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Abstract

The quality of beef, defined by key attributes such as texture, flavour, and post-cooking
texture, is shaped by various intrinsic and extrinsic factors. This study conducted a detailed
examination of Nellore beef, dividing it into two categories based on ultimate pH (pHu)
levels: intermediate (pHu > 5.8) and normal (pHu < 5.6). A comprehensive approach was
taken, involving twenty trained assessors who applied the Optimised Descriptive Profile
(ODP) method to evaluate grilled striploin steak samples. In parallel, consumer preferences
were measured through a hedonic test and a Check-all-that-apply (CATA) task, involving
135 participants. The ODP results revealed that the intermediate pHu samples were
significantly juicier (P < 0.05) compared to the normal pHu group. The CATA analysis
highlighted differences in both intermediate and normal pHu beef, especially in juiciness,
a crucial factor for consumer satisfaction. Notably, variations in deoxymyoglobin content
linked to ageing were observed, with higher levels on the 3" day compared to the 28" day,
especially in the intermediate pHu samples (P < 0.05). Moreover, colour-related aspects
such as L*, b*, chroma, and oxymyoglobin were significantly influenced (P < 0.05) by both
the pHu category and ageing duration. Regarding consumer acceptance, the study found
no significant difference in perception between the intermediate and normal pHu groups
(P > 0.05). These findings illuminate the complex interaction between pHu levels, sensory
characteristics, and consumer preferences in beef quality, offering valuable insights for

both the industry and research community.

Keywords: Beef quality, Longissimus thoracis et lumborum, Nellore, Consumer

acceptability, Sensory evaluation.
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1. Introduction

Animal protein, particularly bovine meat, is a fundamental part of the human diet,
especially in Western countries where beef is a major source of protein. Consumer
preferences for beef vary across different markets and are influenced by diverse factors
including (i) cultural and psychological aspects of consumers (Troy & Kerry, 2010), (ii)
the sensory properties of the products (Saldafa et al., 2020a), and (iii) marketing
considerations such as price, regulation, quality standards, and distribution (Font-i-Furnols
& Guerrero, 2014).

Texture is a key sensory attribute of beef, offering a range of mouthfeel experiences during
consumption, such as tenderness, juiciness, and chewiness (Zhu et al., 2021). The aroma
and flavour are also critical, arising from chemical compounds like amino acids, peptides,
organic acids, and adenine nucleotide metabolism by-products (Spanier et al., 1997). The
Maillard reaction and lipid degradation in meat generate various volatile compounds,
contributing to the distinctive aromas (Kosowska et al., 2017). Recent research suggests
that the chemical properties of muscle fibres (type I and 1) vary and significantly influence

the formation of volatiles and beef flavour (Li et al., 2023).

The sensory quality of beef is largely determined by its ultimate pH (pHu), which is linked
to the animal's ability to store glycogen in muscles and the differing amounts of
mitochondria in muscle fibres (Picard & Gagaoua, 2020; Poleti et al., 2018). Variations in
pHu between intermediate and normal beef can result from factors like animal diet,
exercise, pre-slaughter stress, and processing conditions, all impacting the final quality,
particularly in terms of colour, tenderness, and flavour (Gagaoua et al., 2021a; Loudon et
al., 2018; Ponnampalam et al., 2017). This presents a challenge for food scientists and the

industry in aligning consumer perception with variations in beef pHu (Warner et al., 2021).

The meat industry aims to consistently produce high-quality cuts while reducing consumer
dissatisfaction (Gagaoua & Picard, 2020). Various sensory evaluation methods have been
deployed, including both analytical (trained panels) and holistic (consumer) approaches
(Saldaria et al., 2021). According to Aaslyng et al. (2014), a product's sensory profile can
be established using the Optimised Descriptive Profile (ODP) by a trained panel, where
product attributes are selected and agreed upon by the assessors (Murray et al., 2001).

Conversely, affective methods rely on consumer reactions, such as hedonic measures, and

3
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can be augmented with techniques like Check-all-that-apply (CATA) questions, a versatile
tool for capturing perceptions, feelings, and attitudes (Jaeger et al., 2015).

Considering the prominence of beef in Brazilian diets and the preference for this animal
protein, this study aimed to develop a comprehensive sensory profile and deepen our
understanding of the acceptance and perception of beef cuts within two pHu ranges:
intermediate and normal. This innovative study combined the expertise of trained assessors
for consistent data, alongside the views of 135 regular beef consumers. Additionally,
instrumental measurements taken at 3, 14, and 28 days post-mortem were analysed. The
hypothesis was that individual reactions to sensory and physicochemical properties of beef
could predict consumer perception of beef quality, providing valuable insights to the meat

industry about consumer expectations and purchasing decisions.

2. Materials and Methods

All procedures and protocols used in this study complied with the Institutional Animal Care
and Use Committee Guidelines (protocol 2019/22) and were approved by the committees
of the Luiz de Queiroz College of Agriculture at the University of S&o Paulo. All
participants in the sensory tests provided informed consent, in accordance with the form
approved by the ethics committee, under CAAE number: 56217222.2.0000.5395.

2.1  Animals, treatments, and sampling

Animals were sourced from a commercial meat slaughterhouse under federal inspection,
and they were part of a larger experiment involving 104 animals. The normal and
intermediate pHu frequencies stood at 76.92% and 16.35%, respectively. From this pool,
ten carcasses of Nellore (Bos Indicus) bulls, categorised as intermediate (pHu > 5.8; n =5)
and normal (pHu < 5.6; n = 5) beef, were selected. The bulls, aged between 18 and 35
months, had 2 to 6 permanent incisor teeth and a hot carcass weight of 303 + 40 kg. Beef
samples (~1 g) were excised from the right side of the Longissimus thoracis (LT) muscle
between the 10" and 11" ribs, aging after 3 days post-mortem, for pHu determination. Each
animal's LT muscle was sheared perpendicular to the natural muscle fibres, into five steaks
(2.0 cm thick), vacuum-packed, and stored at -18 °C for subsequent sensory analysis. For
instrumental analysis, the Longissimus thoracis et lumborum (striploin cut) muscles were
sheared between the 3" and 6™ lumbar vertebrae, portioned into steaks (2.0 cm thick),
vacuum-packed, and refrigerated in a chamber (Danic, Model C-EC/U) at 0+£2.0 °C without
light exposure during the aging period of 3, 14, and 28 days post-mortem.

