginal data of authentic Scotch whiski listed i

original data of authentic Scotch whiskies were listed in Sig. 0.161 0.086

Table 3.

As shown in Table 3, for the data on the original Statistic 0.536 0.322
scale of single malt Scotch whisky, the AD test demon- ethyl acetate df 52 31
strated that those of ethyl acetate and 2-methyl propanol Sig. 0.162 0.514
did not pass the normality examination, whose p-values o
<0.05. As a result, the AD test certified that the data of Statistic | 0.307 0.233
these two components on the original scale of single male 2-methyl propanol df 52 31
Scotch whisky did not belong to normal distribution. Sig. 0.292 0.789
Also, while dlscusm.ng the data on the original scale of Shneia 0.543 0.467
blended Scotch whisky, the p values of acetaldehyde, E
2-methyl butanol, 3-methyl butanol, and ethyl octanoate 2-methyl butanol df 52 -3l
were all <0.05. Therefore, for blended Scotch whisky, Sig. 0.155 0.234
it is certified that the data distributions of these four Statistic 0.209 0.578
components did not belong to the normal one. 3-methvl butanol df = =

On the other hand, the p-values for the selected “rethy? butano
six fermentation congeners with log-transformed data Sig. 0.856 0.122
for both single malt Scotch whisky and blended Scotch Statistic 0.232 0.425
whisky were all above 0.05. These results imply that the ethyl octanoate df 5 31
data of these components on the log scale belonged to a ;
normal distribution, as shown in Table 2. Sig. 0.792 0.298




Table 3 The test results of normality for fermentation
congeners with original data in authentic Scotch

whiskies.
Statistic 0.467 0.955
acetaldehyde df 52 31
Sig. 0.241 0.014
Statistic 1.018 0.540
ethyl acetate df 52 31
Sig. 0.010 0.155
5 et Statistic 1.014 0.557
“methy df 52 31
propanol
Sig. 0.011 0.140
e Statistic 0.680 1.059
-met
ey df 52 31
butanol
Sig. 0.072 0.008
; ol Statistic 0.216 0.925
-met
ety df 52 31
butanol
Sig. 0.837 0.017
ol Statistic 0.210 2.083
t
oy df 52 31
octanoate
Sig. 0.853 0.000

Results and Discussion

Model Fitting Results of the Fermentation Con-
geners in Authentic Scotch whiskies

A series of experiments are performed to measure the
fermentation congeners of authentic Scotch whiskies. Due
to the chromatographic characteristics, the concentration of
fermentation congeners is proportional to the integrated area
of signals. Therefore, integrated ratio analysis is adopted
in this work in order to rapidly screen the fermentation
congeners suitable for evaluating the distribution.

As regards the suitable statistical modeling to
describe the fermentation congeners, the six fermentation
congeners selected from the PCA evaluation method,
including acetaldehyde, ethyl acetate, 2-methyl propanol,
2-methyl butanol, 3-methyl butanol, and ethyl octanoate,
were discussed in the chemical route and operated a

series of the statistical model fitting process.
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1. Aldehyde in Authentic Scotch whiskies

In the whisky fermentation process, acetaldehyde
formed as the side product of amino acid synthesis [25-26].
In other words, it is produced as a result of the decarboxyl of
pyruvate, as shown in Fig. 2 This suggests that this enzymic
mechanism might push the concentration of acetaldehyde
towards other distributions due to kinetic effects.

glucose ethanol
glveolysis Co,
pyruvate
decarboxylase
pyruvate * acetaldehyde
. NAD(P)'
! alcohol
' dehydrogenase
\ NAD(P)H v
pyruvate PDH acetate
by-pass
pyruvate é‘T : acetyl-CoA
dehydrogenase ) -\\ synthetase
acetyl-CoA acetyl-CoA

mitochondrion l

lipid biosynthesis

Fig. 2 The production route of acetaldehyde during
fermentation [26].

