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ABSTRACT Selection for accelerated growth rate and
high breast yield in broiler chickens have been associated
with an increase in myopathies, including wooden breast
(WB) and white striping (WS). To investigate effects
of growth rate on carcass traits and incidence of myopa-
thies, 14 strains were evaluated, encompassing 2 conven-
tional (CONV; strains B and C: ADG0-48 > 60 g/d)
and 12 slower-growing (SL) strains. The latter were cat-
egorized based on growth rate: FAST (strains F, G, I
and M; ADG0-62=53−55 g/d), MOD (strains E, H, O
and S; ADG0-62=50-51 g/d), and SLOW (strains D, J, K
and N; ADG0-62<50 g/d). In a randomized incomplete
block design, 7,216 mixed-sex birds were equally allo-
cated into 164 pens (44 birds/pen; 30 kg/m2), with each
strain represented in 8 to 12 pens over 2 to 3 production
cycles. From each pen, 4 males and 4 females were proc-
essed at 2 Target Weights (TWs) based on their
expected time to reach 2.1 kg BW (TW 1: 34 d for
� 2021 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Received February 5, 2021.
Accepted June 1, 2021.
1Corresponding author: storrey@uoguelph.ca

1

CONV; 48 d for SL strains) and 3.2 kg BW (TW 2:
48 d for CONV; 62 d for SL strains). Weights and
yields for the carcass, breast, drumsticks, thighs, and
wings were obtained; breast fillets were assessed to
determine the presence and severity of WB and WS.
At both TWs, breast yield was higher as growth rate
increased (P < 0.001), with CONV having greater
breast yield than other categories. Strain F had the
greatest breast yield at both TWs (P < 0.001) within
the FAST category. At TW 2, CONV had the great-
est incidence of WB and WS (P < 0.001). However,
within FAST, strain F had the greatest incidence of
myopathies (P < 0.001) at both TWs, exhibiting val-
ues as high or as greater than CONV birds. The inci-
dence of WB and WS in strains with differing growth
rates but high breast meat yield suggests that the lat-
ter may play a major role in the occurrence of these
myopathies.
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INTRODUCTION

There has been a significant increase in preference for
chicken meat globally, with world per capita consumption
rising over 250% over the past 50 yr (FAO, 2019). Chicken
is now the most consumed meat in North America and the
second most consumed meat worldwide after pork
(FAO, 2019). The increase in demand for chicken meat is
mainly due to its high nutrient content, lack of religious or
cultural restrictions, affordability, convenience, and simple
preparation for a variety of individual cut-up portions
(Barbut, 2015; Wideman, 2016; Petracci et al., 2019). To
meet the growing demand, selection criteria have been
adopted to focus on strains with fast, early growth, and
accelerated muscle accretion (Petracci et al., 2015). These
strains selected for rapid growth, commonly referred to as
conventional or fast-growing strains, can reach over 2 kg
body weight in about 35 d, whereas unselected strains
from the 1940s require over 100 d to reach the same target
weight (Siegel et al., 2009). This represents an increase of
over 300% in the growth rate of broiler chickens in the
past 60 yr (Knowles et al., 2008), with genetic selection
being considered the major contributor to this improve-
ment (Havenstein et al., 2003a). Besides differences in
growth and body weight, genetic selection has also been
associated with changes in body composition and process-
ing traits, with conventional broiler strains having greater
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carcass and breast yields in comparison to unselected
strains (Havenstein et al., 2003a).

Selection for high breast yield can be attributed to the
increased demand for further processed products and cut-
up portions rather than the whole carcass and to the
increase in preference for breast meat in Western markets
(Petracci et al., 2015). Because breast meat is one of the
most valuable cuts of the carcass, strategies to improve
the quality and appearance of the breast are relevant to
primary breeding companies and producers to avoid eco-
nomic losses associated with condemnations and rejec-
tions (Cruz et al., 2017). However, the increase in growth
rate and breast yield in fast-growing strains has been
accompanied with muscle disorders including wooden
breast and white striping, which are 2 major myopathies
reported for conventional strains of broiler chickens
(Kuttappan et al., 2012c; Petracci et al., 2019). These dis-
orders have posed a growing concern to producers and
retailers due to their high incidence and significant eco-
nomic impacts to the poultry industry (Kuttappan et al.,
2012c; Cai et al., 2018; Petracci et al., 2019).

Wooden breast (WB), also referred to as woody breast,
was first described by Sihvo et al. (2014) and is character-
ized by a distinct hardness that can affect different regions
of the Pectoralis major (Cai et al., 2018). Affected breasts
can also exhibit bulging and pale areas that can be associ-
ated with the presence of exudate and hemorrhage in
severely affected fillets (Barbut, 2019). Wooden breast can
be classified as mild, moderate or severe and different
degrees of this myopathy have been reported in many
countries where fast-growing broiler chickens are raised
(Kuttappan et al., 2012a; Sihvo et al., 2014; Cruz et al.,
2017; Ferreira et al., 2020). Recent industry reports have
suggested that about 20% of the breast fillets are affected
by WB, although a wide range of incidence has been
reported in different flocks and studies (as reviewed by
Barbut, 2019 and Petracci et al., 2019).

White striping (WS) was first described in 2009 and is
characterized by white striations parallel to the muscle
fibers in breast fillets (Kuttappan et al., 2009). Similar to
WB, WS is classified according to the severity of the
lesions, which can vary from mild to severe
(Kuttappan et al., 2012c). Microscopic analyses sug-
gested that the white striations are a result of fat and con-
nective tissue infiltration in the muscle (Kuttappan et al.,
2013a). Recent studies have shown that the incidence of
different degrees of WS in modern strains of broiler chick-
ens can surpass 90% (Kuttappan et al., 2017;
Petracci et al., 2019; Che et al., 2020).

The effects of WB and WS on meat quality, nutritional
value, and technological properties of raw and cooked
meat have been well documented (Trocino et al., 2015;
Mudalal et al., 2015; Soglia et al., 2016; Dalgaard et al.,
2018). In addition, severe WB and WS breast fillets may
require sorting at processing plants, due to the negative
impacts of these meat abnormalities on consumer accep-
tance, and meat processing (Kuttappan et al., 2012b;
Petracci et al., 2019). The economic losses caused by
these meat defects have been estimated to cost over $1
billion per year in the USA alone (Barbut, 2019).
In addition to their impact on meat quality, muscle
myopathies are linked to degeneration and regeneration
of muscle fibers, necrosis, hypoxia, and infiltration of
inflammatory cells (Petracci et al., 2019; Hosotani et al.,
2020). Furthermore, recent findings suggest these muscle
disorders may alter bird behavior and have potential wel-
fare implications for broiler chickens (Kawasaki et al.,
2016; Norring et al., 2018). In this context, strategies to
mitigate the incidence of these myopathies have been
studied. Some of these interventions include modulation
of growth (Kuttappan et al., 2012a; Gratta et al., 2019),
dietary alterations (Kuttappan et al., 2012b; Cruz et al.,
2017), manipulation of incubation temperature and
embryonic development (Clark et al., 2017), reduced age
at slaughter (Kuttappan et al., 2017), and reduction of
breast yield through genetic selection or nutrition
(Bailey et al., 2015; Alnahhas et al., 2016; Cruz et al.,
2017; Bailey et al., 2020). Because these strategies have
demonstrated limited or no effects on the incidence of
WB and WS, the use of slower-growing strains has been
suggested as an alternative to alleviate these disorders
(Petracci et al., 2019). However, there is little informa-
tion comparing the incidence of muscle myopathies in
slower-growing and conventional broiler chickens raised
under similar conditions.
Thus, in this study, we aimed to investigate the differen-

ces in carcass traits and the incidence of myopathies
among 14 strains of broiler chickens (2 conventional and
12 slower-growing) raised indoors under similar conditions.
We hypothesized that slower-growing strains of broiler
chickens would have different meat yields and lower inci-
dence of myopathies compared to conventional strains.
MATERIALS AND METHODS

Hatching, Housing, and Rearing

All procedures in this study were reviewed and
approved by the University of Guelph’s Animal Care
Committee (AUP#3746) and followed the Canadian
Council for Animal Care’s guidelines (CCAC, 2009) .
This paper is part of a large multidisciplinary study that
encompassed measurement of different variables to
assess productivity, behavior, meat quality, and welfare
of conventional and slower-growing strains of broiler
chickens. The detailed description of the incubation con-
ditions, animals, housing, and husbandry was reported
by Torrey et al. (2021).
Briefly, a total of 8 trials were conducted at the Arkell

Poultry Research Station (Guelph, ON, Canada), with
each trial representing a typical production cycle for
broiler chickens, from incubation to slaughter. Fertile
eggs from 14 strains (2 conventional and 12 slower-grow-
ing) obtained from breeding companies located in North
America were incubated and hatched in one federally
inspected facility under similar conditions. All the birds
were reared in a single room with 28 floor pens (160
cm £ 238 cm; width £ length) divided into 4 blocks
based on location, to account for microclimate differen-
ces at pen level. The birds from each strain were raised
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under similar conditions in up to 3 trials, with 4 pens per
trial, located in each block of the room, totalizing 12
pens per strain. Due to the availability of fertile eggs
and project logistics, strain M was only tested in 2 trials
totaling 8 pens. Again, details about the methodology
and strains tested in each trial are described elsewhere
(Torrey et al., 2021). Chicks were vent sexed at hatch,
and each strain had equal numbers of males and females,
with each pen containing 44 birds (22 males and 22
females). The group weight for each pen was obtained
prior to placement and 12 birds (6 males, 6 females) per
pen were wing tagged, individually weighed, and painted
with livestock paint to differentiate males and females.
These birds were used as focal birds for behavioral, phys-
iological, bone quality, and meat quality assessments
described in other studies not yet published. All the
birds were vaccinated against Marek’s disease, coccidio-
sis, and infectious bronchitis (Torrey et al., 2021).

Over the 8 trials, 164 pens were used. Each pen con-
tained a round feeder (diameter: 33.75 cm) and 5 nipple
drinkers. The pens were enriched with the following items:
a platform raised 30 cm above the litter attached to a 25°
ramp, a mineral PECKstone (Protekta, Inc., Lucknow,
Ontario, Canada), a hanging round scale (diameter: 50.8
cm), and hanging nylon ropes containing polyester strips.
Soft wood shavings were used as bedding material and
replaced in every trial. Pens were separated by solid white
plastic walls to prevent visual contact between birds
located in different pens. Lighting schedule was maintained
at 23 h of light (L):1 h on the dark (D) from d 1 to d 3.
From d 4 onward, a photoperiod of 16L:8D was provided,
with lights turned on at 06:00 h and turned off at 22:00 h.
The light intensity was kept at 20 lux throughout the tri-
als. Room temperature was 32°C at placement and gradu-
ally decreased to 21°C at 5 wk of age. The birds had ad
libitum access to an all-vegetable, antibiotic-free diet, for-
mulated based on nutrient requirements for a slower-grow-
ing broiler (Torrey et al., 2021). The diet was provided in
3 phases (starter, grower, and finisher); diet was transi-
tioned when slower-growing strains reached a similar feed
intake to conventional birds. Starter, grower, and finisher
diet were prepared as fine crumble, coarse crumble, and
short pellet, respectively.

