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ABSTRACT The aims of this study were to i) esti-
mate the occurrence of pale, soft, and exudative (PSE)
meat in modern commercial Ontario broiler flocks, ii)
determine the effects of the chilling method (water vs.
air) on PSE meat, and iii) investigate a new inexpensive
colorimeter (10% of the price of traditional color
meters), the Nix Color Sensor, as an objective color mea-
surement of chicken meat. Between June 2019 to March
2020, a total of 17 different broiler flocks were processed.
The color of 1,700 boneless skinless Pectoralis major
muscles was randomly measured (100/flock), where 255
samples were also measured for pH, water-holding
capacity (WHC), cooking loss, and penetration force.
In addition, a traditional Minolta colorimeter was used
to measure random 95 samples from a single water-
chilled flock and subsequently compared the values
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obtained with the Nix Color Sensor. Strong correlations
of L* values (rho = 0.75; P < 0.001), a* values
(rho = 0.72; P < 0.001), and b* values (rho = 0.80; P <
0.001) were observed. When an L* value of 43 was used
as the cut-off for the Nix, 12.5% of fillets were classified
as PSE meat. Statistical differences (P < 0.05) were
observed between the air and water-chill methods for
L*, pH, and WHC. However, there were no significant
differences observed between the 2 methods for cooking
loss and penetration force values. The study indicated
that PSE meat is still a challenge in Ontario broilers,
and that the L*, pH, and WHC of breast meat (all indi-
cate meat quality) are affected by the chilling method.
In addition, the Nix was found to be an affordable,
objective, and convenient sensor for measuring chicken
meat color.
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INTRODUCTION

Poultry meat is the most consumed meat, accounting
for 47% of the world’s meat production, where broiler
chicken meat accounts for approximately 92% of the
world’s poultry production (OECD/FAO, 2021). Pale,
soft, and exudative (PSE) meat has a negative impact
on meat quality due to its pale color and poor water-
holding capacity (WHC) (Barbut et al., 2005; Barbut,
2009; Owens et al., 2009; Jiang et al., 2017; Zhao et al.,
2017; Lee and Choi, 2021; Yang et al., 2022). It has been
estimated that the occurrence of PSE meat in poultry
ranges from 5 to 47% (Petracci et al., 2009). As consum-
ers’ demand for quality meat has increased, the poultry
meat industry has been investigating ways to reduce
PSE meat (Barbut et al., 2008). Overall poultry con-
sumption growth is estimated to increase by 16% from
2020 to 2031 (OECD/FAO, 2021), meaning that eco-
nomic loss from poor quality PSE meat, if continues at
the same levels, will also increase.
A few studies on the effects of chilling methods have

been conducted in the United States, and there are no
data on Canadian broiler flocks. For example, 2 studies
have reported similar findings concerning the effects of
chilling methods on the color of poultry meat. Huezo
et al. (2007) demonstrated that raw fillets remained
unaffected by chilling, whether it was air or immersion
in ice water. Also, Demirok et al. (2013) reported that
drip and cooking losses were not significantly different
between air- and water-chill methods.
Color is one of the most important attributes for con-

sumers’ acceptance of fresh meat which is sold in sealed
plastic packages (Fletcher, 1999; Qiao et al., 2001).
However, color perception varies between individuals.
Thus, instrumental color measurements have been used
to quantify consumers’ acceptance of meat and evaluate
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meat quality parameters (Holman and Hopkins, 2019;
Swatland, 2021).

Traditionally, Minolta Chroma Meter and HunterLab
colorimeter have been used to measure meat color which
can be correlated to technological aspects such as WHC
(Barbut, 2015). However, these instruments are fairly
large and expensive compared to new devices such as the
Nix Color Sensor (i.e., 10% of the cost and size of more
traditional instruments), and it can also be easily oper-
ated via a mobile app (Stiglitz et al., 2016). Two recent
studies revealed contradictory results related to color
measurements by the 2 devices. Holman and Hopkins
(2019) reported that the Nix did not provide comparable
beef color values when compared to the HunterLab col-
orimeter due to higher L* values measured by the Nix.
However, Schelkopf et al. (2019) reported that Nix pro-
vided comparable color measurements to the HunterLab
colorimeter when used to assess beef L* values. In the
case of poultry meat, only limited research has been
reported comparing these devices.

