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Abstract: The consumer rejection threshold (RjT) method was applied to determine the total microbial
numbers (TMNs) where consumers find that the quality of whole fresh chilled pasteurised milk
(WFCPM) and skim milk (Trim) stored at 4.5 ± 0.5 ◦C is no longer acceptable. Food spoilage
progression was supported by measurements of VOCs and the terms consumers used to describe the
ageing fresh chilled pasteurised milk (FCPM). RjTs for TMN of 7.43 and 7.34 log10 CFU.mL−1 for
WFCPM and Trim, respectively were derived using Hill’s equation from a series of paired preference
tests comparing fresh and aged milks (3–26 days) assessed by consumers (WFCPM, n = 55; Trim,
n = 52). A poor relationship between storage time and TMN was found, owing mainly to batch-
to-batch and within-batch variation in the milk’s post-pasteurization contamination (PPC) levels.
At the RjT, there was a significant change in the signal intensities for a number of spoilage-related
VOCs that occurred in the FCPM headspace (p ≤ 0.05), which were measured using proton transfer
reaction–mass spectrometry (PTR-MS), including m/z 33, 45, 47, 61, 63, 69, 71, 87, and 89, tentatively
identified as methanol; acetaldehyde; ethanol; acetate (acetic acid and acetate esters); dimethyl
sulphide (DMS); isoprene, furan, and aldehydes; 2-butanone; and pentanal and butyrates (butyric
acid and butyrate esters), respectively. Consumers described the milks at TMN greater than the
RjTs using terms like off, expired, sour, spoilt or rancid. This multidisciplinary study has provided
data on the importance of PPC and subsequent increases in TMN on VOCs associated with FCPM
and consumer’s preferences and highlighted the value of measuring a range of variables when
investigating consumer’s perception of food quality and shelf-life.

Keywords: rejection threshold; fresh pasteurised milk; PTR-MS; paired preference test; consumers;
shelf life

1. Introduction

Consumers determine their liking of food based primarily on its sensory characteristics
(e.g., flavour, odour) and nutritional value (e.g., protein content) [1,2]. In many Western
countries, fresh chilled pasteurised milk (FCPM) is more desirable to consumers than UHT
milk, owing to the absence of the pronounced cooked flavour of UHT milk, its fresh-like
character, and perceived higher nutritional value owing to the relatively lower temperatures
required for pasteurisation [3]. However, incidences of post-pasteurisation contamination
(PPC), the term used to describe the recontamination of FCPM by microorganisms from
the filling environment (e.g., fillers, surfaces, workers, etc.), considerably limit the shelf
life of FCPM, which is generally commercially stated as being up to 14 days [4,5]. During
storage, microorganisms (particularly psychrotrophs) degrade FCPM components (i.e.,
protein, lipids) and produce VOCs that alter the milk’s natural flavour and odour [6,7]. The
concentration of these VOCs (off-flavours) in the headspace of FCPM correlates negatively
with consumers’ liking of FCPM [8].
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In a previous study that measured headspace VOCs and total microbial numbers
(TMNs) in milk as it aged, Silcock, et al. [9] found that there was a non-linear relationship
between microbial numbers and VOCs and that changes in the VOC concentrations in
the headspace of milk started only after a threshold number of bacteria ranging between
6 and 8 log10 CFU.mL−1 was reached. The relationship between TMNs and VOCs was
subsequently confirmed in a study in which UHT milk (n = 8) was inoculated with pure
inoculums (isolated from aged FCPM) of Pseudomonas fluorescens (two strains tested),
Chrysenobacterium sp., or mixed cultures of two or all three of the bacterial strains held at
4.5 ◦C for up to 26 days [10]. In general, it is believed as the concentration of off-flavours
increases in milk, consumers’ liking decreases until they refuse to drink the milk because it
is “off” or spoiled.

The rejection threshold (RjT) is defined as the lowest concentration of a compound
(or analytical attribute) that affects consumer preferences [11]. The RjT is determined
using a combination of two research approaches, the paired preference method and the
constant stimuli threshold procedure, to determine the point (stimuli level) at which a
food product is deemed unacceptable and, consequently, rejected by consumers. This
approach has previously been applied to determine changes in consumer preferences due
to sensory defects in wine [11,12], where the RjT was used to determine the threshold of
2,4,6-trichloroanisole (TCA) concentration at which consumers would begin to reject the
wine. Torrico et al. [13] used the RjT to identify that the amount of sucrose (the stimuli)
in strawberry-flavoured yoghurt can be reduced by more than 50% without affecting the
physicochemical characteristics of the yoghurt or the preference of consumers (i.e., reaching
the RjT).

The paired preference test is used to determine a consumer’s preference for one
product directly against another. The technique is designed to identify the sample that is
preferred by asking a simple question, “which do you prefer?” [14,15]. In this technique,
although subjects might like or dislike both of the presented products, they must state a
preference for one due to the general design of forced choice [15,16].

A consumer panel is considered one of the most appropriate tools to determine a
product’s shelf life, as consumers assess acceptability through the unconscious detection
of the analytical attributes of the product [17,18]. In the present study, a panel of regular
FCPM consumers was used to assess changes in FCP M during storage.

The present study uses the concept of the rejection threshold (RjT) within a consumer-
centric approach to test the hypothesis that once TMN exceeds a threshold number, con-
sumers will decide that the milk quality will no longer be acceptable. The changes in
the VOC composition of milk and the terms consumers would use to describe FCPM as
it ages at 4 ◦C in combination with the RjT and microbial analyses will assist in better
understanding the progression of food spoilage and what underpins consumer’s decisions
to reject a product. This is the first study to apply the rejection threshold methodology
to understand how total microbial numbers influence consumers’ perceived quality of
pasteurised milk.