Fig. 3(a) and Fig. 4(a) are the raw data histograms
of the integrated ratio of acetaldehyde/IS in authentic
single malt Scotch whiskies and authentic blended Scotch
whiskies, respectively. In Fig. 3(a), the data distribution
displays a slightly positive skewness with a value of
0.2347, implying that the integrated value distribution of
acetaldehyde/IS may not only fit the normal distribution.
Therefore, the measurement value is evaluated under
a series of data distribution processes and replot the
distribution with both original data and log-transformed
data to verify the distribution correctness, as shown in
Fig. 3(b) and Fig. 3(c). As a result, it is demonstrated that
the integrated ratio of acetaldehyde/IS in authentic single
malt Scotch whiskies conformed not only to a normal
distribution but also to a lognormal distribution. Moreover,
in the case of authentic blended Scotch whiskies, as in Fig.
4(a), the skewness value is higher than that of Fig. 3(a),
suggesting that the integrated value of acetaldehyde/IS
may be distributed rather other distribution than a normal
one. After the same evaluation process as the previous
description, Fig. 4(b) and Fig. 4(c) demonstrate that the
integrated value distribution of acetaldehyde/IS in authentic
blended Scotch whiskies belongs to the lognormal
distribution.
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In order to confirm the correctness of the data fitting
procedure, the P-P plot method is employed to present
the visual comparison of two cumulative distribution
functions against each other. As shown in Fig. 3(d) and

Fig. 4(d), a straight diagonal line verified that the fitting
distribution result of acetaldehyde in authentic single
malt Scotch whiskies and authentic blended Scotch
whiskies correspond to a lognormal distribution.
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Fig. 3 Statistical analysis of acetaldehyde/IS of authentic single malt Scotch whiskies. (a) The histogram of the raw
data. (b) The distribution fitting results showed that the original data conformed with a lognormal distribution.
(c) The distribution fitting results showed that the log-transformed data conformed with a normal distribution. (d)

The P-P plot of distribution fitting result.
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Fig. 4 Statistical analysis of acetaldehyde/IS of blended Scotch whiskies. (a) The histogram of the raw data. (b)
The distribution fitting results showed that the original data conformed with a lognormal distribution. (c) The
distribution fitting results showed that the log-transformed data conformed with a normal distribution. (d) The P-P

plot of distribution fitting result.



2. Ester in Authentic Scotch whiskies

Esters are compounds formed during yeast fer-
mentation by the enzymatic condensation of organic
acids with alcohols and distribute a flowery or fruit-
like aroma to spirits. Ethyl acetate is the principal ester
formed by yeast, principally by enzymic reactions
during fermentation [5, 7]. In clarity, chemical reactions
form ethyl acetate between ethanol and acetic acid.
The chemical pathway of esters is described in Fig. 5.
In this work, two esters, which are ethyl acetate and
ethyl octanoate, were found suitable to establish the
distribution models.

CH;CH,0H + RCOSCoA — CH;CH,COOR
Ethanol Fatty acyl-CoA

+ CoASH

Esters

Fig. 5 The production route of esters during fermentation
[25].

The raw data histograms, plotted in Fig. 6(a) and
Fig. 7(a), are the integrated ratio of ethyl acetate/IS in
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authentic single malt Scotch whiskies and authentic
blended Scotch whiskies, respectively. As shown in
Fig. 6(a), the obvious skewness plot with a value of
0.7405 shows that the integrated value distribution of
ethyl acetate/IS is highly possible to correspond to other
distributions rather than to normal distribution. After
operating the evaluation process established in this study,
the corresponding distributions with both the original
data and log-transformed data are displayed in Fig. 6(b)
and 6(c). These two figures show strong evidence that
the distribution of the integrated ratio of ethyl acetate/
IS in authentic single malt Scotch whiskies is lognormal
due to the long tail of figures representing the higher
frequencies of greater abundances.

Similarly, as in Fig. 7(b). and Fig. 7(c), the integrated
value of ethyl acetate/IS in authentic blended Scotch
whiskies is also distributed as a lognormal distribution.
The P-P plots of ethyl acetate, either for authentic
single malt Scotch whiskies or authentic blended Scotch
whiskies, confirm the fitting distributions as lognormal

distributions.

20 - (b) Original data
18 A
16 —
14 A
12 A

Frequency
-
(=]

8 .
6 .
%
2 4
0 T T T ? 7 ; 1
1 2 3 4 5 6 7 8
Integrated Area Ratio
(@
3 i
4
0.8 -
0.7 - o
E el e
= =
2 0.5 &
E 044 o
03 4 hiad
0.2 - +*
0.1
0 T T T T |
0 0.2 0.4 0.6 0.8 1

P iri
P-P Plot:LogNormal (Empirical

Fig. 6 Statistical analysis of ethyl acetate/IS of authentic single malt Scotch whiskies. (a) The histogram of the raw
data. (b) The distribution fitting results showed that the original data conformed with a lognormal distribution.
(c) The distribution fitting results showed that the log-transformed data conformed with a normal distribution. (d)

The P-P plot of distribution fitting result.
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Fig. 7 Statistical analysis of ethyl acetate/IS of authentic blended Scotch whiskies. (a) The histogram of the
raw data. (b) The distribution fitting results showed that the original data conformed with a lognormal
distribution. (c) The distribution fitting results showed that the log-transformed data conformed with a
normal distribution. (d) The P-P plot of distribution fitting result.