Thus, the aims of this study were to i) estimate the
occurrence of PSE meat in modern commercial Cana-
dian broiler flocks, ii) investigate the effects of 2 chilling
methods on the occurrence of PSE, and iii) investigate
the capabilities of the Nix as an objective inexpensive
color measurement device for poultry meat.
MATERIALS AND METHODS

Sample Selection

From June 2019 to March 2020, a total of 17 broiler
flocks processed at 2 processing plants in Ontario, Can-
ada, were monitored to assess the occurrence of PSE
meat. One of the plants exclusively employed water
chilling, while the other only used air chilling. The 2
processing plants were owned by the same company and
utilized the same genetic material, feed, and husbandry
practices. A total of 1,700 boneless and skinless Pectora-
lis majormuscles (100/flock) from 17 flocks (8 air-chilled
and 9 water-chilled) were selected using systematic ran-
dom sampling: collecting each fifth sample passing on
the deboning line.
Measurements of Technological Properties

At the plant, the color of 100 skinless fillets from each
flock was measured (approximately 105 min postmortem
in the air-chilled plant, and 450 min postmortem in the
water-chilled plant, adhering to the standard processing
procedures performed at each of the plants) on the
medial ventral skinless surface, in an area free of blood/
bruising, using a Nix Color Sensor (Model Pro 2; NIX
Sensor Ltd., Hamilton, ON, Canada). To observe a cor-
relation between the color values determined at the
plant and meat quality, 15 samples per flock were trans-
ported to our University of Guelph laboratory. The pH
was measured on the same day the sampling occurred;
cooking loss and penetration force were measured the
day after sampling.
A Minolta Chroma Meter (Model CR-400; Konica
Minolta, Mississauga, ON, Canada) was also used to
evaluate 95 samples and compare the lightness (L*), red-
ness (a*), and yellowness (b*) values to the NIX values.
The random 95 samples were obtained from a single
water-chilled flock and transported to our laboratory
(within 90 min) in individual plastic bags. This was
done because the NIX uses the D-50 illuminant and the
Minolta uses the D-65 illuminant.
The pH was measured at the lateral medial part of the

chicken fillets using a special piercing glass pH probe
(Hanna Instruments, Newmarket, ON, Canada) which
was inserted into the P. major muscle (255 samples, 15/
flock; 8 air-chilled, 9 water-chilled).
WHC was determined by adding 16 mL of cold 0.6 M

sodium chloride solution to 10 g samples of chopped
meat (40 s at the speed 1 setting of a Braun’s food pro-
cessor, Frankfurt, Germany) which were incubated for
30 min at 4°C and then centrifuged (Avanti J-E, Beck-
man Coulter, Life Sciences, Indianapolis, IN) at
7,000£ g for 15 min (255 samples, 15/flock; 8 air-chilled,
9 water-chilled). Later, free water was removed, and
remaining sample weighed. WHC (%) was calculated by
the following equation.

WHC %ð Þ ¼ Sola gð Þ � Solr gð Þ � 100½ �=Meat samplemass gð Þ

where Sola is the solution added to the chopped meat
sample, and Solr is the solution separated during the
centrifugation. Samples run in duplicates.
For cooking loss determination, chopped meat sam-

ples (50 g meat from each of the 255 samples obtained
from the air- and water-chilled flocks) were mixed with
25 g of water and 1.5 g of salt. They were then divided
into two 30 g portions, stuffed into two 50 mL test tubes,
and centrifuged at 47 £ g for 1 min to pack the meat.
Subsequently, test tubes were heated from 20°C to 72°C
in a water bath (HAAKE, Thermo Scientific, Missis-
sauga, ON, Canada) and then cooled in cold water to
30°C. A thermometer (OMEGA, St-Eustache, QC, Can-
ada) was used to monitor the sample’s core temperature.
Cooking loss was measured by determining the amount
of released liquid divided by the initial meat weight.
Following a 2 h of refrigeration period, penetration