2. Materials and Methods
2.1. Milk Samples

Whole fresh chilled pasteurised milk (WFCPM: fat 3.18–3.28%; protein 2.98–3.10%) and
Trim (known as skim milk in North America) milk (fat 0.25–0.40%; protein 3.5–3.6%) in 1 L
HDPE translucent bottles were obtained from a local supermarket (Dunedin, New Zealand)
at various times and stored at 4.5 ± 0.5 ◦C so as to obtain, on the day of each testing session,
milk with an age of 7, 14, 16, 18, 20, 21, 22, 23, 24, 25, or 26 days after bottling. Fresh
milk (3 days post-bottling) was obtained on each evaluation day and used as the reference
milk. Note that the “fresh” milk used was 3 days post-bottling, as this was the time it
took for FCPM to be available from the supermarket after transport from the processor.
Aliquots of 12 × 25, 1 ×10, and 1 × 100 mL of milk were withdrawn from each milk bottle
every evaluation day and were used for sensory, microbial, and VOC composition analyses,
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respectively. The milk aliquots taken for the analysis of VOC composition were frozen at
−18 ◦C prior to evaluation.

FCPM samples (25 mL) used for the consumer testing were poured into 50 mL plas-
tic cups, covered with plastic lids, placed on trays, and kept at 4.5 ± 0.5 ◦C overnight.
The milk samples were placed at room temperature for 30 min prior to the sensory
evaluation sessions.

2.2. Determination of the Total Microbial Numbers (TMNs) in FCPM

Total microbial numbers in WFCPM and Trim milk samples were determined each
evaluation day using standard microbiological methods whereby dilutions of FCPM
(0.1% peptone) were spread plated in triplicate onto plate count agar plates (Becton, Dickin-
son and Company, Franklin Lakes, NJ, USA). Plates were incubated at 25 ◦C for 72 hr before
the numbers of colonies were counted. Results were expressed as log10 colony-forming
units per mL of FCPM (log10 CFU.mL−1 milk).

2.3. Changes in the VOC Composition of FCPM during Storage

The VOC composition of WFCPM and Trim milk samples was determined following
the completion of the sensory and microbial analyses according to the method described
by Silcock, et al. [9] using PTR-MS (Ionicon Analytic, Innsbruck, Austria). Frozen FCPM
(100 mL) was thawed (4.5 ± 0.5 ◦C) for 18 h and sub-samples (50 mL) were warmed in a
water bath at 25 ◦C for 15 min and added to 500 mL glass bottles (Schott Duran®, Germany).
Headspace air was sampled over a mass range of m/z 20–185 using a dwell time of 100 ms
per m/z under drift tube conditions of 600 V, drift pressure of 2.2 mbar, temperature 70 ◦C,
and E/N value of 136 Td (1 Td [Townsend] = 10–17 V cm2). Each measurement took a total
time of 11.5 min and involved the measurement of a total of 15 cycles. The empty bottle
was flushed with clean air for 3 min at a flow rate of 500 sccm, the bottle was connected to
the PTR-MS, 5 cycles were measured as background, and then the milk sample was added
followed by further flushing with clean air for 3 min at a flow rate of 500 sccm. The flow
rate was adjusted to about 50 sccm, the was bottle reconnected to the PTR-MS and flushed
for a further 82.5 s, and then 10 cycles were measured.

For all samples and background measurements, the normalised counts per second
(n-cps) of each m/z were calculated over the range of m/z 20–185 by correcting the variation
in the signal of the primary ion (H3O+) and its water cluster (H2O.H3O+) and the variation
in the drift tube pressure, as detailed in Silcock, et al. [9].

Tentative identification of VOCs contributing to each m/z detected by PTR-MS was
based on previous studies [9,10], where solid-phase microextraction gas chromatography–
mass spectrometry (GC–MS) analyses were carried out on a subset of samples. In these
studies, compounds were tentatively identified based on matching the mass spectra of
detected compounds with spectra in the NIST-08 MS library (National Institute of Standards,
Gaithersburg, MD, USA).

2.4. Participants

A total of 107 regular milk consumers (WFCPM: 55; Trim: 52) over the age of 18
were recruited. A regular milk consumer was defined as an individual who, on average,
consumed one or more litres of milk a week in any form (e.g., cold or heated, mixed
with cereals, or added to other beverages). In a screening questionnaire, an individual’s
milk consumption behaviour was determined by asking the type (WFCPM or Trim), the
volume, and the way (e.g., plain, added to hot drinks, etc.) they normally consumed milk.
Individuals with a history of allergies or health issues related to the consumption of milk
or milk products, pregnant women, individuals with critical health conditions, individuals
who did not meet the definition of a regular milk consumer, or those under the age of
18 years were thanked for their interest and excluded from participation in the study.

Eligible participants were allocated to one of the designated two groups based on
their milk type preference (i.e., WFCPM or Trim) as declared in the screening questionnaire.
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Before the commencement of each evaluation session, all participants were again provided
with the information sheet and informed consent was obtained. Upon the completion of
an evaluation session, each participant was given an NZD 20 supermarket voucher as a
reimbursement towards the costs associated with travelling to the session. Ethical approval
for this study was obtained from the University of Otago Human Ethics Committee and
The Ngāi Tahu Research Consultation Committee.