4
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2.2 Sensory analyses

Sensory evaluations were conducted on LT steaks 3 days post-mortem, utilising the
methodology outlined by Patinho et al. (2019, 2021). For data collection, the Compusense
Cloud platform (Compusense Inc., Guelph, Canada) was employed, with the information
being recorded on Android tablets (Samsung Galaxy Tab E T560).

2.3 Sample preparation

Sensory evaluations of LT steaks, cut into 2.0 cm thick steaks, were carried out 3 days after
slaughter. The steaks were grilled on an electric griddle at 200 °C (SSE50, EDANCA, Séo
Paulo, Brazil) until the internal temperature reached 71 °C, monitored using a puncture
thermometer. The steaks were flipped every 60 seconds during grilling, a process that
lasted about 5 minutes to achieve the desired internal temperature. Post-cooking, each steak
was cut into 1 cm?3 cubes, as advised by Gomes et al. (2014) and based on preliminary tests.
In consumer testing, the steaks were seasoned with salt (1.7% w/w) before grilling (Martins
et al., 2021). The samples, approximately 5g each, were then wrapped in aluminium foil,
kept warm in an electrically heated display at around 50 °C for 20 minutes, and served to
assessors in plastic dishes marked with three-digit codes. Assessors were instructed to

cleanse their palates with water between samples.

2.4 Optimised Descriptive Profile

The ODP involved candidates including undergraduate and postgraduate students, staff,
and faculty from the Department of Agri-food Industry, Food and Nutrition at the
University of Sdo Paulo (ESALQ/USP). These individuals were selected for their
experience with meat product sensory evaluations, availability, dietary or health
constraints, and non-smoking status. The ODP, conducted with 20 trained assessors (age
18-65; comprising 57% women, 39% men, and 4% non-binary individuals; all regular beef
consumers), spanned six independent one-hour sessions. In the initial session, the ODP
methodology was introduced, and a list of attributes from prior studies (Martins et al., 2021;
Yang et al., 2021; Gomes et al., 2014) was discussed, leading to the consensus on sixteen
descriptors. The second session was dedicated to finalising the attribute order, evaluation
techniques, reference samples, and intensity terms defined as "low" or "high". The third
session focused on training the assessors in using the Compusense Cloud and the 9-cm
unstructured linear scale to measure attribute intensity in each sample. The final three

sessions involved the actual evaluations, with each assessor analysing two beef samples
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per session, one from the intermediate and the other from the normal pHu range, presented

monadically following the Latin Square design of Williams (Wakeling & MacFie, 1995).

2.5  Consumer testing

For consumer testing, 135 regular beef consumers (age 18-64; 56% women, 43% men, and
1% non-binary; 90% with higher education; beef consumption varied from daily to once a
week) from the University of Campinas campus rated the samples’ overall liking on a 9-
point hedonic scale. The scale ranged from (1) "extremely disliked" to (9) "extremely
liked". Participants then used a Check-all-that-apply (CATA) task to identify sensory
descriptors for each sample. After tasting both samples, they were asked to describe the
sensory profile of an ideal beef using the same CATA task, based on the previous study by
Martins et al. (2021).

2.6 Quality parameters of beef 3 days post-mortem: pHu, composition, drip loss and

texture analysis

2.6.1 pHu determination

Muscle pHu was determined according to the method by Bendall (1973). Briefly, the LT
muscle samples were taken 3 days post-mortem and homogenised using an Ultra Turrax
(IKA, model T18 basic, Wilmington, NC, USA) with a buffer containing 5mM sodium
iodoacetate and 150mM KCI (pH 7.0) at a 1:8 ratio (w/v). The muscle homogenates were
centrifuged using an Eppendorf centrifuge (model 5810R, Hamburg, Germany) at
13,000xg for 5 minutes at room temperature, equilibrated to 25 °C, and measured using a
digital pH meter (Lucadema, model LUCA-210, Sdo José do Rio Preto, Brazil) with
automatic temperature compensation and a glass penetration electrode.

2.6.2 Proximate composition

The moisture content, crude protein, ash, and total lipids of muscle samples, taken 3 days
post-mortem, were evaluated (Table 2). The moisture content was determined by oven-
drying samples at 105 °C until a constant weight was achieved (Association of Official
Analytical Chemists [AOAC], 1995). Total nitrogen was measured using the Kjeldahl
method (Nx6.25) (1ISO 1871:2009) to ascertain the crude protein content, while ash content
was determined by calcining organic matter at 550 °C (ISO 936:1998). Total lipids were
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extracted with hexane using the Soxhlet method (AOAC, 1995). The results were

calculated on a wet basis and expressed as a percentage.

2.6.3 Drip loss

Drip loss in refrigerated striploin steaks was determined 3 days post-mortem.
Approximately 50 g of rectangular muscle (30 mm thickness, 60 mm length, 25 mm width)
was cut in the direction of the fibre, weighed, placed inside a net, and suspended into air-
filled polyethene plastic. After 48 hours at 0+4.0 °C, all samples were weighed again, and
the drip loss percentage was calculated according to the method outlined by Honikel

(1998), with adaptations from Torres Filho et al. (2017), using the following equation:

Drip loss (%) = [(Initial weight — Final weight)/initial weight] x 100 (1)