force (gel strength) was determined, employing a texture
analyzer (TA-XT2, Texture Technologies Corp., Hamil-
ton, MA), as the peak force (N) at the point of penetra-
tion, by plunging a 9 mm round, flat stainless steel
probe at a speed of 100 mm/min into the cooked samples
(placed in the 50 mL test tubes).
Statistical Analyses

The statistical analysis was performed using Stata 14
(Stata Corp., College Station, TX). The data set was
tested for normality using the Shapiro-Wilk normality
test. Correlations between variables (color, pH, WHC,
cooking loss, and penetration force) were analyzed using
Spearman’s r correlation for nonparametric tests. The
mean difference of variables was analyzed using the



Table 1. Technological properties of broiler breast fillets
obtained by different chilling methods.

Trait Mean § SEM1
P value

Air chill (n=120) Water chill
(n = 135)

pH 5.94 § 0.03a 5.79 § 0.02b <0.001
Water-holding

capacity
11.51 § 0.68a 14.11 § 0.48b 0.002
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Kruskal-Wallis test, and Duncan’s multiple range test
was used for post hoc multiple comparisons. Linear
regression analyses were used to determine the relation-
ship between L* values and technological characteristics
of pH, WHC, cooking loss, and penetration. The statisti-
cal unit used in this study refers to the individual
chicken breast fillets that were monitored for the occur-
rence of PSE meat. Significance was set at P < 0.05.
(%)
Cooking loss

(%)
4.32 § 0.41a 4.76 § 0.43a 0.174

Penetration
force* (N)

4.82 § 0.14a 4.91 § 0.13a 0.575

1Standard error of the means.
a,bMeans within the same property in each row, with different super-

scripts are significantly different (P < 0.05).
*Samples for penetration force were cooked. (N = newton).Water-hold-

ing capacity and pH were evaluated by t test; cooking loss and penetration
force by Wilcoxon rank-sum test.
RESULTS

Determination of PSE Meat

Samples were classified as PSE meat when L* > 43.
The threshold for L* was based on the previously pub-
lished data by Zhang and Barbut (2005a) with minor
modification considering the different illumination set-
tings of the Nix vs. the Minolta. The incidence of PSE
meat was 12.5%. This can be seen in Figure 1 and will be
further discussed below.
Color Differences Between Chilling Methods

A significant difference in lightness (L*) values
between chilling methods was detected (P < 0.001). The
fillets from the air-chill plant had an average L* value of
39.5, whereas the average value from the water-chill
plant was 43.5. Unlike L* values, both a* and b* values
were significantly higher (P < 0.001) in the air-chill
broilers (Figure 1).
Technological Properties

Breast fillet pH from the water-chilled plant was signifi-
cantly lower than that of the air-chill plant (Table 1; P <
0.05). WHC of fillets from the water-chill plant was signif-
icantly higher than that of the air-chill plant (P < 0.05).
However, differences in cooking loss and penetration force
between the plants were not significant (Table 1).