2.5. Procedure

As part of this study, the number of microorganisms (stimuli) required at an RjT of
50% was estimated. Each participant carried out forced preference tests on 12 pairs of milk.
The first test pair was considered a warm-up, consisting of two 3-day-old FCPM, the results
from which were disregarded from further analyses. The remaining 11 pairs consisted of a
fresh (3-day-old) reference milk and an aged FCPM sample stored for (t) days and served in
order of increasing age, where t = 7, 14, 16, 18, 20, 21, 22, 23, 24, 25, or 26 days after bottling.
The order of the reference and aged FCPM was randomised within each pair. WFCPM was
evaluated in the first week and, in the second week, Trim milk was evaluated. For each
milk type, evaluations were carried out over five consecutive days, with one testing session
a day. For each testing session, a total of 10 to 12 subjects evaluated 12 test sets (fresh vs.
aged). For WFCPM and Trim, there should have been 55 and 52 responses for each pair
(selecting either fresh (3-day milk) or the aged samples) at the end of the study. However,
over the course of the experiment, some milk production dates were unavailable, which
meant the milk could not be stored for the required number of days to fill the sessions
with all the appropriately aged milk samples. These missing samples were D16, D23 (S1);
D24 (S2); D18, D25 (S3); D26 (S4); and D20 (S5) for WFCPM, and D18 (S1); D20, D22 (S3);
D21, D23 (S4); and D22, D24 (S5) for Trim, where S(n) is the session number and D(t) is the
milk storage time. These samples were substituted with fresh (3-day) milk to maintain a
constant number of testing sets across all sessions (n = 12); however, results from these test
sets were excluded from further analyses.

When presented with a test set, participants were instructed to indicate which sample
they preferred. To explore qualitative reasons for the rejection of FCPM, after each test set,
participants were asked to indicate why they preferred one sample to the other to generate
terminology that describes the consumer preference for FCPM. Participants were given a
30 s break between each test set to avoid fatigue. Water and water crackers were provided
for palate cleansing between samples. Participants were provided with plastic spittoons to
spit out the tested sample, if required. Each consumer completed the test in a single session.
Data was collected using Compusense-Five version 4.0 (Compusense Inc., Guelph, ON,
Canada). All evaluations were carried out under white light in individual booths.

2.6. Data Analyses
2.6.1. Changes in the VOC Composition of FCPM during Storage by Multifactor Analysis
of Variance (ANOVA)

Changes in the normalised signal intensities of m/z from the headspace of FCPM
were analysed by multifactor ANOVA, using the general linear model (GLM) procedure.
Data from each FCPM type was analysed separately. The normalised signal intensities for
the m/z were used as the dependent variables, while storage time, session, and storage
time × session interaction were included as fixed factors. Normalised counts of the m/z
from the PTR-MS datasets that were not significantly different between storage days were
excluded from further data analyses (p > 0.05). In addition, m/z that did not represent a real
signal of actual changes in the VOC composition of FCPM (<10 n-cps) were not included in
the results and were omitted from further analysis. Post-hoc Tukey’s HSD test was used
for the comparison of significant m/z. Evaluations were based on a significance level of
p ≤ 0.05.
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2.6.2. Consumers’ Rejection Threshold (RjT)

Consumers’ preference expressed as a percentage for the aged FCPM sample for each
pair was calculated using Equation (1) below:

% Preference(t) day FCPM =
Number of participants preferred (t) day FCPM

Total number of participants evaluating the sample
×100 (1)

The RjT corresponds to the point where 50% of the consumers reject a product above
chance (p < 0.05) (i.e., RjT50, classically known as EC50). To determine the RjT for each
FCPM type, % preference was calculated for each aged milk within each session and
expressed relative to the TMN rather than time. The % preference was then aggregated into
0.25 log10 CFU.mL−1 intervals using the data from all sessions. The average preference
(%) over 0.25 log10 CFU.mL−1 intervals was plotted, and a sigmoid variable slope using
the dose-response function was fitted to the data using GraphPad Prism 8.0 (GraphPad
Software 8.0c, San Diego, CA, USA) based on Hill’s equation presented below [19,20]:

Y = Min +

[
(Max − Min)

1 + 10(logRjT50−X)×Hill Slope

]
(2)

2.6.3. Studying the Interrelationship between Storage Time, TMN, VOC Composition and
Consumers’ Preference Using Principal Component Analysis (PCA)

To investigate the interrelationship between storage time, changes in TMN, VOC
composition, and consumers’ preference for aged FCPM, a principal component analysis
(PCA) was carried out using as the active variables the data from the TMN, preference
(%), and the significant m/z results from the statistical analyses (IBM SPSS Statistics ver-
sion 20, SPSS Inc., Chicago, IL, USA). Separate PCAs were carried out on the WFCPM
and Trim milk datasets. Data were rotated using the direct oblimin method to allow for
correlation between factors. Analyses were carried out on the basis of Pearson’s correlation
matrix to allow for direct comparisons between the datasets despite differences in their
numerical range.

2.6.4. Studying the Relationship between Storage Time and Consumers’ Terms Using
Correspondence Analysis (CA)
Preparation of Contingency Table

For each type of FCPM, the qualitative terms used by consumers to describe their
liking of FCPM samples were analysed by manually extracting and consolidating the
terms into groups of liking and disliking terms (attributes). This resulted in a two-way
product-by-word table that consisted of n rows (R) (representing FCPM stored between
3 and 26 days) and n columns (C) (representing consumers’ terms for each FCPM sample).
Each cell (RiCi) showed the frequency of the term used to describe FCPM stored for t days
across all the sessions. The terms were consolidated into a final contingency table consisting
of 22 rows (11 sets of fresh and aged milk) and 39 and 37 columns for WFCPM and Trim,
respectively. An example of data consolidation of one set (pair) of fresh and aged FCPM is
explained below:

A consumer selected the 3-day-old sample as their choice of preference and stated that
it seemed fuller, had more taste, and was not as flat. From the statement, three terms were
extracted: “full bodied” and “good taste” for the preferred sample and flat for the rejected
sample. The consolidated list of terms used to describe the two types of FCPM used in the
current study is presented in Table 1.