2.6.4 Texture profile analysis (TPA)

Before conducting the texture profile analysis (TPA), the Longissimus thoracis (LT)
muscle samples, taken 3 days post-mortem and initially frozen at -18 °C, were thawed at a
temperature of 2-4 °C for 24 hours. These were then cooked on an electric griddle until
reaching an internal temperature of 71 °C (Martins et al., 2021). The TPA was carried out
using a TA-XT texturometer (Stable Micro Systems, Godalming, United Kingdom)
equipped with a P-35 probe (long shaft, regular base), adhering to the methods outlined by
Jia et al. (2022). For the analysis, the samples were shaped into cylinders using a circular
stainless-steel cutter. Each sample yielded five to seven cylinders, each 3.0 cm in diameter.
These were then tested at room temperature under specific conditions: a 5.0-second interval
between the first and second compressions, a crosshead speed of 1.0 mm/s, a trigger force
of 5 g, and a working distance set at 50% strain. The TPA, defined as the peak force needed
to compress the sample, mimics the mechanical process of chewing, thus providing data
on texture characteristics such as hardness (measured in Newtons), springiness,
cohesiveness, chewiness, and gumminess. The average values from five replicates were

used for statistical analysis, with the results for hardness specifically expressed in Newtons.

2.7  Quality parameters of beef at 3, 14, and 28 days post-mortem: colour, water-

holding capacity, cooking losses and shear force

2.7.1 Instrumental colour
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The instrumental colour measurement of the refrigerated striploin steaks was carried out at
3, 14, and 28 days post-mortem using a MiniScan XE Plus spectrophotometer® (HunterLab
Associates, Virginia, USA). The spectrophotometer was calibrated with a white ceramic
plate adjusted to Y = 93.7, x = 0.3160, and y = 0.3323, using an 8 mm diameter
measurement area, a 10° observation angle, and A10 illumination. CIELAB coordinates
L* (lightness), a* (redness), and b* (yellowness) were obtained by taking 5 readings at
random locations on the steak surface without connective tissue, after allowing 30 minutes
of oxygenation at 4 °C. Chroma (C*), hue angle (h*), and the percentages of
metmyoglobin, deoxymyoglobin, and oxymyoglobin were calculated using equations
defined by American Meat Science Association [AMSA] (2012). The reflectance ratio at
630 nm and 580 nm (R630/580) was measured to estimate the stability of meat colour,
where a higher ratio indicates lower metmyoglobin accumulation on the beef surface and
thus greater colour stability (AMSA, 2012; Canto et al., 2016).

2.7.2 Water-holding capacity (WHC)

The water-holding capacity (WHC) of the refrigerated striploin steaks at 3, 14, and 28 days
post-mortem was determined using the method described by Grau and Hamm (1953),
modified by Hoffmann et al. (1982). Meat samples (0.5 g) were weighed on filter paper
and pressed with a 5 kg weight for 5 minutes. The WHC result was expressed as a

percentage based on the difference between the final and initial weights of the sample.

2.7.3 Cooking losses

Cooking losses for refrigerated striploin steaks at 3, 14, and 28 days post-mortem were
cooked on an electric plate (model SSE50, EDANCA, Séo Paulo, Brazil) at 200 °C until
they reached an internal temperature of 71 °C. The cooking loss was calculated by
subtracting the sample's weight after cooking (weight2) from its weight before cooking
(weightz) (Anne et al., 2022), and converting the result to a percentage using the following

equation:

weight: (g) — weightz (g) x 100
weights (g)

Cooking loss (%) = (2

2.7.4 Shear force
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The Warner—Bratzler shear force of the refrigerated striploin steaks at 3, 14, and 28 days
post-mortem was determined according to Shackelford et al. (1991), with modifications.
Briefly, the LT steaks were cooked on an electric plate (model SSE50, EDANCA, Séo
Paulo, Brazil) at 200 °C until they reached an internal temperature of 71 °C (Martins et al.,
2021). After cooking, the steaks were refrigerated at 0+2.0 °C for 24 h. Using a drill and
leaker, between five and seven sections (1.27 cm in diameter) were extracted by cutting
parallel to the muscle fibres. Each section was sheared perpendicular to the fibre orientation
using a Warner-Bratzler shear blade (HDP/BS) attached to a TA-XT texturometer (Stable
Micro Systems, Godalming, United Kingdom) calibrated for a pre-test speed of 2 mm/s,
test speed of 2 mm/s, and post-test speed of 10 mm/s. The device was programmed to travel
30 mm at the end of the three phases. The maximum force peak recorded during the analysis
represented the shear force in Newtons (N) for hardness. The highest and lowest
measurements were excluded, and the mean of five sections was used for statistical

analysis.

2.8  Data analysis
Statistical analyses were carried out using XLSTAT (Student 2023.1.2.1406) and R project
version 4.3.1 (R core team, 2023).

2.8.1 Optimised Descriptive Profile

The Optimised Descriptive Profile (ODP) data were examined univariately using a
Student'’s t-test to identify potential sensory differences between the pHu ranges at a 5%
significance level in R software. Principal Component Analysis was conducted on the

correlation matrix from a multivariate standpoint in XLSTAT.

2.8.2 Consumer testing

Hedonic data from the meat acceptance tests were analysed using ANOVA, with pHu range
as a fixed factor and consumers as a random factor, treating both samples and consumers
as sources of variation. The frequency of terms by pH range from the Check-All-That-
Apply (CATA) data was compiled and then analysed using Correspondence Analysis (CA).
The correlation between liking and sensory attributes was explored through Principal
Coordinate Analysis, as recommended by Saldafia et al. (2020b). Additionally, a penalty
analysis was conducted to calculate the impact on liking when sensory attributes were
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marked or unmarked as ideal, following the method of Selani et al. (2022). All these

analyses were performed using XLSTAT.

2.8.3 Quality parameters of beef 3 days post-mortem
For the instrumental analyses, data related to pH, drip loss, and texture profile analysis
(TPA) of the two different pHu ranges of steaks were compared using a Student's t-test in

R software to identify significant differences.