Due to the effects of body weight (BW) on the varia-
bles evaluated in our study, conventional and slower-
growing strains were processed at 2 target weights
(TWs) based on the breeder estimated age to reach
2.1 kg liveweight (TW 1) and 3.2 kg liveweight (TW
2). At TW 1, conventional and slower-growing strains
were 34 and 48 d of age, respectively. At TW 2, conven-
tional and slower-growing strains were 48 and 62 d of
age, respectively. On d 34 and 48, the group size for the
pens not processed was reduced to maintain a commer-
cial stocking density of 30 kg/m2.
Processing Measurements

On the day before processing, 8 focal birds (4 females
and 4 males) per pen from those to be processed were
individually weighed and labeled with a colored zip tie
on one of their legs. These labeled birds were part of the
12 wing-tagged focal birds and represented approxi-
mately 18% of the initial pen population (prior removal
of birds to keep stocking density of 30 kg/m2) to encom-
pass a representative sample size, while considering the
logistics of the project (e.g., transportation, capacity of
the processing plant, and labor). The colored labels
enabled the identification of each pen and differentiation
of selected birds from the remaining birds being proc-
essed. The group weight was obtained to determine the
final BW for each pen processed. The feeders were
removed from each pen at 23:00 h the night prior to
processing. Birds had free access to water until loading.
The next morning at 06:00 h, the birds were placed into
crates and transported 35 min to a provincially
inspected processing plant. Birds were hung on a shackle
line and electrically stunned in a brine-water bath (25V
and 120 Hz for 10 s), and then bled for 90 s. Following
mechanical defeathering and manual evisceration, the
carcasses were air-chilled at 4°C for 5 h and transported
in coolers, to the university, where the carcasses were
kept overnight at 4°C. Ready-to-cook carcass weight
(after removal of the viscera, feet, and head) was
obtained and carcass yield was expressed as the percent-
age of the live weight (LW) obtained the day before
processing. Trained butchers manually deboned the car-
casses and weights for the skinless and boneless breast
muscle (Pectoralis major and Pectoralis minor), wings,
drumsticks, and thighs were obtained. The yields of the
carcass portions are reported as the percentage of the
ready-to-cook carcass weight and of the LW.
During processing, some of the samples were over

scalded. Because the birds were processed in a com-
mercial processing plant, it is unclear why overscald-
ing occurred more often in some trials and processing
than others, as no pattern was observed regarding
season, strains, BW, and age of birds showing over-
scalded breasts. Color of the skinless breast fillets was
measured at 3 different locations (cranial, medial and
caudal) using Minolta CR-400 with Spectra QC-400
software (Folio Instruments, Kitchener, ON, Canada)
to identify possibly overscalded samples, following
the CIE L*a*b* system, in which L* represents light-
ness, a* represents redness, and b* represents yellow-
ness. Samples showing L* values equal or greater
than 59 were removed from the WS assessment
(Sirri et al., 2011; da Silva-Buzanello et al., 2019).
This value was used as a cut-off point to be conserva-

tive in our analysis, resulting in the exclusion of light
breast samples potentially due to overscalding that
could interfere the assessment of WS.
Assessment of Wooden Breast and White
Striping Myopathies

Following deboning, the presence and severity of WB
and WS were assessed. To keep the evaluation consis-
tent, the breast fillets were evaluated by a single trained
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researcher throughout all the trials. The researcher was
trained in palpation for WB and visual assessment of
WS (described below) by a field expert from a breeding
company. In addition, each breast sample in each trial
was evaluated twice at random to ensure consistency in
the scoring scheme adopted and good intraobserver reli-
ability. The values were compared using PROC FREQ
in SAS version 9.4 (SAS Institute Inc., Cary, NC), with
the “agree” option included to calculate weighted kappa
statistics. For WB and WS, weighted kappa statistics
(Kw) were 0.811 and 0.845, respectively, indicating
almost perfect Kappa agreement (Kw >0.80) for both
variables. The breast fillets were palpated and scored for
WB levels, using a 4-point scale modified from
Cruz et al. (2017) and classified as: 0 (normal) − no
hardness or paleness detected on the surface of the
breast fillet; 1 (moderate light) - hardness detected in up
to one third of the breast fillet, present in cranial and/or
caudal regions; 2 (moderate severe)- hardness affecting
up to two-thirds of the breast fillet; and 3 (severe) hard-
ness detected throughout the fillet, commonly associated
with presence of hemorrhage and exudate on the surface
of the fillet. Similarly, breast fillets were visually exam-
ined and scored for WS using the 4-point classification
scheme previously described by Kuttappan et al. (2016),
in which 0 (normal) represents breast fillets with no visi-
ble white lines; 1 (moderate) represents breast fillets
showing thin white lines (<1 mm thick); 2 (severe) repre-
sents breast fillets exhibiting large and noticeable white
lines (1−2 mm thick); and 3 (extreme) includes breasts
fillets presenting thick white lines (>2 mm) that com-
monly merge with other lines and cover a major surface
of the breast fillet.

Due to the low proportion of the severe score (3) for
WB and WS, scores 2 and 3 were combined and classified
as moderate-severe which represents more evident muscle
defects that may result in rejection or condemnation.
The total incidence of breast fillets exhibiting WB or
WS and moderate-severe scores of WB or WS were calcu-
lated and reported as a percentage of total breasts
examined. Average severity index was obtained separately
for WB and WS using the following calculation for each
strain: ((n0 £ 0) + (n1 £ 1) + (n2 £ 2) + (n3 £ 3))/
(n0 + n1 + n2 + n3)), where n represents the number of
breast fillets in each score. The average mean myopathy
score of WB and WS for each strain could range from 0
(all fillets receiving scores of 0) to 3 (all fillets receiving
scores of 3). Therefore, greater values are associated with
greater severity of myopathies.
Statistical Analyses

To simplify the analysis of differences related to
growth rate, the strains were grouped into 4 categories
based on their average daily gain (ADG) to TW 2 (48
and 62 d for conventional and slower-growing strains,
respectively): Conventional (CONV; strains B and C;
ADG0-48=66.0 to 68.7 g/d); fastest slower-growing
(FAST; strains F, G, I, and M; ADG0-62=53.5 to 55.5
g/d); moderate slower-growing (MOD; strains E, H, O,
and S; ADG0-62=50.2 to 51.2 g/d); and slowest slower-
growing (SLOW; strains D, J, K, and N; ADG0-62=43.6
to 47.7 g/d).
Data were analyzed as an incomplete block design,

with pen as the experimental unit, using Generalized lin-
ear mixed models (GLIMMIX) in SAS, version 9.4 (SAS
Institute Inc.). Category, strain nested within category,
sex, target weight and the interactions were included as
fixed effects to compare the variables tested at a similar
BW. Trial and block nested within trial were included as
random effects. Contrast statements were used to test
the differences among categories and strains within cate-
gories. Pairwise comparisons were corrected using Tukey
adjustment to explore multiple comparisons and differ-
ences between categories, strains, and sex. Differences
between sex and the interactions of sex with category or
strain (within category) are not provided in data tables
but are described in the results section with respective
P-values if significant. Assumptions of the models were
checked by analyzing the residuals to check for normal-
ity using quantile-quantile plots and Shapiro-Wilk test.
Linearity and homogeneity were assessed using boxplots
and studentized residuals. The Gaussian distribution
was used for those variables that met all the model
assumptions. For carcass traits (absolute and relative
values), lognormal distribution was required to meet the
model assumptions. The relationships between the inci-
dence of breasts affected by myopathies (WB or WS)
and the carcass traits for each strain category were
investigated using Spearman’s rank correlation coeffi-
cients. Correlation coefficients were classified as weak (rs
< |0.35|), moderate (rs |0.35| ≤ rs < |0.67|), or strong (rs
≥ |0.68|) (Bohrer et al., 2018). For all tests performed,
statistical significance was considered at P < 0.05.
RESULTS

The differences in variables measured in this study are
described as comparisons between categories (CONV,
FAST, MOD, and SLOW) and comparisons of strains
within categories at both TWs. Significant interactions
between category and sex or strain (within category)
and sex are described in the results below for each vari-
able evaluated. As expected, category affected all the
variables evaluated. However, some variables differed
within category, suggesting distinct criteria in strains
selected for similar growth rate. Differences in processing
traits between categories are presented in Table 1 and
differences among strains (within category) are pre-
sented in Tables 2-5. The incidence, severity and average
scores of WB and WS are presented in Figures 1-6. The
incidence of each score (0 to 3) of WB and WS by cate-
gory is provided in Figure 7 (descriptive statistics).
Processing Traits

Live Weight. Category affected LW (P < 0.001) at
both TWs (Table 1). However, an interaction between



Table 1. Effect of category on live weight (LW), carcass weight (CW), and cut-up yields of broiler chickens (LS-means § SEM) at Tar-
get Weights 1 and 2.

Variable
Category

CONV FAST MOD SLOW
Target weight 11

Live wt (g) 1,881 § 36.9c 2,431 § 31.0a 2,348 § 28.3a 2,001 § 24.1b

Carcass wt (g) 1,327 § 27.9b 1,736 § 24.0a 1,661 § 21.4a 1,373 § 17.8b

Breast wt (g) 400.6 § 11.08c 483.9 § 8.72a 443.3 § 7.53b 330.3 § 5.62d

Thigh wt (g) 202.9 § 4.52c 273.4 § 3.99a 266.1 § 3.64a 226.9 § 3.11b

Drumstick wt (g) 171.3 § 2.93c 231.2 § 2.58a 224.7 § 2.36a 192.5 § 2.02b

Wing wt (g) 134.8 § 2.66c 183.3 § 2.36a 182.5 § 2.21a 158.0 § 1.91b

Carcass yield (% LW)2 70.6 § 0.42a 71.4§ 0.28a 70.8 § 0.26a 68.7 § 0.26b

Breast yield (% CW)3 30.2 § 0.35a 27.9 § 0.22b 26.7 § 0.19c 24.0 § 0.18d

Breast yield (% LW) 21.3 § 0.28a 19.9 § 0.17b 18.9 § 0.16c 16.5 § 0.14d

Thigh yield (% CW) 15.3 § 0.27b 15.8 § 0.18b 16.0 § 0.17ab 16.5 § 0.18a

Thigh yield (% LW) 10.8 § 0.19 11.2 § 0.13 11.3 § 0.12 11.4 § 0.12
Drumstick yield (% CW) 12.9 § 0.14c 13.3 § 0.10bc 13.5 § 0.09b 14.0 § 0.09a