Beverages 2023, 9, 53 6 of 19

Table 1. Terms used to describe WFCPM and Trim milk by participants.

Terms

Nutty, almond (milk) Powder milk
Oat, cereals, soy, grain, corn Vanilla

Off (note) Bad, strong, unpleasant, odd, strange odour
Plain, bland, dull, weak, tasteless Bad, strong, sharp, unpleasant, odd flavour

Old, not fresh, stale Good, pleasant, clean, strong, smooth, sweet,
buttery flavour

Fruity, blossomy Savoury, salty
Awful, disgusting, horrific, gross Full-bodied

No difference Fatty (taste)
Strange, foreign flavour Grassy

Lite Processed
Milk powder Thin, watery

Balanced Thick, heavy, too creamy
Yoghurt Sour, acidic, tart, vinegar, tangy

Fatty, rich, thick (+ve) Strong, bad, fatty, bitter, yoghurt, dry,
strange aftertaste

Full, more flavour(ed) Clean, good, creamy, pleasant, lite aftertaste
Lingering (+ve) Natural, standard, normal, milk(y) flavour

Creamy(ier) Good, milky, pleasant, fresh, light odour
Sweet (-ve) Synthetic, artificial, fake

Good, smooth texture, mouthfeel Chemical, paint, metallic, medicinal
CalciTrim, Trim Raw milk taste

Coconut Bitter
Fresh(er), refreshing taste Fatty (taste)
Strange, foreign flavour Fresh(er), refreshing taste

Lite Bitter
Calcitrim, Trim Cheesy

Chemical, paint, metallic, medicinal

Correspondence Analysis (CA)

Correspondence analysis (CA) was applied to the contingency table to visualise the
relationship between storage time (FCPM samples) and consumers’ terms. CA is a com-
positional technique that is developed to test for significant association of two or more
categorical variables within a data matrix using the chi-square test (χ2), which can be
visualised jointly in bi-dimensional graphs.

3. Results
3.1. Determination of the Total Microbial Numbers (TMNs) in FCPM

The initial (day 3) numbers of microorganisms in the two types of milk used across
all testing sessions ranged between 1.75–2.68 log10 CFU.mL−1 in WFCPM (Figure 1A) and
1.90–3.23 log10 CFU.mL−1 in Trim (Figure 1B). The variation in these initial numbers present
in the milk was due to post-pasteurisation contamination with vegetative bacteria from the
production environment, which grow naturally over time during the storage of FCPM at
4 ◦C with no external intervention. The highest TMN in the two types of milk recorded
between 3 and 26 days was 8.51 log10 CFU.mL−1 on 26 days for WFCPM tested during
session 5 (S5-D26) and 8.18 log10 CFU.mL−1 on 25 days for Trim tested during session 1
(S1-D25), respectively. Although these two samples had the highest TMN, other WFCPM
and Trim samples in the present study had TMN close to, or higher than 8 log10 CFU.mL−1.
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Figure 1. Total microbial numbers (TMNs) in (A) WFCPM and (B) Trim milk stored at 4.5 ± 0.5 ◦C
between 3 and 26 days tested during consumer preference sessions 1 to 5; where the colour of the
symbol represents the session from where the milk was taken for testing (• Session 1; � Session 2;
N Session 3; � Session 4; � Session 5). 5. Each data point is the mean value of 3 TMN readings from
one bottle (n = 3). Vertical error bars represent the standard deviation of the mean.

Variation in the microbial populations between and within the different batches (i.e.,
bottle-to-bottle or batch-to-batch) of FCPM (both WFCPM and Trim) was observed. This
variation was independent of the storage time of FCPM samples (Figure 1A,B). For instance,
the TMN in WFCPM stored for 23 days and tested on Session 4 (S4-D23) was approximately
3 log10 CFU.mL−1 lower than the TMN in WFCPM stored for 14 days and tested during
the same session (S4-D14). Variation was also noticed in FCPM stored for the same time
but tested across different sessions. For example, the TMN in Trim milk stored for 25 days
and tested across sessions 1 to 5 varied from 2.94 to 8.18 log10 CFU.mL−1. This variation
between and within the different batches meant that it was not possible to determine a
temporal relationship between the TMN and storage time. Moreover, the variation in
the TMN was observed in both WFCPM and Trim and appeared to be associated with
the intermittent PPC and the growth characteristics of these contaminating microorgan-
isms. The likely source of PPC could be from the filling machines, workers, surfaces, and
the surrounding environment at the dairy processing plant, which are deemed potential
contamination hubs.

3.2. Changes in the VOC Composition of FCPM during Storage

The multifactor ANOVAs of the normalised PTR-MS datasets revealed significant
storage time, consumer testing session, and storage time × consumer testing session in-
teraction effects on the VOC composition of WFCPM and Trim (p ≤ 0.05). The significant
consumer testing session and storage time × consumer testing session effects show that the
VOC composition of aged FCPM was different between sessions and that the VOCs in each
session did not change the same way as the milk storage time increased. This variability
in VOCs resulted from the differences in the numbers of and potentially the types of mi-
croorganisms that contaminated FCPM post-pasteurization referred to in Section 3.1, which
were expected to generate different types and concentrations of VOC in the headspace of
FCPM. This result also shows that within the trial design that VOCs in milk can change
independently of time.