2.8.4 Quality parameters of beef at 3, 14, and 28 days post-mortem

Instrumental data assessing colour, water-holding capacity, cooking losses, and shear force
considered two pHu ranges and three refrigeration periods as sources of variation. ANOVA
was then performed at a 5% significance level, with pHu range as a fixed factor and animal
as a random factor, using R software. A Principal Component Analysis (PCA) was
conducted with combinations of pHu and storage time as individuals (rows) and

instrumental data as variables (columns), using the Pearson correlation matrix in XLSTAT.

3. Results

3.1  Optimised Descriptive Profile

The study revealed significant differences in the sensory profile only regarding juiciness
(Table 3). Specifically, the panel found steaks with intermediate pHu to be juicier (P<0.05)
than those with normal pHu. When considering the overall impact of pHu on beef quality,
other sensory characteristics appeared similar. Vector size was used to analyse the positive
and/or negative relationships between the 16 sensory characteristics and intermediate and
normal pHu. Notably, the flavour attributes of roast beef, fat, connective tissue, and blood
odour were prominent in steaks within the intermediate pH range. Conversely, the surface
brown colour, chewiness, and hardness were more intense in steaks from the normal pHu
range (Fig. 1A;B).

3.2 Consumer testing

The relationship between striploin steak samples from intermediate and normal pHu ranges
and the sensory descriptors used by consumers in the CATA task is represented by the first
two dimensions of the Correspondence Analysis (CA), which captures 100% of the original

information (Fig. 2A). Steaks treated with intermediate pHu were characterised by the
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attributes of blood odour, hardness, fibrousness, surface brown colour, and a meaty beef
flavour. In contrast, the sample with a normal pHu was described as having apparent
opacity, blood flavour, dryness, and an internal brown colour. Significantly, none of the
samples were near the ideal sensory profile, indicating substantial room for improvement
in order to satisfy consumers' ideal sensory preferences. It is worth noting that samples
with intermediate and normal pHu were perceived similarly, with no significant difference
in terms of acceptance (P > 0.05) and overall liking scores of 6.93 and 6.63, respectively
(data not shown). Overall liking was associated with the attributes of overall juiciness, fat
flavour, roast beef aroma, roast beef flavour, overall tenderness, chewiness, and saltiness
(Fig. 2B), suggesting that these attributes are instrumental in driving consumer liking.
Furthermore, it was identified that the characteristics of chewiness, saltiness, overall
tenderness, juiciness, aroma, and roast beef flavour were the main drivers of preference for

the optimal beef sample (Fig. 2A).

A penalty-lift analysis pinpointed attributes positively and negatively associated with
overall liking. Positively influencing acceptance were roast beef flavour, internal red
colour, juiciness, chewiness, tenderness, and roast beef aroma (Fig. 3). Conversely,
hardness, fibrousness, dryness, and apparent opacity were inversely related, indicating their

detrimental effect on beef acceptability.

3.3 Quality parameters of beef 3 days post-mortem
The results demonstrated that the differences between intermediate and normal pHu did

not significantly affect the drip loss or any texture parameters of the beef (Table 4).

3.4 Quality parameters of beef at 3, 14, and 28 days post-mortem

According to Table 5, there was a significant (P<0.05) impact of pHu and ageing time on
the L*, b* parameters, specifically on chroma, oxymyoglobin, and deoxymyoglobin. Only
the ageing time had an effect on the a*, hue, surface colour stability, metmyoglobin, and
water-holding capacity; without interaction between the two variables (pHu x ageing time).
However, only in the pHu ranges was a difference seen for shear force. Compared to meat

with a normal pHu, meat with an intermediate pHu had a lower shear force value.

Lastly, data collected for both intermediate and normal pHu samples during the ageing

period was subjected to Principal Component Analysis (PCA). 93.21% of the variation in
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the total could be explained by the first two principal components, according to this
analysis. The first dimension was primarily formed by the intermediate pHu (70.96%),
whereas the second dimension was primarily formed by the normal pHu (22.25%) (Fig. 4).
There were noticeable variations in quality metrics between the two pHu ranges. In relation
to lightness (L*), redness (a*), yellowness (b*), chroma, hue, oxymyoglobin,
metmyoglobin, and shear force for normal pHu, the intermediate pHu was positively
correlated with deoxymyoglobin, cooking losses, water-holding capacity, and surface
colour stability.

4. Discussion

4.1  Optimised Descriptive Profile

Amongst the range of sensory characteristics examined, pHu notably influenced only the
juiciness of meat. Meat juiciness, defined as the sensation of moisture released during
chewing, is a vital aspect of meat texture. While initial tenderness sensations diminish
rapidly, the experience of juiciness persists in various intensities throughout mastication.
This study found that meat samples with intermediate pHu were juicier (P < 0.05) than
those with normal pHu (Table 3), supporting the findings of Grayson et al. (2016) and
mirroring results from Yang et al. (2021) for high pHu (dark-cutting) meat.

A higher water-holding capacity (WHC), associated with greater juiciness, was noted in
meat with intermediate pHu (Table 5). Although there wasn’t a significant statistical
difference in WHC across pHu ranges, a positive correlation with the intermediate pHu
group was evident (Fig. 4). This phenomenon can be attributed to the isoelectric point (IP)
of myofibrillar proteins, like myosin, near pH 5.4, where myofilaments and myofilament
spaces have zero net charge. As explained by Zhang et al. (2022), a pH shift above this
point results in myofibrillar proteins having a higher net charge, thus increasing
myofilament distances and improving WHC. This seems to be the case with intermediate
pHu muscle. Conversely, a rapid pH decline leading to low pHu is linked to reduced WHC,
likely due to increased surface hydrophobicity and decreased solubility of myofibrillar
proteins, impacting the myofilament structure and surface charges (Huff-Lonergan &
Lonergan, 2005; Sharedeh et al., 2015). Additionally, a decrease in pH affects the redox
stability of myoglobin, accelerating the oxidation of ferrous myoglobin to ferric, increasing
surface moisture, and altering the appearance of post-mortem muscle (Faustman & Suman,

2017). These findings for low/normal pHu are consistent with our study’s observations.
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Significantly, an improvement in water-holding capacity was noted during extended ageing
(Table 5). Changes in muscle structure during this period, such as proteolysis of
myofibrillar and cytoskeletal proteins and alterations in collagen, affect ion-protein
interactions, thereby increasing the space available for water retention (della Malva et al.,
2021).