Drumstick yield (% LW) 9.1 § 0.09b 9.5 § 0.07a 9.6 § 0.06a 9.6 § 0.06a

Wing yield (% CW) 10.1 § 0.13c 10.6 § 0.09c 11.0§ 0.09b 11.5 § 0.09a

Wing yield (% LW) 7.2 § 0.09c 7.5 § 0.06b 7.8 § 0.06a 7.9 § 0.06a

Target weight 24

Live wt (g) 3,285 § 58.8ab 3,417 § 42.1a 3,182 § 36.4b 2,809 § 32.0c

Carcass wt (g) 2,415 § 46.4ab 2,495 § 33.1a 2,314 § 28.4b 1,994 § 24.4c

Breast wt (g) 814.6 § 20.58a 733.2 § 12.78b 642.4 § 10.37c 503.8 § 8.11d

Thigh wt (g) 351.2 § 7.14b 384.7 § 5.48a 366.1 § 4.78ab 325.2 § 4.23c

Drumstick wt (g) 301.3 § 4.70b 322.7 § 3.52a 306.7 § 3.08b 270.9 § 2.71c

Wing wt (g) 226.6 § 4.07bc 249.0 § 3.11a 238.9 § 2.75ab 217.6 § 2.50c

Carcass yield (% LW) 73.5 § 0.39a 73.1 § 0.28a 72.7 § 0.26a 71.0 § 0.26b

Breast yield (% CW) 33.7 § 0.37a 29.4 § 0.21b 27.8 § 0.19c 25.3 § 0.17d

Breast yield (% LW) 24.8 § 0.30a 21.4 § 0.18b 20.2 § 0.16c 17.9 § 0.141d

Thigh yield (% CW) 14.5 § 0.24c 15.4 § 0.17b 15.8 § 0.16ab 16.3 § 0.17a

Thigh yield (% LW) 10.7 § 0.17b 11.2 § 0.12a 11.5 § 0.11a 11.6 § 0.12a

Drumstick yield (% CW) 12.5 § 0.13d 12.9 § 0.09c 13.3 §0.08b 13.6 § 0.09a

Drumstick yield (% LW) 9.2 § 0.09c 9.4 § 0.06bc 9.6 § 0.06ab 9.7 § 0.02a

Wing yield (% CW) 9.4 § 0.11d 9.9 § 0.08c 10.3 §0.08b 10.9 § 0.08a

Wing yield (% LW) 6.9 § 0.08d 7.3 § 0.06c 7.5 § 0.06b 7.7 § 0.06a

At Target Weight 1, CONV and other categories were 34 and 48 d of age, respectively. At Target Weight 2, CONV and other categories were 48 and 62
d, respectively.

a-dDifferent superscripts within the same row represent differences among categories (P < 0.05).
1Number of birds per category at target weight 1: CONV: n = 64; FAST: n = 155; MOD: n = 174; SLOW: n = 173.
2Yields calculated relative to live weight obtained 1 d before processing.
3Yields calculated as a ratio to the eviscerated carcass weight.
4Number of birds per category at target weight 2: CONV: n = 80; FAST: n = 161; MOD: n = 186; SLOW: n = 187.
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target weight and category (P < 0.001; Table 1) was
found, demonstrating that BW at each target weight
depended on category. At TW 1, FAST and MOD cate-
gories were heavier than CONV and SLOW, and SLOW
was heavier than CONV. At TW 2, SLOW was lighter
than the other categories and MOD was lighter than
FAST, while CONV was similar to FAST and MOD.
Males were heavier than females across all the categories
(P < 0.001).

Overall, there were no differences in LW between
strains within the same category (Tables 2, 3 and 5),
except among MOD birds, where strain E was 300 g
heavier than strain S (Table 4; P = 0.007) at TW 1.
However, at TW 2, this difference disappeared. The
absolute weights for each category in both target
weights are presented in Table 1 and differences between
strains within category are presented in Tables 2-5.

Carcass Yield. At both TWs, SLOW had the lowest
carcass yield (P < 0.001; Table 1), with no difference in
carcass yield among the other categories. There was no
interaction between target weight and category
(P = 0.319) on carcass yield. Overall, males had greater
carcass yields than females (71.8 § 0.15% vs. 71.2 §
0.15%; P = 0.005). No interactions between category
and sex (P = 0.790) or category and strain (P = 0.161)
were found. Carcass yields differed (P < 0.05) among
FAST (Table 3) and SLOW (Table 5) strains with an
interaction between strain within category and target
weight present (P = 0.018). Within FAST strains
(Table 3), strain F had greater carcass yields than
strains G and M at TW 1, with strain I being similar to
the other FAST strains (Table 3). At TW 2, strain F
had greater carcass yield than the other FAST strains.
Among SLOW strains (Table 5), strain D had lower car-
cass yield than strains J and K at TW 1, whereas at TW
2, carcass yield for strain D was similar to strain K, but
lower than strains J and N.
Breast Yield. Breast yield was impacted by category,

strain, target weight and sex (P < 0.001). Among cate-
gories, a significantly higher breast yield was observed
as the growth rate increased, with CONV > FAST >
MOD > SLOW, which was consistent at both TWs,
despite the differences in age, LW and carcass weight
(Table 1). While females had greater breast yields



Table 2. Mean values (LS-means § SEM) for live weight (LW),
carcass weight (CW), and cut-up yields among CONV strains of
broiler chickens at Target Weights 1 and 2.

Strain

Variable B C
Target weight 11

Live wt (g) 1,959 § 54.4 1,807 § 50.1
Carcass wt (g) 1,369 § 40.8 1,288 § 38.3
Breast wt (g) 393.5 § 15.40 407.8 § 15.95
Thigh wt (g) 214.5 § 6.76 191.9 § 6.04
Drumstick wt (g) 174.9 § 4.23 167.8 § 4.05
Wing wt (g) 137.7 § 3.83 132.0 § 3.68
Carcass yield (% LW)2 69.9 § 0.67 71.3 § 0.68
Breast yield (% CW) 3 28.7 § 0.48b 31.7 § 0.53a

Breast yield (% LW) 20.1 § 0.38b 22.6 § 0.43a

Thigh yield (% CW) 15.7 § 0.39 14.9 § 0.37
Thigh yield (% LW) 10.9 § 0.27 10.6 § 0.26
Drumstick yield (% CW) 12.8 § 0.20 13.0 § 0.20
Drumstick yield (% LW) 8.9 § 0.14 9.3 § 0.14
Wing yield (% CW) 10.1 § 0.18 10.2 § 0.19
Wing yield (% LW) 7.0 § 0.13 7.3 § 0.13

Target weight 24

Live wt (g) 3,288 § 74.5 3,283 § 91.1
Carcass wt (g) 2,411 § 58.6 2,419 § 72.0
Breast wt (g) 780.4 § 24.93 850.2 § 33.28
Thigh wt (g) 360.7 § 9.28 341.9 § 10.77
Drumstick wt (g) 303.5 § 5.99 299.2 § 7.23
Wing wt (g) 234.2 § 5.33 219.2 § 6.11
Carcass yield (% LW) 73.4 § 0.57 73.7 § 0.71
Breast yield (% CW) 32.3 § 0.44b 35.1 § 0.59a

Breast yield (% LW) 23.7 § 0.37b 25.9 § 0.49a

Thigh yield (% CW) 14.9 § 0.30 14.1 § 0.35
Thigh yield (% LW) 11.0 § 0.22 10.4 § 0.26
Drumstick yield (% CW) 12.6 § 0.16 12.4 § 0.19
Drumstick yield (% LW) 9.2 § 0.11 9.1 § 0.14
Wing yield (% CW) 9.7 § 0.14 9.1 § 0.16
Wing yield (% LW) 7.1 § 0.11 6.7 § 0.12

At Target Weights 1 and 2, CONV strains were 34 and 48 d,
respectively.

a-bDifferent superscripts within the same row represent differences
among categories (P < 0.05).

1Number of birds per strain at target weight 1: Strain B: n = 32; Strain
C: n = 32.

2Yields calculated relative to live weight obtained 1 d before processing.
3Yields calculated as a ratio to the eviscerated carcass weight.
4Number of birds per strain at target weight 2: Strain B: n = 48; Strain

C: n = 32.
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relative to the carcass weight than males (28.2 § 0.11%
vs. 27.7 § 0.11%; P < 0.001), a category by sex interac-
tion was present (P = 0.035). Sex did not affect breast
yield in CONV and MOD strains, but females had
greater breast yields than males for FAST and SLOW
strains.

Breast yield was affected by strain (P < 0.001) in all
categories (Tables 2−5). For CONV strains, breast yield
was greater in strain C vs. B at both TWs (Table 2). For
FAST strains, strain F had the greatest breast yield at
both TWs (Table 3). However, at TW 1, strain M had
the lowest breast yield and strains I and G had similar
and intermediate breast yields. At TW 2, this difference
disappeared and strain M had similar breast yield to
strains G and I. For MOD strains, strain E had lower
breast yield (relative to both carcass and LW) than
strain O at TW 1, which was also observed at TW 2 for
the values relative to LW, while breast yield relative to
the carcass weight was similar among the MOD strains
(Table 4). For SLOW, strain D had the lowest breast
yield at both TWs (Table 5).
Thigh Yield. Similar to breast yield, thigh yield dif-

fered among categories, following growth rates (P <
0.001; Table 1). However, an opposite pattern was
observed, with lower thigh yields as growth rate
increased. At TW 1, CONV and FAST had greater
thigh yield (relative to carcass weight) than SLOW,
while at TW 2, CONV had the lowest thigh yield (rela-
tive to carcass weight and LW). Although at TW 1
thigh yield relative to the LW was not significant
among the categories, it followed a similar numerical
pattern to the values relative to carcass weight. A
decrease in thigh yield relative to carcass weight was
observed from TW 1 to TW 2 (15.9 § 0.10 vs. 15.5 §
0.09%; P = 0.062) with no interactions present between
target weight and category (P = 0.513) or target weight
and strain (P= 0.755).
Overall, males had greater thigh yield than females

(15.8 § 0.09 vs. 15.5 § 0.09%; P = 0.027) with no inter-
actions between category and sex (P = 0.748) or strain
and sex (P =0.668). Within categories, only FAST
strains differed in thigh yield. Strain F had lower thigh
yield relative to carcass weight than strains G and I
strains at TW 2, with no strain differences at TW 1
(Table 3).
Drumstick Yield. Drumstick yield was impacted by

category, following a similar pattern as thigh yield, with
higher drumstick yield associated with lower growth
rate (P < 0.001; Table 1). At TW 1, CONV strains had
drumstick yields relative to carcass weight similar to
FAST, yet lower than MOD and SLOW strains. At TW
2, drumstick yield relative to the carcass weight was dif-
ferent among all the categories, with CONV < FAST <
MOD < SLOW, with a similar pattern observed for the
yield relative to the LW, although CONV did not differ
from FAST, but was lower than MOD and SLOW (P <
0.001, Table 1) There was a decrease in drumstick yield
relative to carcass yield from TW 1 to TW 2 (13.4 §
0.05 vs. 13.0 § 0.49%; P < 0.001) with no interactions
present between category and target weight (P = 0.798)
or strain and target weight (P = 0.911). For FAST birds
(Table 3), strain F had the lowest drumstick yield at
TW 1, with the same pattern observed at TW 2 for the
drumstick yield relative to the LW, whereas drumstick
yield relative to carcass weight for strain F was lower
than yields for strains G and M, yet similar to strain I.
For SLOW birds (Table 5), strain D had greater drum-
stick yield relative to carcass weight than strains J and
N at both TWs.
While males had greater drumstick yields than

females (13.6 § 0.08% vs. 12.9 § 0.04%; P < 0.001), a
strain by sex interaction (P = 0.004) was present. For
CONV birds, strain B males had greater drumstick
yields relative to carcass weight than strain B females,
with no sex differences for drumstick yields in strain C.
For FAST strains, F females had lower drumstick yield
compared to other females, while among FAST males,



Figure 1. Effects of category on the total incidence of breast fillets presenting wooden breast1,2 and white striping 3,4 at Target Weights 1 and 2
(LS-means § SEM). At Target Weight 1, CONV and other categories were 34 and 48 d of age, respectively. At Target Weight 2, CONV and other
categories were 48 and 62 d, respectively.

a-cDifferent superscripts represent differences among categories (P < 0.05).
1Number of birds per category at target weight 1: CONV: n = 104; FAST: n = 156; MOD: n = 175; SLOW: n = 173.
2Number of birds per category at target weight 2: CONV: n = 80; FAST: n = 176; MOD: n = 196; SLOW: n = 198.
3Number of birds per category at target weight 1: CONV: n = 91; FAST: n = 124; MOD: n = 159; SLOW n: = 125.
4Number of birds per category at target weight 2: CONV: n = 64 FAST: n = 132; MOD: n = 171; SLOW: n = 162.
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strain did not affect drumstick yield. For MOD category
strains, males had greater drumstick yields relative to
carcass weight than females for strains E, H, and S with
no sex differences in drumstick yield for strain O birds.
Drumstick yields (relative to carcass weight) for SLOW
strains females did not differ, while strain D males had
greater drumstick yields than strains J and N males
(data not shown).