Data analyses showed that the headspace of both WFCPM and Trim milk was charac-
terised by significant (p < 0.05) changes in the intensities of a total of 21 m/z as a function of
storage time (the period milk was held at chilled storage). These m/z belonged to different
chemical classes (e.g., alcohols, ketones, aldehydes, carboxylic acids) and included m/z 41,
43, 45, 61, 63, 71, and 89 (tentative ID for m/z: various alcohols and esters; acetaldehyde;
acetic acid or acetate esters; dimethyl sulphide (DMS); butyric acid; and fragments of



Beverages 2023, 9, 53 8 of 19

butyrate esters, respectively). These VOCs have been previously detected in the headspace
of FCPM and contribute sensory characters such as yoghurt, feedy, cheesy, and slightly
sweet. A list of all the significant m/z found in the headspace of WFCP and Trim milk in
the current study, their tentative identifications, and their sensory descriptors from the
literature are presented in Table 2.

Table 2. Tentative identification and descriptors of the significant volatile mass ions (p ≤ 0.05)
detected in the headspace of WFCPM and Trim milk stored at 4.5 ± 0.5 ◦C between 3 and 26 days
and tested during sessions 1 to 5.

m/z Tentative Identification a Sensory Profile; Contribution to
Off-Flavours b

31 Ethanol fr. c; alcohol fr.

33 Methanol

41 Pentane; alcohols; and esters fr.

42 NI d

43 Ketones, esters, and alcohols fr.

45 Acetaldehyde Yoghurt

46 Isotopologue of m/z 45

47 Ethanol Feed; slightly sweet

53 NI

55 Alkenyl fr.; water cluster

57 Ketones, esters, and alcohols fr.

59 Acetone Cowy; feed

60 Isotopologue of m/z 59

61 Acetic acid; acetate esters fr. Vinegar

63 Dimethyl sulfide (DMS) Cowy; sulfur; cooked
cabbage; unclean

69 Isoprene; furan; aldehydes fr.

71
Water cluster of butenal; fr.

butyric acid and butyrate esters,
or 2-pentanol; alkane

73 2-butanone Feed

74 NI

87 2-pentanone; pentanal

89
Butyric acid; fr of butyrate esters
(predominantly ethyl butyrate);

2-methyl-1-butanol; ethyl acetate
Vomit; cheesy; unclean; off-flavour

a: [21,22]; b: [23,24]; c: fr.: fragment; d: NI: not identified.

Qualitative differences in the VOC composition were observed between the two FCPM
types, as a number of m/z were found to change significantly with storage time in the
headspace of one but not the other milk (Tables S1 and S2). For example, changes in the
signal intensities for m/z 61, 71, and 89 significantly changed over time in the headspace
of WFCPM but not Trim (p ≤ 0.05), whereas significant changes in the signal intensities
for m/z 69 and 87 were found in Trim only (p ≤ 0.05). Quantitative differences in the VOC
composition in the two types of milk were also detected. For instance, the signal intensity
for m/z 33, on average, was lower in the headspace of WFCPM compared to Trim milk.
These qualitative and quantitative differences are ascribed to the microbial population
(types and numbers) that contaminated the bottles/batches and their interactions [10], as
well as the stage of spoilage rather than to differences in the storage time and/or differences
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in the composition of WFCPM and Trim. Furthermore, the bottle/batch variations affected
not only the TMNs, as shown in Section 3.1, but also the VOC composition of FCPM,
resulting in the lack of a clear trend in the changes occurring in the significant m/z in the
two types of FCPM due to the weak relationship between changes in VOC composition
and storage time. An example of this is seen in the signal intensity for m/z 43, which
sometimes increased over time or initially increased before decreasing again, as shown in
Tables S1 and S2.

3.3. Changes in Consumers’ Preference of FCPM during Storage

The percentage of consumers preferring the reference milk (i.e., fresh 3-day FCPM)
over aged milk were 59.6 and 57% for WFCPM and Trim, respectively. It was observed
that VOCs increased in the headspace of FCPM in response to the increasing numbers
of microorganisms but not necessarily in response to a longer storage time. These ob-
servations meant that an accurate RjT50 could not be predicted based on a direct storage
time-preference function for either of the two milk types. Interestingly, a trend in preference
for fresh over aged FCPM was not observed at microbial numbers of less than 7 log10
CFU.mL−1 (Figure 1A,B). However, a general trend appeared when the TMN in FCPM
samples was greater than 7 log10 CFU.mL−1, at which consumers tended to reject aged
FCPM (Figure 1A,B). Hill’s equation was used to fit a sigmoidal line in the data to deter-
mine the RjT, where 50% (corresponds to 25% consumer preference for the aged sample) of
consumers consistently reject FCPM (Figure 2A,B). The analysis revealed that the RjT for
WFCPM and Trim milk was 7.43 and 7.34 log10 CFU.mL−1, respectively.

Figure 2. The rejection threshold (RjT) values and sigmoidal fit to the average preference (%) over
0.25 log10 CFU.mL−1 intervals in (A) WFCPM and (B) Trim milk. �: where 50% of consumers reject
the milk, RjT; •: average preference (%) over a 0.25 log10 CFU.mL−1 interval for WFCPM; N: average
preference (%) over a 0.25 log10 CFU.mL−1 interval for Trim milk.