For ethyl octanoate, the statistical evaluation Scotch whiskies and authentic blended Scotch
methods used to analyze ethyl acetate are also whiskies are distributed as a lognormal distribution
employed to study its integrated ratio. The results which reflects the multifactorial processes during
shown in Fig. 8 and Fig. 9 indicated that the inte- synthesis, as expected.

grated ratio of ethyl octanoate/IS in authentic single
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Fig. 8 Statistical analysis of ethyl octanoate/IS of authentic single malt Scotch whiskies. (a) The histogram of the raw
data. (b) The distribution fitting results showed that the original data conformed with a lognormal distribution.
(c) The distribution fitting results showed that the log-transformed data conformed with a normal distribution. (d)
The P-P plot of distribution fitting result.

a Descriptive Statistics b Original data
14 @ Count=31 149 (b) 8
| Maximum=0.6406 ]
12 Minimum=0.0655 127
Range=0.5751
10 Kurtosis=0.1022 10 -
& Skewness=1.1115 z
= 8 2 84
= @
= — El
= o
=6 L 6
= ]
4 4
2 2
o ! ! 0 —— T T T T T
0 01 02 03 04 05 06 07 0 02 04 06 08 1 12 14 16
Integrated Area Ratio Integrated Area Ratio
99 (C) Log-transformed data (d)
8 — 1 .
, .
6 4 -
. 0.7
25 | = .
g = 0.6 00'.
T4 E 05 +
g T o4 -
03 +,
2
- 02
1 / 01 PP <2 i
-1.8-1.6-14-12 -1 -08-06-04-02 0 0.2 04 0 0.2 0.4 0.6 08 1
Integrated Area Ratio P-P Plot: LogNormal P(Empirical)

Fig. 9 Statistical analysis of ethyl octanoate/IS of authentic blended Scotch whiskies. (a) The histogram of the raw
data. (b) The distribution fitting results showed that the original data conformed with a lognormal distribution.
(¢) The distribution fitting results showed that the log-transformed data conformed with a normal distribution. (d)
The P-P plot of distribution fitting result.
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3. Higher Alcohols in Authentic Scotch whiskies

Higher alcohols in spirits are formed mainly
by anabolism or catabolism reaction called the
Ehrlich pathway of amino acids. The higher alcohols
are produced by yeast fermentation through bioche-
mical reactions with amino acids and carbohydrates.
Therefore, the yield of higher alcohols mainly
results from yeast growth [3, 6-7, 27]. The Ehrlich

Trnsmittion

pathway of amino acids, which produce the higher
alcohol, is summarized in Fig. 10. Among the
higher-alcohol congeners found in Scotch whiskies
in this study, 2-methyl propanol, 2-methyl-butanol
and 3-methyl-1-butanol are filtered to investigate
the possibility of serving as the chemical target to
confirm the authenticity of Scotch whiskies.

Amino acid

AKG AKG
Glutamate Glutamate

Decarboxylation

Reduction

o-keto acid

Co,

fused aldehyde

NAD"

NADH

Higher alcohol

Fig. 10 The production route of higher alcohols during fermentation [27].

Fig. 11, Fig. 12, and Fig. 13 show the statis-
tical description of the integrated ratio of 2-methyl
propanol/IS, 2-methyl butanol/IS and 3-methyl
butanol/IS in authentic single malt Scotch whiskies,
respectively. As an apparent skewness pattern with
a tail on the right side, it is noted that all of the
integrated value distributions of these three higher-

alcohols are possibly identified as lognormal
distributions. As shown in Fig. 11 to Fig. 13, the
corresponding distribution tests demonstrated
that the inference about lognormal distribution to
describe 2-methyl propanol, 2-methyl butanol and
3-methyl butanol in authentic single malt Scotch
whiskies is correct.
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On the other hand, the integrated values of these
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Implications of Lognormal Distribution for
Integrated Ratio of Congeners/IS

Scotch whisky is one of the best-selling spirits in
the world. According to the diversity of raw materials
and production process, malt type of Scotch whisky and
grain type of Scotch whisky are two significant types
of Scotch whiskies [1,3]. Furthermore, blended Scotch
whisky is manufactured by mixing these two types of
Scotch whiskies with a ratio determined by distilleries.
Therefore, some apparent factors affect the distribution
of the integrated ratio of congeners/IS, including raw
materials, fermentation process by yeast, distillation
process, and blended process. The stochastic variability
of all factors leads to a lognormal distribution of the
integrated ratio of congeners/IS, while constant variance
brings about normal distribution [28, 29].