Wing Yield. Category affected wing yield at both TWs
(P < 0.001; Table 1). At TW 1, CONV and FAST had
similar wing yields (relative to the carcass weight) that
were lower than MOD and SLOW. A similar pattern was
observed for wing yield relative to the LW, but CONV
had the lowest yield, while MOD and SLOW had the
highest wing yield, with FAST being intermediate. At
TW 2, a significant higher wing yield was observed as
the growth rate decreased (CONV < FAST < MOD <
SLOW). Wing yield decreased as birds aged (TW 1=
10.8 § 0.05%, TW 2= 10.1 § 0.04%; P < 0.001) with no
interactions present between target weight and category
(P = 0.599) or target weight and strain (P = 0.128). Sex
did not affect wing yield (P = 0.370) with no category by
sex interaction (P= 0.290) present.

Wing yield was affected by strain within categories
(P < 0.001) at both TWs. For FAST birds (Table 3),
strain F had lower wing yield (relative to carcass
weight) than strain M at TW 1, while strains G and
I were similar and did not differ from strains F and
M, but this difference disappeared at TW 2 (Table 3).
For SLOW birds (Table 5), no differences in wing
yield was observed at TW 1, but at TW 2, strain J
had lower wing yield (relative to the carcass weight
and LW) than strains D and K. A strain by sex inter-
action was present (P < 0.040) involving FAST and
SLOW strains. For FAST birds, strain differences in
wing yield (relative to the carcass weight) were found
for females, but not for males. For SLOW birds,
strain J males had greater wing yield (relative to car-
cass weight) than strain J females while for the
remaining SLOW strains, females and males had sim-
ilar wing yields (data not shown).
Incidence and Severity of Myopathies

Total Incidence of WB and WS. The incidence of WB
differed by category, target weight, strain, and sex (P <
0.001). Overall, the incidence of WB increased from TW
1 to TW 2 (28.2 § 1.81% of breast fillets scored vs. 40.5
§ 1.86% of breast fillets scored; P < 0.001) and males



Table 3. Mean values (LS-means § SEM) for live weight (LW), carcass weight (CW), and cut-up yields among FAST strains of broiler
chickens at Target Weights 1 and 2.

Variable
Strain

F G I M
Target weight 11

Live wt (g) 2,522 § 71.0 2,338 § 53.2 2,402 § 54.7 2,464 § 68.8
Carcass wt (g) 1,851 § 56.0 1,659 § 40.5 1,726 § 42.4 1,716 § 51.5
Breast wt (g) 621.2 § 24.71a 448.0 § 14.76b 462.9 § 14.87b 425.8 § 16.78b

Thigh wt (g) 274.5 § 8.89 271.1 § 7.03 276.1 § 7.17 271.9 § 8.68
Drumstick wt (g) 232.9 § 5.77 223.7 § 4.44 232.3 § 4.61 236.0 § 5.77
Wing wt (g) 185.3 § 5.27 176.7 § 4.04 181.3 § 4.15 190.2 § 5.35
Carcass yield (% LW)2 73.4 § 0.72a 70.9 § 0.56b 71.7 § 0.57ab 69.6 § 0.68b

Breast yield (% CW)3 33.5 § 0.58a 27.0 § 0.37b 26.9 § 0.38b 24.9 § 0.42c

Breast yield (% LW) 24.6 § 0.48a 19.2 § 0.30b 19.2 § 0.31b 17.3 § 0.33c

Thigh yield (% CW) 14.8 § 0.38 16.3 § 0.34 16.0 § 0.33 15.8 § 0.40
Thigh yield (% LW) 10.9 § 0.26 11.6 § 0.24 11.5 § 0.23 11.0 § 0.27
Drumstick yield (% CW) 12.6 § 0.20b 13.5 § 0.17a 13.5 § 0.17a 13.8 § 0.22a

Drumstick yield (% LW) 9.2 § 0.14b 9.6 § 0.12a 9.7 § 0.12a 9.6 § 0.15a

Wing yield (% CW) 10.0 § 0.19b 10.6 § 0.16ab 10.5 § 0.16ab 11.1 § 0.20a

Wing yield (% LW) 7.3 § 0.14 7.6 § 0.12 7.5 § 0.11 7.8 § 0.14

Target weight 24

Live wt (g) 3,391 § 82.6 3,357 § 76.1 3,457 § 79.0 3,464 § 98.3
Carcass wt (g) 2,579 § 67.7 2,453 § 59.6 2,487 § 61.07 2,461 § 75.1
Breast wt (g) 886.1 § 30.54a 695.3 § 22.22b 692.1 § 22.34b 677.7 § 27.17b

Thigh wt (g) 367.8 § 10.52 394.5 § 10.15 396.6 § 10.39 380.7 § 12.51
Drumstick wt (g) 318.4 § 6.95 322.4 § 6.36 323.2 § 6.47 326.8 § 8.18
Wing wt (g) 247.8 § 6.16 247.4 § 5.63 249.9 § 5.76 250.7 § 7.20
Carcass yield (% LW) 76.0 § 0.66a 73.1 § 0.57b 71.9 § 0.57b 71.0 § 0.71b

Breast yield (% CW) 34.3 § 0.52a 28.3 § 0.39b 27.8 § 0.39b 27.5 § 0.48b

Breast yield (% LW) 26.1 § 0.44a 20.7 § 0.32b 20.0 § 0.31b 19.5 § 0.38b

Thigh yield (% CW) 14.2 § 0.33b 16.1 § 0.33a 16.0 § 0.33a 15.5 § 0.40ab

Thigh yield (% LW) 10.8 § 0.24 11.7 § 0.24 11.5 § 0.23 11.0 § 0.28
Drumstick yield (% CW) 12.2 § 0.17b 13.1 § 0.17a 13.0 § 0.16ab 13.3 § 0.21a

Drumstick yield (% LW) 9.3 § 0.12c 9.6 § 0.12b 9.3 § 0.12ab 9.4 § 0.15a

Wing yield (% CW) 9.5 § 0.16 10.1 § 0.15 10.1 § 0.15 10.2 § 0.19
Wing yield (% LW) 7.2 § 0.12 7.4 § 0.11 7.2 § 0.11 7.2 § 0.14

At Target Weight 1 and 2, FAST strains were 48 and 62 d of age, respectively.
a-bDifferent superscripts within the same row represent differences among categories (P < 0.05).
1 Number of birds per strain at target weight 1: Strain F: n = 30; Strain G: n = 47; Strain I: n = 47; Strain M: n = 31.
2Yields calculated relative to live weight obtained one d before processing.
3Yields calculated as a ratio to the eviscerated carcass weight.
4Number of birds per strain at target weight 2: Strain F: n = 38; Strain G: n = 48; Strain I: n = 46; Strain M: n = 29.
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had greater incidence of WB than females (41.9 § 1.77%
of breast fillets scored vs. 26.8 § 1.76% of breast fillets
scored; P < 0.001). However, including BW as a covari-
ate eliminated differences in WB incidence between TW
(P = 0.249) and between sex (P = 0.155).

A category by target weight interaction was found
(P = 0.048; Figure 1). At both TWs, CONV strains had
the greatest incidence of WB. However, at TW 1, WB
incidence for FAST exceeded MOD and SLOW, with no
differences in WB incidence between FAST and MOD
strains at TW 2.

For CONV birds, strain C had a greater incidence of
WB than strain B at TW 1, but this difference disap-
peared at TW 2 (Figure 2). For FAST birds, strain F
had the greatest incidence of WB at both TWs
(Figure 2). When using BW as a covariate, CONV birds
still had the greatest incidence of WB compared to other
categories and strain F had the greatest incidence of WB
among FAST strains (data not shown).

Similar to WB incidence, category, target weight,
strain, and sex affected the total incidence of WS (P <
0.001). When BW was included as a covariate, the
effect of sex disappeared (P = 0.410). While incidence
of WS increased as birds grew from TW1 to TW 2
(16.6 § 2.04% of breast fillets scored vs. 31.4 § 2.27%
of breast fillets scored; P < 0.001), a target weight by
category interaction was observed (P = 0.018; Figure 1).
Breasts from CONV and FAST had similar incidence of
WS at TW 1, which was greater than MOD and
SLOW. However, at TW 2, CONV had the highest and
SLOW had lowest incidence of WS, while MOD and
FAST had intermediate values. When differences in
BW were considered, the effect of target weight on WS
disappeared. In contrast, category (P = 0.036) and
strain (P < 0.001) still influenced the incidence of WS,
with CONV having the greatest percentage of WS
across categories. Strains C and F still had more breasts
exhibiting WS among CONV and FAST strains,
respectively, while there were no differences among the
strains in other categories on WS incidence (data not
shown). Strain F had the greatest incidence of WS
among FAST strains at both TWs (Figure 2). WS inci-
dence did not differ among CONV, MOD strains or
SLOW strains.



Table 4. Mean values (LS-means § SEM) for live weight (LW), carcass weight (CW), and cut-up yields among MOD strains of broiler
chickens at Target Weights 1 and 2.