The increase in the TMN in FCPM samples (>7 log10 CFU.mL−1) corresponded to an
increase in the signal intensity for a number of VOCs and a decrease in the proportion of
consumers preferring the milk with high TMN, which shows that spoilage had occurred
at and beyond the RjT values in the two milk types. While the relationship between the
signal intensity of some of the m/z that significantly changed, and the TMN appeared
to be positive, the relationship between signal intensity of the same m/z and consumer
preference for the milk with high TMN were negative. For example, the signal intensity
for m/z 45, 47, and 63 (tentative ID: acetaldehyde, ethanol, and DMS) increased by 85, 81,
and 42% when the TMN increased from 7 log10 to 8.51 log10 CFU.mL−1. The negative
relationship reflects the decrease in consumer preference for milk with high TMN as the
abundance of these VOCs increases. Figure 3A–C shows the TMN and consumer preference
separately plotted against the signal intensities for m/z 45, 47, and 63.
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Figure 3. Changes in the signal intensity for (A) m/z 45, (B) m/z 47, and (C) m/z 63 in the headspace
of WFCPM and Trim milk as a function of the TMN and the effect on consumers’ preference.

For the two milk types used in the current study, PCA separated samples based on
their VOC composition rather than storage time. For WFCPM, the first two components
explained 65.94% of the total variation, with 40.51% explained on PC-1 and 25.42% on
PC-2. The PCA plots showed that the majority of the samples tested over the five sessions
clustered in the centroid of the plot (Figure 4). However, samples S3-D26 and S5-D26 were
positively loaded on PC-1. These two samples had the highest TMN (8.42, and 8.51 log10
CFU.mL−1, respectively) and higher signal intensities for m/z 43, 45, 47, 57, 61, 63, 71,
and 89 compared to all other WFCPM samples tested over the five sessions (Figure 4).
Further, consumers showed very low preference for these two kinds of milk compared
to the control (9.09% and 10%, respectively) (Figure 2A), and samples within this storage
time were described using negative terms including awful, gross flavour, off, expired, sour,
spoilt, rancid, and bad smell or taste.



Beverages 2023, 9, 53 11 of 19

Figure 4. PCA of WFCPM samples stored at 4.5 ± 0.5 ◦C between 3 and 26 days showing the
interrelationship between the volatile organic compounds (VOCs) that significantly differed, total
microbial numbers (TMNs), and % consumer preference (Pref). Scores are for individual WFCPM
samples (coded S(n)-D(t), S(n): session number, and D(t): storage time in days), and loadings are for
the VOCs that significantly differed, TMNs, and Pref.

The headspace of WFCPM samples positively loaded on PC-2 (25.42%) had high signal
intensities for m/z 53, 55, 59, 60, 73, and 74. These samples had a relatively low percentage
of consumers’ preference (~30%) and higher numbers of microorganisms (Figure 4). Con-
sumers described those samples as having a strong taste, off, unpleasant, oily, fatty, terrible,
sweet (-ve), cheesy, and chemical. WFCPM samples that were negatively loaded on PC-2
had higher signal intensities for m/z 41, with high percentages of consumers’ preference
and variable numbers of microorganisms, and consumers described these samples as being
rich, full-flavoured, sweet, creamy, smooth texture, and good smell or taste.

For Trim milk, PC-1 and PC-2 explained 61.06% of the total variation in the data. Trim
milk samples loaded positively on PC-1 (37.90%); in particular, S1-D26 and S4-D16 had
higher numbers of microorganisms and higher signal intensities for m/z 31, 41, 42, 43,
45, 46, 47, 57, and 63 (Figure 5). Consumers described these samples as being yoghurty,
tangy, unpleasant, coconut, chemical, and having a bad taste or smell. A group of Trim
milk samples, in particular S1-D20 and S5-D16, were discriminated from the main group of
samples towards the positive end of PC-2 (23.16%). These samples had lower numbers of
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microorganisms (TMN < 5 log10 CFU.mL−1) and higher signal intensities for m/z 53, 55, 73,
and 74, and were described by consumers as being fatty, off, corn, smelly, odd taste, sour,
drying, and having a bad aftertaste. The remaining samples were loaded negatively on
both components on the PCA plot. These samples had variable numbers of microorganisms
and higher signal intensities for m/z 33, 59, 60, 69, and 87. Consumers described these
samples using terms such as almond (milk), nutty, natural, pleasant, nice, refreshing, and
creamy. In terms of consumers’ preference, all samples clustered into the three groups
(i.e., samples positively loaded on PC-1 and PC-2, and negatively loaded on both PCs) had
variable preference percentages.

Figure 5. PCA of Trim samples stored at 4.5 ± 0.5 ◦C between 3 and 26 days showing the relationship
between the volatile organic compounds (VOCs) that significantly differed, total microbial numbers
(TMNs) and % consumers’ preference (Pref). Scores are for individual Trim samples (coded S(n)-D(t),
S(n): session number, and D(t): storage time in days), and loadings are for VOCs that significantly
differed, TMNs and Pref.
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When explaining their preference, consumers frequently used terms that described
FCPM flavour (e.g., pleasant, chemical), texture (e.g., creamy, thick, watery, etc.), and/or
odour (e.g., pleasant, sharp). In the CA, there was a significant (p ≤ 0.05) difference in
the frequency of consumers’ term use between the aged WFCPM (χ2 = 968.64) and Trim
(χ2 = 831.86) milk.