According to the metabolic routes of yeast, the
primary metabolites that occur during the fermentation
or wort process are ethanol, carbon dioxide, and glycerol.
The secondary metabolic products of yeast, such as
aldehyde, esters, higher alcohols, and sulfur compounds,
result in spirits’ flavor characteristics [25]. As shown
in this study, 6 secondary metabolic products of yeast,
including acetaldehyde, ethyl acetate, ethyl octanoate,
2-methyl propanol, 2-methyl butanol, and 3-methyl
butanol, are demonstrated that the integrated ratio of
congeners/IS is distributed as lognormal distribution in
both authentic single malt Scotch whiskies and authentic
blended Scotch whiskies. In view of a large number of
authentic samples and a series of statistical tests, the

distribution assessments in this study are representative.

Exclusive Authentication of Scotch whiskies by
Using Principal Component Analysis (PCA) with
Log-Transformed Data.

To visualize the discriminating power of the fer-
mentation congeners, PCA is selected to describe the
grouping cluster. Based on the lognormal distribution
and statistical characteristics, the PCA plots with log-
transformed data might display a better-discriminating

feature than those with original data. The data matrix of
authentic and adulterated Scotch whiskies was subjected
to two principal components, PC1 and PC2, to investigate
the eliminative result for authentication.

With original data of the fermentation congeners
in Scotch whiskies, the PCA charts were plotted in
Fig.17. For a better description of authentication, the
sample distribution in the PCIl and PC2 axis of Fig. 17
were depicted in Fig. 19(a), Fig. 19(c), Fig. 20(a), and
Fig. 20(c), respectively. With the original data of the
fermentation congeners in single malt Scotch whiskies,
Fig. 17(a) shows that PC1 expresses a slightly positive
skewness with a right tail, and PC2 displays a symmetrical
pattern. After distribution evaluation as aforementioned,
it is certified that the data of PC1 in Fig. 17(a) belongs to
the lognormal distribution, and those of PC2 belong to
normal distribution. To explain the discriminating power,
the confidence interval (CI) is estimated based on the
statistical empirical rule. For a normal distribution, 68.3%
of the observed data will fall within the first standard
deviation (X £ s), 95.5% within the first two standard
deviations (x + 2s), and 99.7% within the first three
standard deviations (X = 3s). For a lognormal distribution,
the corresponding confidence intervals become X * x/ s*
for 68.3% probability, X * x/ (s¥) for 95.5% probability,
and xX* %/ (s*)3 for 99.7% probability in the original scale
[29]. The estimated CI boundaries are labeled in Fig. 19
and Fig. 20. For classification results for the PC axis in
Fig. 19(a) and Fig. 19(c), the adulterated sample, SI, is
located within the CI range of 95.5% and 99.7% in PC2,
meaning there is less discrimination for PCA charts with
original data for authentication. In the case of blended
Scotch whiskies, Fig. 17(b), similar to Fig. 17(a), presents
that the data distribution of PCA with original data does
not belong to the normal distribution. Moreover, the
seized blended Scotch whiskies, S2 and S3, were found
within the authentic blended Scotch whiskies distribution,
as shown in Fig. 20(a). As a result, the PCA analysis with
original data expresses less eliminative ability for Scotch

whiskies authentication.
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Fig. 17 PCA charts with original data for authentication.
(a) for single malt Scotch whiskies. (b) for
blended Scotch whiskies.

On the other hand, the log-transformed data in Fig.
18(a) displays two groups, indicating that authentic single
malt Scotch whiskies could be grouped homogeneously,
and adulterated sample S1 behaves as another group.
Specifically speaking, adulterated sample S1 is located
out of the CI boundaries of 99.7% for both PC1 and
PC2, as shown in Fig. 19(b) and Fig. 19(d). Therefore,
compared to the classification result of original data in
Fig.17(a), it received a better discrimination result. In
the case of the log-transformed data of blended Scotch
whiskies, however, the PCA chart appears to be a more
scattered feature than that of single malt Scotch whiskies.
As shown in Fig. 18(b), two adulterated blended Scotch
whiskies, S2 and S3, are located within the sample
distribution of the authentic group in PC1. Nevertheless,
S2 and S3 in Fig. 18(b) express more discrimination
power in PC2 than in Fig. 17(b).
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Fig. 18 PCA charts with log-transformed data for authen-
tication. (a) for single malt Scotch whiskies. (b)
for blended Scotch whiskies.