Variable
Strain

E H O S
Target weight 11

Live wt (g) 2,506 § 56.8a 2,321 § 53.8ab 2,365 § 53.8ab 2,208 § 50.2b

Carcass wt (g) 1,749 § 42.5 1,641 § 48.9 1,679 § 41.0 1,580 § 38.6
Breast wt (g) 451.3 § 14.42 439.8 § 17.21 463.1 § 14.87 419.9 § 13.49
Thigh wt (g) 284.0 § 7.31 257.8 § 8.12 272.3 § 7.07 251.1 § 6.52
Drumstick wt (g) 238.1 § 4.69a 224.2 § 5.41ab 224.2 § 4.46ab 213.1 § 4.24b

Wing wt (g) 194.6 § 4.43a 181.5 § 5.06ab 180.7 § 4.13ab 173.8 § 3.98b

Carcass yield (% LW)2 69.8 § 0.54 70.7 § 0.67 71.0 § 0.56 71.5 § 0.56
Breast yield (% CW)3 25.8 § 0.35b 26.8 § 0.45ab 27.6 § 0.38a 26.6 § 0.37ab

Breast yield (% LW) 18.0 § 0.27b 18.9 § 0.36ab 19.6 § 0.31a 19.0 § 0.29ab

Thigh yield (% CW) 16.2 § 0.33 15.7 § 0.39 16.2 § 0.34 15.9 § 0.33
Thigh yield (% LW) 11.3 § 0.23 11.0 § 0.27 11.5 § 0.23 11.4 § 0.23
Drumstick yield (% CW) 13.6 § 0.17 13.7 § 0.21 13.4 § 0.17 13.5 § 0.17
Drumstick yield (% LW) 9.5 § 0.12 9.7 § 0.15 9.5 § 0.12 9.6 § 0.12
Wing yield (% CW) 11.1 § 0.16 11.1 § 0.20 10.8 § 0.16 11.0 § 0.16
Wing yield (% LW) 7.8 § 0.12 7.8 § 0.14 7.6 § 0.11 7.9 § 0.12

Target weight 24

Live wt (g) 3,285 § 74.5 3,135 § 73.7 3,252 § 73.7 3,059 § 69.3
Carcass wt (g) 2,387 § 58.0 2,261 § 57.2 2,387 § 58.0 2,226 § 54.1
Breast wt (g) 638.7 § 20.42 620.2 § 20.59 681.8 § 21.78 630.7 § 20.15
Thigh wt (g) 385.0 § 9.90 349.7 § 9.49 372.3 § 9.58 360.9 § 9.28
Drumstick wt (g) 319.6 § 6.31 299.3 § 6.29 314.1 § 6.20 295.4 § 5.83
Wing wt (g) 247.9 § 5.64 237.9 § 5.68 243.2 § 5.54 227.0 § 5.17
Carcass yield (% LW) 72.6 § 0.57 72.1 § 0.59 73.4 § 0.57 72.8 § 0.57
Breast yield (% CW) 26.8 § 0.37 27.4 § 0.40 28.6 § 0.39 28.3 § 0.39
Breast yield (% LW) 19.4 § 0.30b 19.7 § 0.32ab 21.0 § 0.32a 20.6 § 0.32ab

Thigh yield (% CW) 16.1 § 0.33 15.4 § 0.33 15.6 § 0.32 16.2 § 0.33
Thigh yield (% LW) 11.7 § 0.23 11.1 § 0.24 11.4 § 0.23 11.8 § 0.24
Drumstick yield (% CW) 13.4 § 0.17 13.2 § 0.17 13.2 § 0.17 13.3 § 0.17
Drumstick yield (% LW) 9.7 § 0.12 9.5 § 0.13 9.7 § 0.12 9.7 § 0.12
Wing yield (% CW) 10.4 § 0.15 10.5 § 0.17 10.2 § 0.15 10.2 § 0.15
Wing yield (% LW) 7.5 § 0.11 7.6 § 0.12 7.5 § 0.11 7.4 § 0.11

At Target Weight 1 and 2, MOD strains were 48 and 62 d of age, respectively.
a-bDifferent superscripts within the same row represent differences among categories (P < 0.05).
1Number of birds per strain at target weight 1: Strain E: n = 48; Strain H: n = 32; Strain O: n = 47; Strain S: n = 47.
2Yields calculated relative to live weight obtained 1 d before processing.
3Yields calculated as a ratio to the eviscerated carcass weight.
4Number of birds per strain at target weight 2: Strain E: n = 48; Strain H: n = 42; Strain O: n = 48; Strain S: n = 48.
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Moderate-Severe WB and WS. While breast fillets
affected by moderate to severe scores differed by cate-
gory (P < 0.001; Figure 3) at both TWs, incidence
increased from TW 1 to 2 (TW1: 15.1 § 1.37% of breast
fillets scored, TW 2: 25.1 § 1.41% of breast fillets scored;
P < 0.001). However, there was a TW by category inter-
action (P < 0.001) for moderate-severe WB due to a sim-
ilar incidence in CONV and FAST at TW 1, while at
TW 2 CONV had over twice the incidence of moderate-
severe WB than FAST.

Males had a greater incidence of moderate-severe WB
than females (males: 25.9 § 1.36% of breast fillets
scored; females: 14.4 § 1.35% of breast fillets scored; P
< 0.001), but sex interacted with category (P = 0.008).
Males had a greater incidence of moderate-severe WB
than females in all the categories, except among SLOW
birds, which were not affected by sex (data not shown).

Incidence of moderate-severe WB was greatest in
strain C for CONV birds (Figure 4) and strain F for
FAST birds. Incidence of moderate-severe WB was simi-
lar among strains for MOD birds and SLOW birds.
Incidence of moderate-severe WS increased from TW 1
to TW 2 (6.1 § 1.27% of breast fillets scored vs. 12.2 §
1.32% of breast fillets scored; P = < 0.002). A TW by cat-
egory interaction (P = 0.005, Figure 3) in moderate-severe
WS was due to similar incidence of moderate-severe scores
for CONV and FAST at TW 1, while incidence of moder-
ate-severe scores for WS was greater in CONV vs. FAST
at TW 2. Overall, males had greater incidence of moder-
ate-severe WS than females (males: 11.2 § 1.13% of breast
fillets scored; females: 7.1 § 1.11% of breast fillets scored;
P = 0.001). Strain did not affect the incidence of moder-
ate-severe for WS in CONV strains at TW 1, but strain C
had more moderate-severe WS than strain B at TW 2
(Figure 4). Strain F had a greater percentage of moderate-
severe WS compared to other FAST strains at both TWs.
Average Scores for WB and WS. The average WB

score increased from TW 1 to TW 2 (0.50 § 0.037 vs.
0.79 § 0.039; P < 0.001). A TW by category interaction
(P = 0.001, Figure 5) was due to similar average WB
scores for CONV and FAST at TW 1, while average
WB score was greater in CONV vs. FAST at TW 2.



Table 5. Mean values (LS-means § SEM) for live weight (LW), carcass weight (CW), and cut-up yields among SLOW strains of broiler
chickens at Target Weights 1 and 2.

Variable
Strain

D J K N
Target weight 11

Live wt (g) 2,025 § 56.2 2,072 § 47.2 1,942 § 44.2 1,967 § 44.8
Carcass wt (g) 1,352 § 40.3 1,444 § 35.3 1,355 § 33.1 1,346 § 33.0
Breast wt (g) 281.9 § 11.03c 380.3 § 12.21a 324.9 § 10.43bc 341.8 § 10.98ab

Thigh wt (g) 228.0 § 7.18 233.3 § 6.05 223.1 § 5.79 223.7 § 5.80
Drumstick wt (g) 198.9 § 4.80 197.7 § 3.93 189.7 § 3.77 184.0 § 3.66
Wing wt (g) 158.4 § 4.42 160.2 § 3.67 160.9 § 3.68 152.5 § 3.49
Carcass yield (% LW)2 66.8 § 0.64b 69.7 § 0.55a 69.8 § 0.55a 68.4 § 0.54ab

Breast yield (% CW)3 20.8 § 0.35c 26.3 § 0.36a 24.0 § 0.33b 25.5 § 0.36ab

Breast yield (% LW) 13.9 § 0.26c 18.3 § 0.29a 16.7 § 0.26b 17.4 § 0.27ab

Thigh yield (% CW) 16.9 § 0.42 16.1 § 0.33 16.5 § 0.34 16.7 § 0.35
Thigh yield (% LW) 11.3 § 0.28 11.2 § 0.23 11.5 § 0.23 11.4 § 0.23
Drumstick yield (% CW) 14.7 § 0.23a 13.7 § 0.17b 14.0 § 0.18ab 13.7 § 0.18b

Drumstick yield (% LW) 9.8 § 0.15 9.5 § 0.12 9.8 § 0.12 9.4 § 0.12
Wing yield (% CW) 11.7 § 0.21 11.1 § 0.17 11.9 § 0.18 11.3 § 0.17
Wing yield (% LW) 7.8 § 0.14 7.8 § 0.14 8.3 § 0.13 7.7 § 0.12

Target weight 24

Live wt (g) 2,805 § 65.1 2,936 § 66.5 2,753 § 62.7 2,746.1 § 62.2
Carcass wt (g) 1,951 § 48.7 2,134 § 51.9 1,924 § 47.0 1,974 § 47.9
Breast wt (g) 429.4 § 14.07c 594.3 § 18.99a 492.7 § 15.82bc 512.3 § 16.37ab

Thigh wt (g) 326.8 § 8.75 342.2 § 8.80 320.6 § 8.32 311.9 § 8.02
Drumstick wt (g) 274.0 § 5.66 281.6 § 5.56 266.7 § 5.30 261.8 § 5.17
Wing wt (g) 221.9 § 5.21 215.6 § 4.91 220.6 § 5.05 212.5 § 4.84
Carcass yield (% LW) 69.5 § 0.57c 72.7 § 0.57a 69.9 § 0.55bc 71.9 § 0.56ab

Breast yield (% CW) 22.1 § 0.31c 27.8 § 0.38a 25.8 § 0.35b 25.9 § 0.36b

Breast yield (% LW) 15.3 § 0.25c 20.2 § 0.31a 17.9 § 0.28b 18.7 § 0.29b

Thigh yield (% CW) 16.8 § 0.36 16.0 § 0.33 16.8 § 0.35 15.8 § 0.32
Thigh yield (% LW) 11.7 § 0.24 11.7 § 0.23 11.7 § 0.24 11.4 § 0.23
Drumstick yield (% CW) 14.1 § 0.17a 13.2 § 0.17b 13.9 § 0.18ab 13.3 § 0.17b

Drumstick yield (% LW) 9.8 § 0.13 9.6 § 0.12 9.7 § 0.12 9.5 § 0.12
Wing yield (% CW) 11.4 § 0.17a 10.0 § 0.15b 11.5 § 0.17a 10.8 § 0.16ab

Wing yield (% LW) 7.9 § 0.13a 7.3 § 0.11b 8.0 § 0.12a 7.7 § 0.12ab

At Target Weight 1 and 2, SLOW strains were 48 and 62 d of age, respectively.
a-cDifferent superscripts within the same row represent differences among categories (P < 0.05).
1Number of birds per strain at target weight 1: Strain D: n = 32; Strain J: n = 47; Strain K: n = 47; Strain N: n = 47.
2Yields calculated relative to live weight obtained 1 d before processing.
3Yields calculated as a ratio to the eviscerated carcass weight.
4Number of birds per strain at target weight 2: Strain D: n = 44; Strain J: n = 48; Strain K: n = 47; Strain N: n = 48.
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Males had a greater average score for WB than
females (males: 0.81 § 0.038; females: 0.48 § 0.04; P <
0.001). However, there was an interaction between sex
and category (P < 0.001), where average WB score was
similar among females for MOD and SLOW, whereas
among males MOD was greater than SLOW.