The first two factors of the CA yielded a total inertia of 39.09 and 33.43% for WFCPM
and Trim milk, respectively. For the two milk types, the terms related to consumer disliking
were positively loaded on F1, while the terms related to liking were negatively loaded on F1
in the CA plots. Reference FCPM (3 days) corresponded closely to liking terms, including
good flavour, pleasant, standard milk flavour, rich (creamy), and fresh (Figures 6 and 7).
Overall, the CA plots showed a trend towards a separation based on the storage time. This
can be seen as a change in the frequency of terms used, where terms used to describe FCPM
held between 14 and 20 days were a mixture of positive (e.g., good, smooth texture) and
negative (e.g., chemical or artificial taste); however, negative terms were most frequently
used after 20 days of storage. This result was in agreement with the separation patterns
shown in the PCA plots (Figures 4 and 5) and was supported by the calculated RjT using
Hill’s equation, as shown in Figure 2.

Figure 6. Correspondence analysis map of consumers’ terms used to describe WFCPM stored at
4.5 ± 0.5 ◦C between 3 and 26 days. WFCPM samples are coded as D(t), storage time in days.
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Figure 7. Correspondence analysis map of consumers’ terms used to describe Trim stored at
4.5 ± 0.5 ◦C between 3 and 26 days. Trim samples are coded as D(t), storage time in days.

4. Discussion

The starting point of this research was to determine the length of storage time required
before consumers start to reject FCPM. The approach used was based on the assumption
that there would be a direct relationship between time and the TMN during storage.
However, due to the variability in the number of microorganisms detected in the tested
FCPM samples (both WFCPM and Trim) owing to PPC, no direct relationship between the
TMN and storage time was observed. This lack of relationship can be seen in the results
of the microbiological analyses in this study where 49 (WFCPM (n = 21) Trim (n = 28))
out of 76 milk samples (~64%) that were stored for more than 14 days had a TMN of less
than 7 log10 CFU.mL−1. The changes in VOC composition for these samples with a TMN
of less than 7 log10 CFU.mL−1 stored for more than 14 days, in general, did not show a
reduction in consumer preference. This result indicates that the 14-day limit displayed
on FCPM bottles is a conservative quality indicator, rather than a definite timeline of the
shelf life of FCPM. More interestingly, the present study revealed that the shelf life of
FCPM is related to changes in the VOC composition of FCPM induced by microbial growth,
presumably due to gram-negative psychrotrophs (e.g., Pseudomonas sp.). These entered
FCPM through PPC, and when numbers were sufficiently high gave rise to the subsequent
perceivable sensory characteristics (detected and/or identified). Consequently, PPC is
the main obstacle that needs to be controlled before an extended FCPM shelf life can be
proposed or consistently achieved.
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The initial (3-day) TMN of both FCPM types ranged between 1.75 and
2.68 log10 CFU.mL−1. This variation in the initial TMN, although not able to predict the
shelf life of FCPM during storage, indicated that a variation due to the incidence of PPC
exists, which could be linked to a potentially longer shelf life should PPC be able to be
consistently controlled. Although gram-negative psychrotrophs are killed by pasteurisa-
tion, they are ubiquitous in the FCPM processing environment and can re-contaminate
pasteurised FCPM through pipelines, filler heads, surfaces, and bulk milk tanks [6,25].

Plotting consumers’ preferences versus the TMN provided a better understanding of
the shelf life of FCPM than plotting preference versus storage time. Furthermore, fitting a
Sigmoidal line to the data using Hill’s equation showed that when the TMN was less than
7 log10 CFU.mL−1, consumers showed no clear pattern in preference for FCPM; however,
they started to reject FCPM once the TMN reached the RjT limit, where they constantly
showed no or minimal preference towards an FCPM sample and described it using terms
indicating a dislike response. Unfortunately, there was only a small number of observations
with a TMN higher than 7 log10 CFU.mL−1 (WFCPM n = 19; Trim n = 10), as microbial
numbers in the aged milks (TMN < 7 log10 CFU.mL−1) either increased at a slower rate or
may have initially been present in lower numbers; therefore, extending the storage time of
the milk to 26 days (12 days beyond the current use-by date) was a good approach since it
enabled a clearer determination of the RjT.

The RjT values obtained for WFCPM and Trim milk in the present study support the
data presented by Zahar, et al. [26] who reported a relationship between the TMN and the
acceptance of different brands of FCPM stored at different temperatures using a trained
panel. The panellists were asked to rate the acceptability of milk samples on a scale of 1 to 10,
with the rejection of FCPM occurring when the TMN exceeded 7 log10 CFU.mL−1. Similarly,
when Petrus, et al. [27] tested the keeping quality of FCPM at different temperatures. They
found that a total mesophilic (i.e., TMNs) and psychrotrophic count of 7 log10 CFU.mL−1

and 6 log10 CFU.mL−1, respectively, which represented the upper limits of acceptability for
maintaining the sensory quality (determined by a trained panel) of FCPM regardless of
storage temperature. However, when using a trained panel it is not possible to robustly
determine acceptability, as the panellists are not naive consumers and the number of
panellists is not representative of a consumer sample [14].

Unlike in the current study, previous research using the rejection threshold used a
predetermined stimuli concentration range to calculate the RjT at a point where either a
significant change in consumers’ preference occurred or when 50% of consumers rejected
the product [11–13,19]. The concentrations of the stimuli at each measurement point in
the present study (i.e., changes in TMN, or VOCs abundance) were neither equal nor
predetermined and depended upon the extent of PPC incidence (the numbers and species
of the contaminating microorganisms).