Figure 2A shows the correlation analysis of 120 breast
fillets from the air-chill plant (8 flocks). L* values using
Nix and WHC were negatively correlated (rho = �0.52;
P < 0.001). L* values and penetration force were also
negatively correlated (rho = �0.48; P < 0.001). The cor-
relation between pH and penetration force was positive
(rho = 0.37; P < 0.001), and the correlation between
WHC and cooking loss was negative (rho = �0.36; P <
Figure 1. Histogram representing L*, a*, and b* value distribution in
Sensor. (A) Average L* at air-chill plant was 39.5 and 43.5 at water-chill pl
air-chill plant was 0.88 and 0.34 at water-chill plant (P < 0.001); (C) Averag
value greater than 43 using Nix was categorized as PSE meat.
0.001). Cooking loss and penetration force also showed a
positive correlation (rho = 0.37; P < 0.001). Figure 2B
illustrates the correlation analysis of 135 breast fillets
from the water-chill plant (9 flocks). The associations
among technological properties were similar between
the air- and water-chill plants. Negative correlations
were observed between L* value using Nix and WHC
(rho = �0.40; P < 0.001), and L* and penetration force
(rho = �0.43, P < 0.001). Positive correlations were
observed between L* and cooking loss (rho = 0.43, P <
0.001), and WHC and penetration force (rho = 0.46, P
< 0.001).
Figure 3 demonstrates the L* value results of 95 sam-

ples obtained by 2 different colorimeters, one employing
D-50 (Nix) and another D-65 (Minolta) illuminants. A
strong positive correlation (rho = 0.75; P < 0.001) of L*
values (lightness) was observed between the 2 systems,
a* values (rho = 0.72; P < 0.001), and b* value
(rho = 0.80; P < 0.001).
Figure 4 demonstrates the correlation between L*

value and technological characteristics of samples
obtained from the air-chill and water-chill plants. Panel
A illustrates negative correlation between L* values and
pH. For each 1-unit increase in L* value, pH was
reduced by 0.01 pH, regardless of chilling methods.
Panel B illustrates negative correlation between L*
value and WHC. For each 1-unit increase in L* value,
WHC was reduced by 0.33 (%) in the air-chill plant and
0.83 in the water-chill plant. Panel C illustrates positive
correlation between L* value and cooking loss. For
broiler flocks processed in air- and water-chilled plants using Nix Color
ant (P < 0.001, Wilcoxon rank-sum test, n = 1,700); (B) Average a* at
e b* at air-chill plant: 2.14 and 1.46 at water-chill plant (P < 0.001). L*



Figure 2. Correlations among broiler breast meat L*, pH, water-holding capacity (WHC, %), cooking loss (CL, %), and penetration force (PF,
N) in air-chill (A, n = 120) and in water-chill (B, n = 135) processing plants.

Figure 3. Scatterplots showing the correlation of color values between Nix Pro Color Sensor and Minolta Chroma Meter (n = 95), indicating a
strong positive correlation (rho = 0.75; P < 0.001) of L* values (lightness). The a* values (redness) also demonstrated a strong correlation (r = 0.72;
P < 0.001). Correlation was the highest for b* value (yellowness) (rho = 0.80; P < 0.001).

Figure 4. The relationship between L* value and pH, water-holding capacity (WHC), cooking loss, and penetration force for chicken breast fil-
lets processed at air-chill (n = 120) and water-chill (n = 135) processing plants.
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each 1-unit increase in L* value, cooking loss was
increased by 0.41 (%) in the air-chill plant and 0.94 in
the water-chill plant. Panel D illustrates negative corre-
lation between L* value and penetration. For each 1-
unit increase in L* value, penetration force was reduced
by 0.24 (N) in the air-chill plant and 0.30 in the water-
chill plant.
DISCUSSION

PSE meat, which is characterized by its light color,
soft texture, and low WHC, significantly impacts sen-
sory attributes and reduces consumer demand (Barbut,
1997; Barbut et al., 2005; Zhang and Barbut, 2005b).
Furthermore, the decreased yield and functionality of
PSE meat can lead to substantial economic losses (Dong
et al., 2020). To evaluate the prevalence of the PSE con-
dition in poultry breast meat, lightness has been used as
an indicator of poultry breast meat quality for further
processing (Woelfel et al., 2002; Barbut, 2009). L* value,
the measurement of lightness, is a useful and easy (e.g.,
fast and noncontact) method to differentiate PSE fillets
from normal fillets due to its high sensitivity and high
specificity as well as the ability to operate at a high
speed in a broiler processing plant that processes 15,000
birds per h (Boulianne and King, 1995; Barbut and
Leishman, 2022).