Strain C had a greater average WB score than strain B
for CONV birds at both TWs (Figure 6). Strain F had
the greatest average WB score compared to other FAST
strains at both TWs (Figure 6). For SLOW birds, strain
N had greater average WB score than strain D at TW 2
(Figure 6).

Average WS score increased from TW 1 to TW 2 (0.25
§ 0.030 vs 0.50 § 0.034; P < 0.001). A TW by category
interaction (P = 0.001, Figure 5) was due to similar
average WS scores between CONV and FAST, which
exceeded similar values between MOD and SLOW at
TW 1 while at TW 2, average WS score was higher as
the growth rate increased, with CONV > FAST > MOD
> SLOW. Males had greater average WS scores than
females (males: 0.48 § 0.030; females: 0.27 § 0.030; P <
0.001). A sex by category (P = 0.004) interaction was
due to similar average WS scores between CONV and
FAST females which exceeded similar values between
MOD and SLOW females, while for males, average WS
scores were significantly higher as the growth rate
increased, with CONV > FAST > MOD > SLOW (data
not shown).
Strain did not affect average WS score for CONV

birds at TW 1, yet strain C had greater average WS
scores than strain B at TW 2 (Figure 6). Strain F had a
greater percentage of severe WS compared to other
FAST strains at both TWs.
Correlation Among Myopathies and Carcass
Traits

The relationships between the incidence of myopathies
and processing traits (relative to the carcass weight) are
shown in Table 6. Live weight was weakly to moderately
positively correlated (P < 0.010) with the incidence of WB
and WS for all categories of strains. Similarly, for all cate-
gories, there was a positive weak to moderate correlation
(P < 0.030) between carcass yield and incidence of WB,
whereas carcass yield was weakly to strongly positively



Figure 2. Effects of strains (within category) on the total incidence of breast fillets presenting wooden breast1,2 and white striping 3,4 at Target
Weights 1 and 2 (LS-means § SEM). At Target Weight 1, CONV and other categories were 34 and 48 d of age, respectively. At Target Weight 2,
CONV and other categories were 48 and 62 d, respectively.

a-bDifferent superscripts within the same category represent differences among strains (P < 0.05).
1Number of birds per strain at target weight 1: B: n = 52, C: n = 52, F: n = 30, G: n = 47, I: n = 47, M: n = 32, E: n = 48, H: n = 32, O: n = 47, S:

n = 48; D: n = 32; J: n = 47, K: n = 47, N: n = 47.
2Number of birds per strain at target weight 2: B: n = 48, C: n = 32, F: n = 52, G: n = 48, I: n = 47, M: n = 29, E: n = 48, H: n = 52, O: n = 48, S:

n = 48, D: n = 55, J: n = 48, K: n = 47, N: n = 48.
3Number of birds per strain at target weight 1: B: n = 45, C: n = 46, F: n = 25, G: n = 39, I: n = 39, M: n = 21, E: n = 47, H: n = 24, O: n = 44, S:

n = 44, D: n = 26, J: n = 28, K: n = 39, N: n = 32.
4Number of birds per strain at target weight 2: B: n = 36, C: n = 28, F: n = 42, G: n = 41, I: n = 31, M: n = 18, E: n = 40, H: n = 48, O: n = 44, S:

n = 39, D: n = 45, J: n = 37, K: n = 44, N: n = 36.
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correlated (P < 0.028) with WS, depending on the cate-
gory. Breast yield was also weakly to moderately positively
correlated (P < 0.013) with the incidence of WB and WS
across all categories. In contrast, there was a weak nega-
tive correlation between thigh yield and the incidence of
WB for the FAST category (P = 0.007), while no signifi-
cant correlations were found in the other categories. Drum-
stick yield was weakly and negatively correlated
(P = 0.012) with the incidence of WB in the FAST group,
whereas a negative weak correlation (P < 0.003) was found
between drumstick yield and the incidence of WS in the
CONV and FAST categories. Among FAST, MOD, and
SLOW categories, wing yield and the incidence of WB
were weakly to moderately negatively correlated (P <
0.038), whereas there was a negative weak to moderate
correlation (P < 0.007) between wing yield and WS inci-
dence for FAST and MOD groups.
DISCUSSION

Selection for improved growth performance in fast-
growing strains of broiler chickens has been associated
with changes in body composition and development of
muscle disorders including WB and WS (Petracci et al.,
2015; Barbut, 2019). Therefore, the use of slower-grow-
ing strain has been suggested as an alternative to
decrease these myopathies (Petracci et al., 2019). How-
ever, there is little information on the incidence of myop-
athies in slower-growing strains with different growth
rates and carcass traits than fast-growing strains. There-
fore, this study investigated the differences in processing
traits (weight and yield) and the incidence and severity
of WB and WS in 14 strains of broiler chickens repre-
senting a wide range of growth rates. These strains were
divided into 4 categories (CONV, FAST, MOD, and
SLOW) based on the similarity of growth rates.
Slower-growing strains were hypothesized to have dif-

ferent carcass yields and composition along with fewer
myopathies compared to fast-growing broiler chickens.
Our findings demonstrate differences among categories
for all carcass traits and the incidence and severity of
muscle abnormalities. However, we also found differen-
ces within categories, indicating remarkable differences
among strains, despite their similar growth rate.

Processing Traits − Absolute Weight and
Percentage Yield

The differences in BW among the categories were
reflected in the weight differences for carcass and cuts
(absolute weights for breast, thigh, drumstick and
wing). Therefore, only the differences in yield are



Figure 3. Effects of category on the total incidence of breast fillets presenting moderately severe (scores 2 or 3) wooden breast1,2 and white strip-
ing 3,4 at Target Weights 1 and 2 (LS-means§ SEM). At Target Weight 1, CONV and other categories were 34 and 48 d of age, respectively. At Tar-
get Weight 2, CONV and other categories were 48 and 62 d, respectively.

a-cDifferent superscripts represent differences among categories (P < 0.05).
1Number of birds per category at target weight 1: CONV: n = 104; FAST: n = 156; MOD: n = 175; SLOW: n = 173.
2Number of birds per category at target weight 2 CONV: n = 80; FAST: n = 176; MOD: n = 196; SLOW: n = 198.
3Number of birds per category at target weight 1: CONV: n = 91; FAST: n = 124; MOD: n = 159; SLOW: n = 125.
4Number of birds per category at target weight 2: CONV: n = 64 FAST: n = 132; MOD: n = 171; SLOW: n = 162.
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discussed below. If not specified, differences described for
yields are applicable for values relative to both the car-
cass and LW.

Effect of Category. Previous studies have found that
increased BW is associated with increased incidence and
severity of myopathies (Kuttappan et al., 2012a;
Alnahhas et al., 2016). Therefore, the present study
slaughtered birds at 2 time points (TW 1 and TW 2)
based on their expected growth to allow comparisons at
a similar BW for both conventional and slow growing
strains. While birds were expected to reach approxi-
mately 2.1 and 3.2 kg BW, at TW 1 and TW 2 respec-
tively, there were strain differences in BW at both TWs
due to differences in ADG (43.6 to 68.7 g/d).

At TW 1, MOD and FAST were heavier than CONV
and SLOW strains, with SLOW being heavier than
CONV. The lighter BW for SLOW strains was expected
based on classification due to reduced growth rate
(ADG < 50 g/d). However, CONV strains were lighter
than the expected target weight of 2.1 kg due to project
logistics which necessitated an early processing date (~2
d before reaching 2.1 kg BW). The lower than expected
BW at slaughter age for CONV birds may have been
due to feeding an identical diet to all the birds in the
study, which was formulated for slower growth. A pilot
study (Santos et al., 2018) found this same diet pro-
duced lower BW vs. birds fed a standard, conventional
diet. However, at TW 2, CONV had a similar BW com-
pared to MOD and FAST strains, while SLOW strains
were still lighter.
The lower BW for CONV and SLOW strains at TW 1

resulted in lighter carcass, breast, thigh, drumstick, and
wing weights compared to FAST and MOD strains.
While BW and carcass weights for CONV birds did not
differ from those of MOD and FAST strains at TW 2,
CONV birds had greater breast weights compared to
other categories. Regardless, at both TWs, higher
growth rate resulted in greater breast yield and lower
thigh, drumstick and wing yields. These differences
among categories of strains suggest that genetic



Figure 4. Effects of strains (within category) on the total incidence of breast fillets presenting moderately severe (scores 2 or 3) wooden breast1,2

and white striping 3,4 at Target Weights 1 and 2 (LS-means § SEM). At Target Weight 1, CONV and other categories were 34 and 48 d of age,
respectively. At Target Weight 2, CONV and other categories were 48 and 62 d, respectively.

a-bDifferent superscripts within the same category represent differences among strains (P < 0.05).
1Number of birds per strain at target weight 1: B: n = 52, C: n = 52, F: n = 30, G: n = 47, I: n = 47, M: n = 32, E: n = 48, H: n = 32, O: n = 47, S:

n = 48, D: n = 32, J: n = 47, K: n = 47, N: n = 47.
2Number of birds per strain at target weight 2: B: n = 48, C: n = 32, F: n = 52, G: n = 48, I: n = 47, M: n = 29, E: n = 48, H: n = 52, O: n = 48, S:

n = 48, D: n = 55, J: n = 48, K: n = 47, N: n = 48.
3Number of birds per strain at target weight 1: B: n = 45, C: n = 46, F: n = 25, G: n = 39, I: n = 39, M: n = 21, E: n = 47, H: n = 24, O: n = 44, S:

n = 44, D: n = 26, J: n = 28, K: n = 39, N: n = 32.
4Number of birds per strain at target weight 2: B: n = 36, C: n = 28, F: n = 42, G: n = 41, I: n = 31, M: n = 18, E: n = 40, H: n = 48, O: n = 44, S:

n = 39, D: n = 45, J: n = 37, K: n = 44, N: n = 36.
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selection influences not only growth rate but also carcass
parts and processing yields. This is in agreement with
Fanatico et al. (2008) and Singh et al. (2021), in which a
fast-growing strain of broiler chicken had greater breast
yield, yet lower wing and leg yields compared to a
slower-growing strain. Selection for greater breast yield
in fast-growing strains of broiler chickens is mainly due
to the preference for and greater cost of this portion of
the carcass in Western countries (Barbut, 2019).

We expected to find differences among strains with
different growth rates in breast and carcass yields.
Havenstein and colleagues (2003b) found greater breast
and carcass yields in a modern (from 2001) strain of
broiler chickens compared to an unselected (from 1957)
strain. Despite differences in growth rates and carcass
composition among categories in the present study,
CONV strains had similar carcass yield compared to
FAST and MOD, whereas SLOW had the lowest carcass
yield at both TWs. These results indicate that selection
for carcass yield has been successful in slower-growing
strains with ADG >50 g/d, despite their reduced effi-
ciency and increased time to reach the market weight
compared to CONV birds (Torrey et al., 2021). Greater
carcass yields for conventional and some slower-growing
strains can be attributed to a shift from consumption of
the whole carcass to cut-up portions, with selection for
maximum yield for main carcass parts and edible compo-
nents (e.g., leg and breast) and minimal offal yield (e.g.,
head, neck, viscera, and giblets) (Brake et al., 1993;
Petracci et al., 2015).
Effect of Strain. While strains were categorized based

on their ADG to aid analyses, we found differences
among strains within each category in carcass traits
and composition. Some of these differences persisted as
the birds aged, however others were age-dependent and
were not consistent as the birds grew. Changes in car-
cass yield and composition with age have been reported
in both conventional and slower-growing strains
(Brake et al., 1993; Havenstein et al., 1994;
Young et al., 2001). The differences found within cate-
gories suggest that despite similar growth and effi-
ciency, strains from the same category may have
undergone distinct selection criteria that resulted in dif-
ferences for carcass traits and yield. Differences in yield
from broiler chickens selected for similar growth perfor-
mance have been observed in other studies.
L�opez et al. (2011) reported similar LW at d 42, yet dif-
ferences in breast and carcass yield in 2 strains selected
for distinct emphasis on yield maximization.
Mehaffey et al. (2006) also found differences in breast
yield among 5 commercial genotypes of broiler chickens
despite their similar LW at 7 wk.