The perception of fat and roast beef flavours appears positively influenced by the higher
lipid content in intermediate pHu (Table 2). The rich flavour of meat is the result of
complex interactions among various ingredients during thermal processing (Aaslyng et al.,
2014; Troy & Kerry, 2010), likely explaining the noted preference for roast beef flavour in
intermediate pHu samples. The differences in fatty acid profiles between pHu ranges
significantly impact the cooking process and the formation of aroma and flavour-active
compounds (Kerth & Miller, 2015). O'Quinn et al. (2012) observed a correlation between
meat flavour and fat content, suggesting that higher fat content in steaks enhances meat
flavour intensity. In summary, Table 3 indicates that all sensory panel evaluators
consistently rated the same attributes - taste, colour, and aroma - despite the inherent

challenges in achieving a consensus on these aspects.

4.2 Consumer testing

Our study's findings, supported by trained sensory panel evaluations and consumer CATA
task results (Ares & Jaeger, 2023), are significant. Both panels characterized normal pHu
steaks as dry, and intermediate pHu steaks as tough (Table 3; Fig. 2A). This aligns with
Miller et al. (2001), who noted that flavour and juiciness significantly influence consumer
satisfaction as steak toughness increases (Fig. 2B). Key determinants for consumer
approval in beef are tenderness, juiciness, and flavour (Duarte et al., 2022). The primary
attributes influencing consumer preferences in our study include roast beef aroma, flavour,
chewiness, salty taste, overall tenderness, and juiciness (Fig. 2A). This aligns with Liu et
al. (2022), who highlighted juiciness as a vital factor in meat quality, with the American
Meat Science Association (AMSA) stating it accounts for 10% of consumer approval
variation (Watson et al., 2008). Future studies should focus on juiciness, especially in

under-researched regions like Brazil.
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Concerning overall acceptance (Fig. 2B), previous research indicated a preference for
tender and juicy beef (Corcoran et al., 2023; Gomes et al., 2014). Lyford et al. (2010) and
Malheiros et al. (2022) suggested consumers are willing to pay more for tender steaks.
Zebu beef, compared to Taurus cattle, often has lower tenderness and marbling, potentially
due to feeding regimes and the rate of muscle pH decline (Antonelo et al., 2022). Our
findings affirm tenderness as a desirable quality in beef. Gomes et al. (2014) noted that
high cooking temperatures, such as grilling, can enhance meat's appearance, flavour, and
aroma. However, cooking meat above 70 °C typically results in drier and tougher meat
compared to lower temperatures (60 °C) (Obuz & Dikeman, 2003). The Nellore breed (Bos
taurus indicus) and the internal temperature used for cooking (71 °C) in our study,
recommended by Brazilian restaurants and AMSA, might have influenced the lack of
perceived tenderness in both pHu ranges (Fig. 2A).

Meat colour perception involves more than just brown or red (Corlett et al., 2021; Hopkins,
1996). Factors influencing myoglobin's thermal stability and internal colour of cooked
meat include the protein's redox state (Suman et al., 2016). Higher muscle pH helps
maintain myoglobin in the reduced ferrous state, offering protection against denaturation
(Faustman & Suman 2017; Hunt et al., 1999). Additionally, the brown colour on cooked
meats' outer surfaces, observed in the intermediate pHu group (Fig. 2A), involves Maillard
reaction pigments, which are separate from myoglobin pigments (Faustman & Suman
2017). The Maillard reaction, a heat-induced reaction between reducing sugars and
proteins, occurs more slowly at low pH (Feiner, 2006). Higher pH may increase non-
protonated amino acids in meat, enhancing reactivity in the Maillard reaction (Madruga &
Mottram, 1995). High pHu contributes to this reaction, leading to more pigments that affect
the external colour of beef.

Our study also shows that taste and aroma are major drivers of consumption and
satisfaction in cooked beef. Previous studies highlight the importance of identifying
common sensory attributes that satisfy consumer preferences and promote regular beef
consumption. The meat industry should focus on efficient technological solutions that
balance large-scale production with defined quality parameters, catering to Brazilian
consumers' demands for affordable, high-quality products meeting hygienic, nutritional,
and ethical standards.
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The penalty-lift analysis suggests flavour and aroma significantly impact perceived sensory
quality, supporting the idea that juiciness enhances liking (Fig. 3). These factors
collectively increase overall liking, as beef taste and juiciness are perceived early in
mastication (Djekic et al., 2022), chewing affects juiciness perception (Aaslyng et al.,
2003), and meat flavour and aroma are released during this process (Watanabe et al., 2019).
Research indicates a negative correlation between beef pH and hardness (Troy & Kerry,

2010), leading to increased sensory hardness and dryness and decreased liking.

4.3  Parameters of beef quality during ageing (3, 14, and 28 days post-mortem)

Fresh meat colour intensity is shaped by various intrinsic and extrinsic factors during
muscle-to-meat conversion (Gagaoua et al., 2018). The pH value plays a pivotal role in
meat colour development, primarily by affecting oxygen consumption and the reducing
activity of myoglobin (Ramanathan & Mancini, 2018).

Important colour parameters like L*, a*, b*, chroma, hue, oxymyoglobin, and
metmyoglobin were significantly influenced (P < 0.05) by the normal pHu class and ageing
period (3, 14, and 28 days) (Fig. 4). pHu values explain variations in L* values, with higher
L* values observed in steaks with normal pHu (Table 5). Increased pH levels lead proteins
to retain more water, causing muscle fibres to swell and reduce the distance between them,
resulting in a darker muscle surface due to decreased light scattering and increased light
absorption by myoglobin (Wu et al., 2020). On day three, steaks showed higher L* values,
but after 14 and 28 days, the values were similar (Table 5). This supports Canto et al.
(2016), who suggested variations in L* values might be due to higher myoglobin content
on day three, as myoglobin concentration in beef negatively correlates with surface
luminosity. Studies also observed higher L* values in Longissimus thoracis et lumborum

on day 3 during cold storage (Jeong et al., 2009; Hwang et al., 2010).