The results obtained for color values of PSE and nor-
mal meat—significantly higher L* values in PSE meat
than in normal fillet—are in agreement with previous
studies (Barbut, 1997; Laack et al., 2000; Woelfel et al.,
2002; Petracci et al., 2004). PSE meat can be caused by
various factors, including genetic predisposition, pre-
slaughter stress, and poor handling or transportation of
the birds (Guarnieri et al., 2004; Petracci et al., 2004;
Barbut et al., 2005). These factors can lead to altera-
tions in the metabolic rate of the poultry, resulting in a
rapid postmortem pH decline. This decline can nega-
tively impact meat quality, resulting in the pale, soft,
and exudative characteristics associated with PSE meat
(Ali et al., 2008).

It was also reported that color variations in chicken
meat have a strong correlation with muscle pH: lighter
muscles (i.e., higher L* values) had lower pH values
(Fletcher, 1999; Berri et al., 2007; Karunanayaka et al.,
2016). PSE meat has a lower WHC value because of the
denaturation of myofibrillar and sarcoplasmic proteins
during the rigor process (Hertog-Meischke et al., 1997).
The current study also shows the negative correlation
between L* value and WHC which is in line with previ-
ous studies (Qiao et al., 2001; Petracci et al., 2009; Karu-
nanayaka et al., 2016). It should be noted that WHC is
influenced by various factors, including the meat pH,
breed and sex of the broilers, as well as chilling method
(Hertog-Meischke et al., 1997).

Retaining moisture is crucial when it comes to raw
meat products, and its degree can be determined by the
WHC of the myofibrillar proteins (Huff-Lonergan and
Lonergan, 2005). Our study shows that WHC is
significantly higher in water-chill broilers than air-chill
broilers. By contrast, Zhuang et al. (2013) reported that
cooking loss and drip loss were higher in immersion
water chilling than that in air chilling. The effects of the
chilling method on WHC can be influenced by other fac-
tors, and it is plausible that a different broiler type was
used in our study compared to Zhuang et al. (2013).
Our results showed weak positive correlations

between cooking loss and penetration force in both air-
and water-chill plant samples. Cooking loss is used to
evaluate the decrease in liquid content resulting from
protein denaturation and cell membrane disruption dur-
ing cooking (Mudalal et al., 2014). Penetration force, on
the other hand, evaluates meat texture, which influences
consumer preference and sensory quality (Barbut,
2015). Overall, our finding is consistent with a previous
study reporting a strong positive correlation between
cooking loss and the Warner-Bratzler shear force results
of chicken breast meat (Murphy and Marks, 2000). Fur-
thermore, within the temperature range of 130°C to 170°
C, an increase in shear force was observed when employ-
ing air and air-steam cooking methods (Barbanti and
Pasquini, 2005). It is important to note that the rela-
tionship between cooking loss and meat quality is com-
plex and influenced by factors such as cooking
temperature, rate of heating, and cooking method (Bar-
banti and Pasquini, 2005). Typically, as cooking loss
increases, meat tenderness decreases. Overall, these find-
ings highlight the complexity of the relationship between
cooking loss and meat quality and emphasize the need to
consider various factors in meat quality assessment.
The present study also shows that L*, a*, and b* val-

ues are affected by the chilling methods. This finding is
contrary to a previous study by Huezo et al. (2007)
which indicated that raw fillet was not affected by chill-
ing method. This discrepancy in findings could be attrib-
uted to the fact that poultry meat color is influenced by
various preslaughter and processing factors, such as
genetics, feed, handling, stress, and stunning techniques
(Mir et al., 2017; Cano et al., 2021; Tomasevic et al.,
2021). These findings highlight the complex nature of
the factors contributing to meat color and quality,
underscoring the need to consider such factors in future
research.
Maintaining optimal temperature levels during proc-