Figure 5. Effects of category on average of wooden breast1,2 and white striping 3,4 scores at Target Weights 1 and 2 (LS-means § SEM). At Tar-
get Weight 1, CONV and other categories were 34 and 48 d of age, respectively. At Target Weight 2, CONV and other categories were 48 and 62 d,
respectively.

a-dDifferent superscripts represent differences among categories (P < 0.05).
1Number of birds per category at target weight 1: CONV: n = 104; FAST: n = 156; MOD: n = 175; SLOW: n = 173.
2Number of birds per category at target weight 2 CONV: n = 80; FAST: n = 176; MOD: n = 196; SLOW: n = 198.
3Number of birds per category at target weight 1: CONV: n = 91; FAST: n = 124; MOD: n = 159; SLOW: n = 125.
4Number of birds per category at target weight 2: CONV: n = 64 FAST: n = 132; MOD: n = 171; SLOW: n = 162.
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Effect of Sex. As expected, sex affected weights of all
carcass components evaluated, with males being heavier
than females irrespective of target weight. The effect of
sex on BW and processing traits has been well-docu-
mented and is mainly attributed to differences in growth
performance between male and female broiler chickens
(Shim et al., 2012). Similarly, sex affected the yield of
carcass components, with females having lower yields
for carcass, drumsticks, and thighs, yet greater yields for
breasts than males. However, breast yield was not
affected by sex for CONV and MOD categories. The
greater breast yield of females compared to males has
been reported in previous studies in both fast and
slower-growing strains (Havenstein et al., 2003b;
L�opez et al., 2011). In contrast, Hussein et al. (2019)
reported similar breast yields in females and males for a
fast-growing strain of broiler chicken, which corrobo-
rates our findings, suggesting uniformity and selection
for maximization of breast yield in both sexes. In gen-
eral, the effects of sex on carcass yield and composition
in the present study are in agreement with results in
past studies evaluating different strains of broiler chick-
ens (Brake et al., 1993; Young et al., 2001; L�opez et al.,
2011; Shim et al., 2012).
Incidence and Severity of Myopathies

Effect of Category. Similar to carcass traits, myopa-
thies were influenced by category, with CONV birds
having greater incidence, average scores, and severity
for WB and WS than the remaining categories, espe-
cially at TW 2. These results are in agreement with
those reported by Dixon (2020), who found a greater
incidence of WB and WS in fast-growing strains com-
pared to slower-growing birds. Even though the presence
of these myopathies has not been thoroughly investi-
gated in slower-growing birds, the association between
accelerated growth rate and greater incidence of muscle
abnormalities has been demonstrated in fast-growing



Figure 6. Effects of strains (within category) on average wooden breast1,2 and white striping 3,4 scores at Target Weights 1 and 2 (LS-means §
SEM). At Target Weight 1, CONV and other categories were 34 and 48 d of age, respectively. At Target Weight 2, CONV and other categories
were 48 and 62 d, respectively.

a-b Different superscripts within the same category represent differences among strains (P < 0.05).
1Number of birds per strain at target weight 1: B: n = 52, C: n = 52, F: n = 30, G: n = 47, I: n = 47, M: n = 32, E: n = 48, H: n = 32, O: n = 47, S:

n = 48, D: n = 32, J: n = 47, K: n = 47, N: n = 47.
2Number of birds per strain at target weight 2: B: n = 48, C: n = 32, F: n = 52, G: n = 48, I: n = 47, M: n = 29, E: n = 48, H: n = 52, O: n = 48, S:

n = 48, D: n = 55, J: n = 48, K: n = 47, N: n = 48.
3Number of birds per strain at target weight 1: B: n = 45, C: n = 46, F: n = 25, G: n = 39, I: n = 39, M: n = 21, E: n = 47, H: n = 24, O: n = 44, S:

n = 44, D: n = 26, J: n = 28, K: n = 39, N: n = 32.
4Number of birds per strain at target weight 2: B: n = 36, C: n = 28, F: n = 42, G: n = 41, I: n = 31, M: n = 18, E: n = 40, H: n = 48, O: n = 44, S:

n = 39, D: n = 45, J: n = 37, K: n = 44, N: n = 36.

Table 6. Spearman correlation coefficients (rs) between total incidence of myopathies and carcass parts and yield (as hatched broiler
chickens) with the respective P-values in each category.

Variable
Coef. of correlation

and P-value
Conventional Fast Mod Slow

% of WB1 % of WS2 % of WB1 % of WS2 % of WB1 % of WS2 % of WB1 % of WS2

Live weight rs 0.482 0.505 0.309 0.291 0.535 0.404 0.285 0.275
P 0.003 0.002 0.006 0.010 <0.001 <0.001 0.008 0.001

Carcass yield rs 0.546 0.369 0.605 0.719 0.417 0.478 0.233 0.279
P 0.001 0.028 <0.001 <0.001 <0.001 <0.001 0.030 0.009

Breast yield rs 0.450 0.431 0.589 0.596 0.462 0.236 0.338 0.265
P 0.007 0.009 <0.001 <0.001 <0.001 0.012 0.001 0.013

Thigh yield rs -0.055 -0.068 -0.303 -0.188 -0.094 0.012 -0.095 -0.077
P 0.752 0.697 0.007 0.101 0.368 0.921 0.382 0.476

Drumstick yield rs -0.042 -0.385 -0.282 -0.338 -0.025 0.055 -0.164 -0.106
P 0.809 0.002 0.012 0.003 0.850 0.606 0.128 0.330

Wing yield rs -0.265 -0.167 -0.511 -0.502 -0.377 -0.282 -0.223 -0.168
P 0.123 0.337 <0.001 <0.001 0.003 0.007 0.038 0.119

Results were calculated on a pen basis.
1Number of birds per category: CONV: n = 184; FAST: n = 332; MOD: n = 371; SLOW: n = 371.
2Number of birds per category: CONV: n = 155; FAST: n = 256; MOD: n = 330; SLOW: n = 287.
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strains of broiler chickens (Kuttappan et al., 2012a;
Lorenzi et al., 2014). These results suggest that muscle
from fast-growing birds may not be accompanied by ade-
quate supporting cells and tissues, leading to muscle
damage and myopathies (Wilson et al., 1990;
Kuttappan et al., 2013a). Although the underpinning
causes for development of WB and WS have yet to be
elucidated, previous studies suggest that the develop-
ment of breast muscle in modern strains of broiler chick-
ens may be associated with insufficient supply of blood



Figure 7. Wooden breast1,2 and white striping3,4 profile in different categories of broiler chickens at Target Weights 1 and 2. Only descriptive
statistics are provided for this variable. At Target Weight 1, CONV and other categories were 34 and 48 d of age, respectively. At Target Weight 2,
CONV and other categories were 48 and 62 d, respectively.

1Number of birds per category at target weight 1: CONV n = 104; FAST n = 156; MOD n = 175; SLOW n = 173.
2Number of birds per category at target weight 2: CONV n = 80; FAST n = 176; MOD n = 196; SLOW n = 198.
3Number of birds per category at target weight 1: CONV n = 91; FAST n = 124; MOD n = 159; SLOW n = 125.
4Number of birds per category at target weight 2: CONV n = 64; FAST n = 132; MOD n = 171; SLOW n = 162.
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and oxygen to the muscle (Sihvo et al., 2018;
Petracci et al., 2019). Since muscle fiber formation in
chicks is completed at hatch, posthatch muscle growth
is attributed to the enlargement of myofibers (Clark and
Velleman, 2017). Fast-growing strains of broiler chick-
ens have greater myofiber diameters in the Pectoralis
major compared to laying hens (MacRae et al., 2006).
Selection for increased breast size and yield has been
associated with increase in breast thickness in the cranial
region of the breast, which is speculated to have larger
myofibers than the caudal region (Clark and Velle-
man, 2017). This enlargement of muscle fibers posthatch
has been linked to poor circulation due to the reduced
space available for capillaries and blood supply, leading
to tissue hypoxia and reduced transportation of
nutrients to the muscle (Sihvo et al., 2018;
Petracci et al., 2019). These effects increase the potential
for muscle fiber damage and metabolic stress
(MacRae et al., 2006; Clark and Velleman, 2017;
Sihvo et al., 2018). In fact, breast muscle tissues from
WB affected birds, which also commonly exhibit WS,
often have increased levels of biomarkers associated with
oxidative stress and muscle degeneration (Abasht et al.,
2016). In our study, we found that CONV birds had the
greatest plasma concentrations of aspartate transami-
nase (AST), lactate dehydrogenase (LDH) and creatine
kinase (CK) compared to the other categories (unpub-
lished data). However, strain F (FAST) had the greatest
level of these enzymes among FAST birds, exhibiting
values as high as CONV birds, with AST, LDH, and CK
being 1.75 to 1.85, 2 to 2.5 and 3.9 to 5.8 fold greater
than the remaining FAST birds, respectively (unpub-
lished data). CONV strains and strain F also had the
greatest breast yield and incidence of myopathies among
all strains. While we have not yet analyzed the correla-
tions between these enzymes and carcass traits, these
findings are in line with Kuttappan et al. (2013b) who
found differences in serum biochemical profile between
normal and severe WS affected chickens, with the latter
exhibiting greater levels of AST, LDH, and CK. In
agreement with these findings, a study conducted as
part of our large project compared the plasma attributes
of one conventional (B) and 4 slower-growing strains (D,
E, H, and M) at 48 d. The authors reported greater
plasma concentrations of AST, LDH, and CK in strain
B compared to the remaining slower-growing strains
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tested (Mohammadigheisar et al., 2020). Elevated con-
centrations could be due to muscle damage, causing dis-
ruption of the sarcolemma and leakage of such enzymes
into the plasma or serum (Kuttappan et al., 2013b).
Besides the impacts of WB and WS on meat quality,
consumer acceptance, and biochemical profile, recent
studies have suggested these myopathies may also com-
promise the behavior, health, and welfare of broiler
chickens. In fact, a study conducted to investigate the
etiology of WB disorder found that some birds showing
this abnormality were unable to right themselves when
accidentally falling on their back (dorsal recumbency)
(Papah et al., 2017). In addition, birds affected by WB
appeared reluctant to general movement. The authors
emphasized that WB affected birds exhibited tissue
pathology that has been associated with painful condi-
tions in humans. Even though pain assessment was not
conducted in that study, the researchers suggested that
WB disorder may have welfare implications in broiler
chickens (Papah et al., 2017). In another study,
Gall et al. (2019) reported that WB was not only associ-
ated with dorsal recumbency, but also with pulmonary
disease and mortality. In fact, 71% of the late mortality
(last 16 d of a rearing period of 56 d) were heavy males,
with evaluation of gross lesions revealing that 68% of
the dead birds (culls and found dead) exhibited WB and
concurrent pulmonary disease. The authors concluded
that besides the well-known adverse effects of WB on
meat quality, this disorder also brings welfare concerns
due to the inability of some of the affected birds to stand
after falling onto their backs, which can lead to respira-
tory distress and even death if the birds are not righted
quickly. Similarly, Norring et al. (2018) reported behav-
ioral differences, with less movements while lying down
and poorer gait scores at different ages in WB-affected
birds as compared to non-affected counterparts, indicat-
ing impaired walking ability for the former group. The
authors concluded that the occurrence of lameness
observed in broiler chickens may be partially associated
with the incidence of WB. However, the heavier BW
and greater breast yield for WB-affected birds may have
contributed to both the occurrence of the WB myopathy
and poorer gait score (Norring et al., 2018). Even though
the walking ability was not investigated by De Almeida
Mallmann et al. (2019), they observed a reduced femur
diameter and calcium, and phosphorus percentages, yet
greater breast weight and fillet thickness in WB-affected
birds compared to unaffected birds, suggesting a possible
relationship between WB disorder and bone mineraliza-
tion. In addition, elevated levels of metabolites that are
often associated with inflammation, tissue injury, and
pain have been found in breast muscle tissue samples
from WB-affected birds (Abasht et al., 2016). A recent
study suggests similarities between type 2 diabetes and
WB, indicating a possible dysregulation of lipid and glu-
cose metabolism in WB cases (Lake and Abasht, 2020).
Wooden breast-affected birds have also shown signs of
gas disturbance in a study by Lake et al. (2020), who
reported higher partial pressure of CO2 and total CO2,
yet lower pH, partial pressure of O2, and O2 saturation
in blood samples of males exhibiting WB compared to
unaffected birds. The authors suggest that WB-affected
birds may have respiratory acidosis as indicated by the
low pH and high partial pressure of CO2. Respiratory
acidosis may be attributed to the increase in CO2 pro-
duction, insufficient respiratory gas exchange (cardio-
pulmonary insufficiency), or both, suggesting an
elevated metabolic rate that is not be properly sup-
ported by adequate systems. Other researchers reported
that birds with any degree of WB myopathy were inca-
pable of fully lifting their wings, which has been sug-
gested as a clinical symptom and potential method for
detection of WB in live birds (Kawasaki et al., 2016).
Although not yet investigated, the inability to fully lift
the wings, possibly because of reduced extensibility of
the degenerated muscle as suggested by
Kawasaki et al. (2016), could potentially prevent or
reduce behaviors the birds may be motivated to perform,
such as wing flapping. The inability of some WB affected
birds to right themselves from dorsal recumbency has
been speculated to be attributed to the damage of the
Pectoralis major muscle, preventing the effective use of
wing-assisted movements needed to turn the birds back
onto their legs (Gall et al., 2019). All together, these
findings suggest that the modern myopathies commonly
reported in fast-growing strains of broiler chickens may
have significant welfare implications and should be fur-
ther investigated.
At the heavier processing weight, the incidence of WS