No significant difference was found between pHu ranges in terms of redness (a*),
suggesting either no effect of higher pH on colour stability or an insufficient pH increase
to cause additional darkening. However, the highest values (P < 0.05) at 14 and 28 days of
ageing occurred during the ageing period (Table 5). According to Fig. 4, low a* values
were linked to high deoxymyoglobin content 3 days post-mortem in intermediate pHu beef,
while high a* values were directly associated with oxymyoglobin content in beef with

normal pHu (Wu et al., 2020). Previous studies reported increased a* values in longissimus
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steaks during cold storage (Canto et al., 2016; Kim et al., 2009) due to limited oxygen
availability for myoglobin in the early post-mortem period (Li et al., 2020). The increase
of a* during ageing may suggest increased colour stability and lessened susceptibility to
ageing-induced discolouration (della Malva et al., 2021). Stable-coloured longissimus
steaks exhibited a surfeit of glycolytic enzymes contributing to enhanced colour stability
(Suman et al., 2023). This may also elucidate the elevated oxymyoglobin content in the 14

and 28 day post-mortem samples.

The a* value has been suggested as a simple and reliable indicator to predict consumer
acceptability of beef colour (Wang et al., 2020). According to Holman et al. (2017), meat
colour is considered acceptable when a* values are equal to or greater than 14.5. In our
study, beef samples from both pH ranges at 3, 14, and 28 days displayed a* values above
14.5, indicating likely consumer acceptance. Similarly, the yellowness values (b*)
followed a similar pattern as the a* values, with higher values (P < 0.05) at 14 and 28 days,
aligning with the results of Canto et al. (2016), Kim et al. (2009), and McKenna et al.
(2005).

Chroma and hue angles, derived from a* and b* values, are influenced by myoglobin
content and mitochondrial functions (Li et al., 2020). In our study, elevated chroma values
at 14 and 28 days associated with an increase in oxymyoglobin and a decrease in
metmyoglobin, consistent with a prior study by Kannan et al. (2001). The hue angle
demonstrated a positive association with oxymyoglobin at 14 and 28 days and a negative
association with metmyoglobin at 3 days, which corresponds to the study by Lindahl et al.
(2001).

Surface colour stability (R630/580) showed a significant difference related to ageing time
(P<0.05), with lower values on day 3 compared to days 14 and 28. This observation of
surface colour stability is consistent with our findings on a* values and supports a previous
study that noticed higher R630/580 values in Longissimus lumborum muscles during retail
exposure on days 5 and 9 (Joseph et al., 2012). McKenna et al. (2005) noted that muscles
with robust colour stability, like the Longissimus lumborum, tend to have higher b* values
during storage, which aligns with our results. Also, the presence of sarcoplasmic proteins,
acting as antioxidants to inhibit lipid and myoglobin oxidation, may contribute to the

enhanced colour stability in longissimus steaks (Suman et al., 2023).
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In our study, the relative content of deoxymyoglobin was influenced by both the pHu range
and ageing time (P < 0.05). Steaks with an intermediate pHu had higher deoxymyoglobin
content on day 3 than after 28 days of ageing (Table 5). This aligns with findings by Li et
al. (2020), indicating that meat with limited glycolysis and higher pH impacts the presence
of deoxymyoglobin and oxymyoglobin formation by promoting a higher rate of
mitochondrial respiration (Gagaoua et al., 2021b). Elevated muscle pH increases
mitochondrial respiration capacity, leading to more oxygen consumption by the
mitochondria, which in turn causes muscle darkening by reducing myoglobin's oxygen
(Kiyimba et al., 2022). Several pathways influence the activity of metmyoglobin reductase
(MRA), all relying on NADH, a crucial electron donor. Mitacek et al. (2019) highlighted
NADH's key role in reducing metmyoglobin in post-mortem muscle. These insights help

explain variations in colour stability between beef with normal and intermediate pHu.

No significant difference in cooking loss was observed during ageing (Table 5), though
the intermediate pHu group showed higher cooking loss values. This suggests that beef
muscles with more moisture undergo greater cooking losses (Jeremiah et al., 2003). Higher
fat content in meat corresponds to less bound water and protein (Table 2), impacting
cooking losses (Ueda et al., 2007). Protein denaturation during cooking, particularly at
temperatures above 70 °C, contributes to meat weight loss (Purslow et al., 2016). Our
findings agree with Wicklund et al. (2005) and Berger et al. (2018), who reported no
significant differences in cooking loss over varying ageing periods and ageing methods,

respectively.

Shear force results aligned with Gomes et al. (2014), showing a negative correlation
between normal pHu beef and shear force, as opposed to intermediate pHu beef, which
exhibited lower values. However, our study found no significant interaction between pHu
and storage period for shear force values. Liu et al. (2022) suggest that higher pH isn't
always the sole factor in reduced meat quality. Pre-slaughter stress, even if the final carcass
pH is acceptable (Ferguson & Warner, 2008), can increase shear force values (Gruber et
al., 2010). Heat treatment can also raise meat shear force, as it causes muscle fibre
disruption due to the thermal denaturation of actin and sarcoplasmic proteins at around 70
to 80 °C (Christensen et al., 2000). Various factors, including breed, species, diet, animal

age, pH rate, and myofibrillar protein breakdown, significantly affect meat tenderization
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(Ponnampalam et al., 2017). These factors also influence shear force results. The role of -
calpain in breaking down larger proteins like titin and nebulin early post-mortem is thought

to delay meat tenderization in normal pHu meat (Lomiwes et al., 2014).