Fig. 19 and Fig. 20 show the distribution of the
PCA axis, including those with original data and log-
transformed data. Obviously, for all the distribution
with log-transformed data in Fig. 19 and Fig. 20, the
adulterated samples have located a distance with a higher
degree of discrimination from the authentic groups for
both single malt Scotch whiskies and blended Scotch
whiskies, compared to the distribution with original data.
Due to the complex factors during the manufacturing
process, it is reasonable that the discriminating power
of PCA for blended Scotch whiskies is less than that for
single malt Scotch whiskies.
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In order to enhance the discrimination power of
blended Scotch whiskies, linear discriminant analysis
(LDA) is employed to classify the adulterated and
authentic samples, a statistical analysis method used to
describe these differences between groups. Table 4 shows
the casewise statistical results of LDA analysis. As shown
in Table 4, with original data, there are two misclassified
cases within the authentic blended Scotch whisky group.
However, all the cases with log-transformed data were
accurately classified. The aforementioned classification
results were plotted in Fig. 21. As shown in Fig. 21(a),
the two adulterated samples, S2 and S3, were classified
as different groups from the authentic samples. However,
two authentic samples, with the green triangle label and
green diamond label in Fig. 21(a) are predicted to be in
the adulterated groups, implying the wrong classification.
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Therefore, it is proved that LDA with original data would
lead the error discrimination.

On the other hand, with log-transformed data of
blended Scotch whiskies, LDA can successfully classify
the adulterated samples, S2 and S3, from authentic samples
with 100% correctness. Especially, as shown in Fig. 21(b),
S2 and S3 can be quickly excluded from authentic blended
Scotch whiskies on the LDA1 axis. As a result, LDA with
log-transformed data can enhance the discrimination
power from authentic blended Scotch whiskies.

In conclusion, a PCA study with log-transformed
data of the integrated ratio of fermentation congeners/IS
in Scotch whiskies can be used as a primary eliminative
method for the authentication of seized Scotch whiskies.
In addition, with log-transformed data, both PCA and
LDA can provide better classification results for blended
Scotch whiskies.

Table 4 The casewise statistics of authentic blended Scotch whiskies and adulterated whisky samples by LDA analysis.

Casewise Statistics

with original data with log-transformed data

Samples
1 1 ; I ; 1 ; I
2 1 1 1 1
3 1 1 1 1
4 1 1 1 1
5 1 1 1 1
6 1 1 1 1
7 1 1 1 1
authentic 8 1 1 1 1
blended Scotch 9 1 1 1 1
whisky 10 1 I 1 1
11 1 1 1 1
12 1 1 1 1
13 1 3 1 !
14 1 1 1 1
15 1 1 1 1
16 1 1 1 1
17 1 1 1 1
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Table 4 (continued)

Casewise Statistics

with original data with log-transformed data

Samples
predicted group predicted group
18 1 1 1 1
19 1 1 1 1
20 1 1 1 1
21 1 1 1 1
22 1 1 1 1
23 1 1 1 1
authentic 24 1 1 1 1
blended Scotch
whisky 25 1 1 1 1
26 1 1 1 1
27 1 1 1 1
28 1 2" 1 1
29 1 1 1 1
30 1 1 1 1
31 1 1 1 1
adulterated S2 2 2 2 2
whisky samples S3 3 3 3 3
* misclassified case
(a) (b)
3.00000 /;‘, 3.00000
- .'I.sa/'/ S e o g | - Jes, s
< — g o © O%’g ° = S o °% o5
W T e o - 3 e
1.00000 T of " © 1.00000- ® & ©
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Fig. 21 LDA results for blended Scotch whiskies. (a) with original data. (b) with log-transformed data.



Conclusions

Instrumental measurement combined with statistical
evaluation is an efficient method nowadays. While using
the statistical model to describe the observed data, it
should be noted that the statistical model is suitable and
correct. In this work, we developed a method to improve
the discriminating result of PCA. A series of statistical
processes, including PCA evaluation and data fitting
method, to select the appropriate fermentation congeners
were operated to examine the data of the integrated ratio
of fermentation congeners/IS in Scotch whiskies. As
a result, we demonstrated that the data of selected six
fermentation congeners in Scotch whiskies are proposed
as lognormal distribution, which is reasonable based
on nature distribution and could be served as helpful
components to improve the discriminating power of
the PCA method for Scotch whiskies. For those data
with less discrimination power from the PCA method,
LDA with log-transformed data could also effectively
provide the classification result. On the basis of the
observed data characteristics, it was certified that PCA
with log-transformed data was critical in Scotch whiskies
in determining the authenticity of suspected bottled
whiskies.
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