In the present study, perceivable changes in the VOC composition of FCPM occurred at
a high TMN, which suggests that the contaminating microorganisms produced off-odours
that affected consumers’ preference, as illustrated in Figure 3. The abundance of spoilage
related VOCs increased rapidly as the TMNs reached the point where consumers started to
reject FCPM. A high percentage of consumers disliked FCPM, which had a VOC composi-
tion containing high signal intensities of m/z 41, 45, 47, 53, 55, 57, 61, 63, 71, and 89. These
m/z are tentatively identified as a mixture of alcohols, aldehydes, ketones, and volatile
acids, and are generated through various biochemical pathways as by-products of the
metabolic activities (i.e., lipolysis and proteolysis) of microorganisms in FCPM [28–31]. The
detection of these VOCs has previously been ascribed to spoilage [9,31–34]. Furthermore,
the increase in the signal intensities for some or all these m/z, particularly m/z 71 and 89,
coincided with consumers’ rejection of FCPM. Note that the rejection might not be only
associated with the accumulation of these VOCs, as these VOCs may be correlated with
other undetected VOCs that contribute undesirable sensory attributes and are below the
limit of detection of the PTR-MS.
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A TMN of 7 log10 CFU.mL−1 has previously been reported as the point where VOCs
start to rapidly change (spoilage) in different chilled food, including FCPM [9,23,25,31,35]
and meat [21,22]. Other authors have stated that it is the tendency of certain species of
microorganisms to produce off-odours during growth rather than their numbers in food,
which is important in spoilage [10,36]. In reality, it is likely that the rate of spoilage is
due to a combination of the nature of VOCs produced by the microbial strains present,
their numbers, and their ability to grow in food under the given storage conditions
(e.g., temperature, atmosphere).

Relating chemical data to consumers’ perceptions allows for a better understanding of
the differences between products to be obtained [37,38]. PCAs were applied to study the
interrelationship between microbial quality, VOC composition, and consumers’ preference
for the two types of FCPM. The PCA showed that for the two milk types, changes in
consumers’ preferences occurred in a similar fashion. Spoilage occurred concurrently
with the accumulation of m/z 43, 45, 47, 61, 63, 71, and 89 in the headspace of FCPM at
TMNs equal to or exceeding 7 log10 CFU.mL−1. Those m/z were tentatively identified as
fragments of ketones, esters and alcohols; acetaldehyde; ethanol, acetic acid and acetate
esters; DMS; fragments of butyric acid; and butyrate esters and butyric acid (Table 2).
Furthermore, m/z 43, 45, 47, 61, 63, 71, and 89 contributed to a number of off-notes such
as yoghurt, feedy, cowy, vinegar, sulfur, unclean, vomit, and cheesy [24,39]. Consumers
tended to reject FCPM with a higher TMNs using stronger disliking terms such as awful,
gross, spoilt, expired, and rancid. These two stages of spoilage suggest that changes in the
sensory characteristics of FCPM occur as a result of the changes in the headspace VOCs.
A sub-group of samples was also identified where a higher gas phase abundance of m/z
53, 55, 59, and 73 in Trim milk was present. These m/z were tentatively related to a wide
range of alcohols and carbonyl compounds (ketones and aldehydes) (Table 2) and could
possibly result from the effect of feed, chemical, or raw milk quality. Terms used to describe
this milk included unpleasant, tangy, chemical, bland, strong taste, and fatty. Based on
their loadings, these samples were not associated with lower preference. Furthermore,
although the numbers of microorganisms in these FCPMs varied, they were less than
7 log10 CFU.mL−1.

Low total inertias in the CA were probably due to the low frequency for a number of
the terms used, which occurred as a result of the zero entries when only a small number
of consumers tended to use a specific term [40]. In general, total inertia above 20% is
considered adequate for data representations [41].

5. Conclusions

Regular consumers of two types of FCPM, namely WFCPM and Trim, were used to
assess changes in consumers’ preference for FCPM stored at 4.5 ± 0.5 ◦C for between 3 and
26 days. Due to the naturally occurring variability in the total number of microorganisms
in the VOC composition within and between FCPM batches owing to differing initial levels
of post-pasteurisation contamination, a significant relationship between FCM storage time
and the TMN was not observed. However, a series of paired preference tests comparing the
control fresh milk and aged milk stored for up to 26 days found that consumers’ preference
shifted once the TMN exceeded a critical value, which was referred to in this study as
the RjT. At a TMN greater than or equal to the RjT, participants started to use terms to
describe the aged FCPM, which indicated dislike and corresponded to an increase in the
signal intensities for a number of spoilage-related VOCs in the headspace of FCPM. The
ability to attribute changes in the sensory properties of FCPM owing to the build-up of
VOC in its headspace from the higher TMN has provided a better understanding of why
consumers reject FCPM during chilled storage. The novel multidisciplinary approach used
in this study has provided data on how increases in TMNs and changes in VOCs affect
consumer preference, thereby highlighting the applicability of this approach to assess shelf
life and/or the effectiveness of techniques designed to enhance shelf life.
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WFCPM milk by proton transfer reaction–mass spectrometry analysis during refrigerated storage at
4.5 ± 0.5 ◦C between 3 and 26 days (n = 5); Table S2: ANOVA results and mean intensities (n-cps)
of the significant volatile mass ions (p ≤ 0.05) detected in the headspace of Trim milk by proton
transfer reaction–mass spectrometry analysis during refrigerated storage at 4.5 ± 0.5 ◦C between 3
and 26 days (n = 5).
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