From a sensory science perspective, tenderness isn't just about the force needed to chew
but also involves mouthfeel sensations from moisture and fat. Our study, comparing the
pHu group to texture profile at 3 days post-mortem and shear force at 3, 14, and 28 days
post-mortem, found these differences to be non-significant. This is in line with Powell et
al. (2011), who found no impact of shear force on consumer ratings across seven muscles.
Liu et al. (2022) argue that the lack of significant correlation between shear force and

perceived tenderness indicates these are distinct aspects.

5. Conclusion

This study provides valuable insights into assessing beef quality attributes and consumer
perceptions based on variations in beef muscle pHu levels. We observed that beef with an
intermediate pHu showed increased juiciness compared to typical pHu beef. This
heightened juiciness is likely due to increased water-holding capacity. These findings align
with consumer preference assessments that identified steaks with intermediate pHu as
tougher and those with normal pHu as drier. Consumer feedback indicates that attributes
like tenderness and juiciness significantly influence overall beef appreciation. Other
important factors include roast beef flavour, chewability, saltiness, and juiciness. The study
also showed that steaks with intermediate pHu had higher deoxymyoglobin concentrations
on the third day compared to the twenty-eighth day of ageing. Instrumental colour
measurements, such as L*, b*, chroma, and oxymyoglobin, were significantly affected by
both pHu category and ageing duration (3, 14, and 28 days). This research enhances our
understanding of pHu variations in beef muscle and their impact on sensory attributes and
consumer preferences. Further studies with larger sample sizes are essential to support and
expand these findings, aligning with consumer expectations for premium-quality beef.
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Table 1. Attributes, definitions, assessment techniques, and scale endpoints used in the Optimised

Sensory Profile of beef.

*Attribute Definition

Technique

Scale endpoints

Visual presence of

Connective tissue white-coloured

presence gelatinous matter
Opacity outside colour
Apparent opacity (opaque)

Brown pigmentation on
meat surface,
characteristic of cooked
beef

Surface brown colour

Internal colour of beef,
ranging from red to

Internal colour
brown

Characteristic aroma of

Roast beef aroma roast beef

Characteristic aroma of

Blood aroma raw beef

Little force required for

Overall tenderness .
chewing

Release of liquid during

Overall juiciness chewing

Force required to

Hardness achieve certain product
deformation
No liquid release during
Dryness chewing

Fibrousness

The assessor should be seated at a 90° angle
and can approach the sample without
touching the plate, at a minimum distance
of ~40 cm

The assessor should be seated at a 90° angle
and can approach the sample without
touching the plate, at a minimum distance
of ~40 cm

The assessor should be seated at a 90° angle
and can approach the sample without
touching the plate, at a minimum distance
of ~40 cm

The assessor should be seated at a 90° angle
and can approach the sample without
touching the plate, at a minimum distance
of ~40 cm

Raise the sample container to the nose and
perform up to 3 long inhalations

Raise the sample container to the nose and
perform up to 3 long inhalations

Chewing with molar teeth until sample is

swallowed

Chewing with molar teeth until sample is
swallowed

Chewing with molar teeth until sample is
swallowed

Chewing with molar teeth until sample is
swallowed

Place the sample in the mouth and generate
a perception within 7 chews

Lowest: beef knuckle
Highest: beef shin

Lowest: roasted Chester™
Highest: grilled broiler
breast fillet

Lowest: boiled beef
Highest: grilled beef

Lowest: rare grilled beef
Highest: well-done grilled
beef

Lowest: meat cooked in
water

Highest: meat baked in the
oven

Lowest: medium steak
Highest: raw beef

Lowest: grilled beef outside
flat

Highest: grilled beef
tenderloin

Lowest: grilled beef
knuckle

Highest: Grilled sirloin cap
steak

Lowest: medium rump
steak (63 °C)

Highest: well-done outside
flat steak (79 °C)

Lowest: rare sirloin cap
steak (60 °C)

Highest: cooked pork chop
(79 °C)



*Attribute Definition

Technique

Scale endpoints

Presence of fibres that
persists throughout
chewing

The number of chews
required for the product
to be ready for
swallowing

Chewiness

Characteristic roast meat

Roast beef flavour flavour

Characteristic beef
flavour

Meaty beef flavour

Perception of fat in the

Fat flavour mouth during chewing

Flavour associated with
blood in cooked meat
products; closely related
to a metallic flavour

Blood flavour

Place the sample in the mouth and generate
a perception within 7 chews

Chewing with molar teeth until sample is
swallowed

Chewing with molar teeth until sample is
swallowed

Place the sample in the mouth and generate
a perception within 7 chews

Place the sample in the mouth and generate
a perception within 7 chews

Lowest: grilled tenderloin
steak

Highest: grilled outside flat
steak

Lowest: medium tenderloin
(63 °C)

Highest: well-done pork
chop (79 °C)

Lowest: Boiled beef
Highest: baked beef

Lowest: Boiled beef
Highest: grilled beef

Lowest: cooked chicken
breast fillet (79 °C)
Highest: cooked beef rib
(69 °C)

Lowest: well-done sirloin
cap steak (82 °C)
Highest: rare sirloin steak
(55 °C)

* For each attribute, a 9-cm unstructured linear intensity scale was utilised, with intensity levels ranging from 'Lowest' at 0
to 'Highest' at 9, anchored at both ends of the scale

Table 2. Proximate composition of intermediate and normal pHu beef 3 days post-mortem

Treatment Moisture (%) Protein (%) Lipid (%)  Ash (%)
Intermediate pHu 74.95 20.89 2.67 1.03
Normal pHu 73.49 24.02 1.40 1.06

Proximate composition was determined by method (AOAC, 1995) and (ISO 1871:2009;

936:1998).