essing is crucial to ensuring the safety and quality of
poultry products. Air chilling and water chilling are the
2 most frequently used methods globally (Belk et al.,
2021). Our study found no significant differences in
cooking loss between air and water chilling. Similarly,
Demirok et al. (2013) observed no significant differences
in cooking loss between breast fillets processed by air
chilling and water chilling. Similarly, Bowker et al.
(2014) reported no significant differences in cooking
yield between air and immersion chilling. Our study also
found no significant differences in penetration force
between air and water chilling, which is consistent with
previous studies (Zhuang et al., 2008; Jeong et al.,
2011). However, 2 earlier studies reported that immer-
sion chilling resulted in higher shear force compared to
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air chilling of breast fillets (Demirok et al., 2013; Bowker
et al., 2014). As suggested by Bowker et al. (2014), dis-
crepancies among studies may be attributed to factors
such as the timing of rigor mortis onset and/or resolu-
tion, as well as differences in processing methods includ-
ing stunning and deboning techniques.

Meat color is one of the most important qualities that
affect consumer acceptance of meat (Fletcher et al.,
2000), especially considering the current practice of sell-
ing fresh meat in closed plastic packages. Colorimeters,
such as the Minolta Chroma Meter and HunterLab col-
orimeter, are widely used in product development and
colorimetry to measure and quantify color. The Minolta
Chroma Meter has been utilized in 60.0 and 67.5% of
published papers in 1998 to 2007 and 2019 to 2020,
respectively, while the HunterLab colorimeter has been
utilized in 31.6 and 16.3% of published papers in 1998 to
2007 and 2019 to 2020, respectively (Tapp et al., 2011;
Tomasevic et al., 2021).

Since the inexpensive and smaller Nix colorimeter has
been introduced, Schelkopf et al. (2019) compared beef
color using the HunterLab colorimeter and the Nix. Sim-
ilarly, Holman et al. (2018) measured the precision of
technical replicates on aged beef using the Nix. We mea-
sured color values using the Nix which is smaller and less
expensive (10% of the cost) compared to the HunterLab
colorimeter or the Minolta Chroma Meter. Our results
show strong correlation of L*, a*, and b* values between
the Minolta Chroma Meter and the Nix. Overall, we
concluded that the Nix is affordable, convenient, and
comparable to the traditional instruments when measur-
ing skinless chicken meat color.

Our findings also demonstrate that the quality defect
from light-colored (PSE) meat is still an issue for the
broiler industry. When we set our cut-off L* values to 43
using the Nix, 12.5% of breast fillets were classified as
PSE meat. Petracci et al. (2009) reported that PSE inci-
dences between 1998 and 2006 ranged from 5 to 47%
(depending on the study) in North America and Europe.
Two later studies (Carvalho et al., 2014; Karunanayaka
et al., 2016) reported 41.7% PSE in Brazil (Carvalho
et al., 2014) and 70% in Sri Lanka (Karunanayaka et al.,
2016). It was estimated that the economic loss from PSE
meat in poultry is approximately $200 million a year in
the United States alone (Owens et al., 2009; Pai~ao et al.,
2013). As chicken consumption in the world is increasing
annually (OECD/FAO, 2021), the current loss from
PSE meat is most probably higher. As color measure-
ment is a good and easy indicator for assessing meat
quality, it will be cost-effective to use as an inexpensive
and small colorimeter in processing plants. This technol-
ogy can also be used in line without an employee piercing
and measuring (e.g., for pH determination) each sample
manually.
CONCLUSIONS

This study shows that PSE meat is frequently occur-
ring and causing a quality loss in Ontario broiler flocks,
and results in a portion of the meat exhibiting lower
quality. Furthermore, chilling method can affect the
color and meat quality (e.g., the WHC value) differ-
ently. Lastly, as the use of the Nix colorimeter is afford-
able, convenient, and comparable to the traditional
instruments, the colorimeter can help the meat industry
monitor the situation and react to improve meat quality;
long-term solution—removing birds susceptible to PSE
from the breeding flocks, and short term—identify and
direct PSE meat to certain streamlines.
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