Table 3 — Mean ratings* of the sensory attributes evaluated in the intermediate and normal pHu
beef 3 days post-mortem. Measurements on a 9-cm unstructured linear scale (0 = none/Lowest;
9= Highest)

Sensory attributes Intermediate pHu ~ Normal pHU  t-value  P-value**

Connective tissue presence  1.90+2.21 1.62+2.21 0.68 0.50
Apparent opacity 2.36+£2.31 3.02+2.31 -1.57 012
Surface brown colour 7.18+1.57 7.44+1.57 -0.90 0.37
Internal colour 6.35+1.98 6.22+1.98 0.36 0.72
Roast beef aroma 6.92+2.29 7.10+2.29 -0.43  0.67
Blood aroma 0.97+1.46 0.81+1.46 0.60 0.55
Overall tenderness 4.19+2.88 4.06+2.88 0.23 0.82
Overall juiciness 5.88+2.50 4.48+2.50 3.18 0.00
Hardness 4.35+2.94 4.21+2.94 0.27 0.79
Dryness 2.35+2.35 3.02+2.35 -1.56 0.12
Fibrousness 3.66+2.80 3.64+2.80 0.03 0.97
Chewiness 5.42+2.85 5.36+2.85 0.12 0.91
Roast beef flavour 6.92+2.26 6.89+2.26 0.06 0.95
Meaty beef flavour 7.95+£1.30 7.87+£1.30 034 073
Fat flavour 1.76+£2.02 1.78+2.02 -0.04 0.97
Blood flavour 1.71+1.71 1.21+1.71 1.64 0.10

* Measurements on a 9-cm unstructured linear scale (0 = none/Lowest; 9= Highest)

**Sensory attributes with a significant (P < 0.05) effect on responses are marked in bold.
Results are expressed as mean + standard deviation.

Table 4. Quality parameters of intermediate and normal pHu beef 3 days post-mortem

Parameters Intermediate pHu Normal pHu P-value*
Ultimate pH 5.89+0.04 5.58+0.04 0.01
Drip loss (%) 2.12+0.40 3.32+0.40 0.10
TPA

Hardness (N) 62.19+7.01 81.94+7.01 0.12
Springiness 0.01+0.00 0.01+0.00 0.66
Cohesiveness 0.01+0.00 0.01+0.00 0.19
Chewiness 21.83+3.65 32.08+3.65 0.12
Gumminess 34.13+3.96 48.73+3.96 0.06

The parameters which have a significant (P<0.05) effect on responses are marked in bold. Results
are expressed as mean + standard error of the mean. TPA, texture profile analysis. N = Newtons.



Table 5. Effect of ultimate pH (pHu) and aging days on quality parameters of intermediate and normal pHu beef at 3, 14, and 28 days post-mortem

Parameters L* a* b* Chroma Hue Surface colour %OMb %MMb %DMb %WHC 9%Cooking losses  Shear force
stability (N)
Source of variation
Intermediate pHu 38.50° 25.81*  18.12®  31.55°  34.70 5.942 68.22°  17.17° 14.51*  34.22% 28.432 85.19°
Normal pHu 41.90° 28.06*  20.60*  34.87*  35.61° 6.00? 73.38¢  17.92% 8.66° 32.742 26.00% 102.43*
SEM 0.44 0.74 0.76 1.05 0.39 0.31 1.27 0.65 1.21 0.77 1.14 5.34
Aging days L* a* b* Chroma  Hue Sur;‘g:siﬁ(t))llour %O0OMb %MMb %DMb %WHC %Cooking losses She??\ll;orce
3 42.13° 21.83° 1355 2571  31.59° 3.64° 61.78°  23.06° 15.16*  30.92° 25.10% 104.89°
14 38.60° 28.79*  21.63*  36.03  36.75° 6.99 73.09°  14.05° 12.68%  33.86% 29.442 92.672
28 390.87° 30.17¢  22.90*  37.89*  37.13% 7.28° 7753 1552 6.91° 35.65% 27.10% 83.86%
SEM 0.53 0.91 0.93 1.28 0.48 0.38 1.55 0.79 1.48 0.95 1.40 6.54

Different letters in the same column indicate significant differences (P < 0.05) according to the Tukey’s test. SEM: Standard error of the mean. Luminosity (L*), Redness (a*),
Yellowness (b*), Chroma and Hue. OMb: oxymyoglobin, MMb: metmyoglobin. DMb: deoxymyoglobin. Surface colour stability, Water-holding capacity (WHC), Cooking
losses and Shear force (N = Newtons).



Fig. 1. Principal Component Analysis of ODP data from intermediate and normal pHu beef at 3 days post-mortem. A) Individual data points. B) Variables plots.
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Fig. 2. Correspondence and Principal Coordinate Analysis of Sensory Descriptors. A) Correspondence Analysis of sensory descriptors for intermediate
and normal pHu beef at 3 days post-mortem, depicted in the first two dimensions derived from PCA of the Check-All-That-Apply (CATA) questions and the

ideal sample. B) Representation of the relationship between overall liking and the sensory descriptors by Principal Coordinate Analysis.
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Fig. 3. Penalty-Lift Analysis on Sensory Attributes and Overall Liking Scores. Penalty-lift
analysis showing the impact of sensory attributes on the mean overall liking scores for beef

samples with intermediate and normal pHu, 3 days post-mortem.
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Fig. 4. Principal Component Analysis of Instrumental Quality Parameters in Beef Samples.
Principal Component Analysis of various instrumental quality parameters measured in beef
samples with intermediate and normal pHu at 3, 14, and 28 days post-mortem. The parameters
evaluated include luminosity (L*), redness (a*), yellowness (b*), chroma, hue angle, and
concentrations of oxymyoglobin, metmyoglobin, and deoxymyoglobin, alongside assessments of

surface color stability, water holding capacity (WHC), cooking losses, and shear force.
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Highlights

Sensory analysis of Nellore beef comparing normal and intermediate pHu
Intermediate pHu beef scored higher for juiciness according to trained panellists
Consumers could not differentiate between intermediate and normal pHu beef
Higher deoxymyoglobin on day 3 than on day 28 in intermediate pHu beef

Beef colour is influenced by pHu and ageing: L*, b*, Chroma, and Oxymyoglobin
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