(53 to 80%) found in the present study for CONV strains
was similar to those reported by Dixon (2020) for birds
at 42 d (63 to 78%) but lower than other recent studies
that reported almost all (>90%) breast fillets from fast-
growing strains exhibited some degree of WS
(Kuttappan et al., 2017; Chen et al., 2019). The percen-
tages of WB-affected breasts in CONV birds in the pres-
ent study at TW 1 (36 to 70%) and TW 2 (70 to 84%)
were greater than values found in some previous studies
(Trocino et al., 2015; Gratta et al., 2019; Dixon, 2020),
but similar to those reported elsewhere (Cruz et al.,
2017; Kuttappan et al., 2017; Bodle et al., 2018). The
discrepancy in the incidence of myopathies may be due
to subjective evaluation (palpation and visual) of myop-
athies. In addition, genetics along with non-genetic fac-
tors (e.g., diet, incubation, age, growth rate) also
influence carcass yield, composition, and incidence of
WB and WS in broiler chickens (Kuttappan et al.,
2012b, 2013a, 2017; Clark et al., 2017; Cruz et al., 2017).
The birds used in the present study were incubated and
reared under similar environmental conditions, with a
standardized stocking density and no outdoor access. A
controlled and similar environment allowed us to inves-
tigate differences among strains under standardized
housing and management. However, different strains
may have different responses to the conditions provided.
Therefore, the incubation and environmental conditions
in the present study may have affected the strains differ-
ently, with some strains performing better than others
as a result. In fact, ideal incubation conditions may vary
according to many factors, including the breeder
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genetics, and age, yolk size and egg composition, eggshell
properties, length, and temperature of storage (reviewed
in Oviedo-Rond�on et al., 2020). There is evidence that
modified or suboptimal incubation conditions may affect
the incidence of myopathies in poultry (Oviedo-
Rond�on et al., 2020). A recent study by
Nyuiadzi et al. (2020) demonstrated that chickens from
eggs exposed to a short, cold temperature (15°C for 30
min) during the last stages of incubation, had slightly
lower incidence of WS compared to the control-incu-
bated group when birds were reared in optimal (control)
temperatures. However, when exposed to early cold rear-
ing temperatures, the incidence of WS in those males
from the cold-incubated group was higher than males
from the control-rearing group, suggesting a possible
interaction between incubation and posthatch condi-
tions on the incidence of myopathies. In addition, all
birds were fed the same 3-phase diet that may not be
suitable to optimize the growth and productive perfor-
mance for conventional birds, but enabled the compari-
sons under standardized conditions The influence of diet
on the incidence of myopathies has been reported in ear-
lier studies (Cruz et al., 2017; Livingston et al., 2019;
Sachs et al., 2019). Although most of studies only tested
fast-growing strains, the standard diet used in our study
may have affected slow and fast-growing strains differ-
ently based on their specific nutrient requirements. Fur-
thermore, the diet formulated for slower-growth in our
study resulted in a reduction in BW in CONV birds, but
only at the end of the production cycle (42 d) as demon-
strated in a study previously conducted by our research
team (Santos et al., 2018). Due to the positive correla-
tion between BW and the incidence of myopathies
(Kuttappan et al., 2013b; Alnahhas et al., 2016;
Petracci et al., 2019), an effect of diet would be expected
as a result of the reduced BW in CONV birds. However,
CONV birds reached the expected BW of 3.2 kg at TW
2, suggesting that the impacts of diet on BW might have
occurred in earlier stages of growth. Interestingly,
Torrey et al. (2021) reported some differences in ADG
to TW 1 in some strains compared to the breeder’s
expected growth rate, suggesting that strains may have
responded differently to the diets and rearing conditions,
which may have influenced the results observed in the
present study. Therefore, considering the heterogeneous
group of birds evaluated, the conditions the birds were
incubated, reared, and fed may have affected the inci-
dence and severity of myopathies observed among
strains. However, considering the number of strains
investigated in this study, optimizing diet, incubation,
and rearing conditions for each strain was not feasible in
our research facility.

Despite the contribution of growth rate to the incidence
of muscle disorders, an increase in breast yield was also
associated with greater incidences of myopathies. In con-
trast, as drumstick, thigh, and wing yield increased, the
presence of WB and WS decreased. Correlation analysis
supported these findings, with breast yield positively corre-
lated and the percentage yield of drumstick, thigh, and
wing negatively correlated with the myopathies in some
categories of strains. These findings are in agreement with
many studies that found increased growth rate and greater
breast meat yield were critical crucial factors in the devel-
opment of muscle disorders in modern strains of broiler
chickens (Kuttappan et al., 2012a, 2013a, 2017;
Petracci et al., 2013; Lorenzi et al., 2014; Mudalal et al.,
2015; Alnahhas et al., 2016). However, the possibility of
increasing breast muscle yield while reducing the genetic
propensity to develop myopathies, has been reported in
fast-growing birds as a result of a balanced breeding pro-
gram (Bailey et al., 2015, 2020).
Lake et al. (2020) recently reported greater Pectoralis

major in WB-affected birds, confirming the potential
association between high breast yield and the develop-
ment of myopathies, possibly due to a reduction in capil-
lary density and overstretching of myofibers
(Kuttappan et al., 2013c; Dalle Zotte et al., 2017). How-
ever, because WB lesions can be detected as early as 1
wk of age (Papah et al., 2017), it was suggested that the
hypothesis that WB is caused by overstretching of myo-
fibers may not accurately and fully explain the onset of
the disorder (Lake et al., 2020). Despite the potential
contribution of breast yield on the incidence of WB and
WS, other alternative explanations for this relationship
should not be discarded. As an example, recent studies
suggest that breast muscle hypertrophy may be a symp-
tom rather than the cause of myopathies, similar to the
hypertrophy of organs (e.g., kidneys, heart, liver)
observed in some diabetic complications in mammals
(Lake et al., 2019; Lake and Abasht, 2020).
Besides the presence of WB and WS, the incidence of

spaghetti meat, characterized by the loss of integrity
and separation of muscle fiber bundles, has also been
observed in broiler chickens, affecting up to 20% of the
birds at processing age (Petracci et al., 2021). Although
not investigated in this present study, the incidence of
this disorder should be determined in future studies
comparing slow and fast-growing strains of broiler
chickens due to the negative effects of this myopathy
on meat quality. Furthermore, due to the effects of WB
and WS on meat quality, nutritional profile, histologi-
cal traits, and gene expression (Mudalal et al., 2015;
Velleman and Clark, 2015; Dalle Zotte et al., 2017),
other studies should investigate these variables in
strains selected for distinct growth rates to provide a
better understanding of the changes associated with
muscle disorders.
Effect of Strain. We found differences among strains

within the same category, despite their similar produc-
tion performance and LW at both processing ages.
Strain C, within the CONV category and strain F,
within the FAST category had a greater incidence and
greater average scores for muscle disorders than other
strains within their categories. The incidence and sever-
ity of myopathies in strain F were similar to those found
in strain C and even greater than the values for strain B,
despite the slower growth rate for strain F compared to
the CONV birds. These 2 strains also had the greatest
breast yield among all the strains tested, suggesting that
despite the irrefutable role of ADG on the incidence of
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muscle disorders, breast yield may also be a major con-
tributor to the high incidence of WB and WS.

Other groups have investigated the incidence of
myopathies in strains selected for similar growth rates
but different breast yield. Even though this associa-
tion was not consistently found (Trocino et al.,
2015), selection for greater breast yield has been
linked with greater incidence of myopathies even
when growth rates are similar (Petracci et al., 2013;
Lorenzi et al., 2014). In fact, a study conducted to
determine the genetic parameters of WS found that
this myopathy is more genetically correlated to the
development of the breast muscle than to the increase
in BW (Alnahhas et al., 2016). The association
between high breast yield and the incidence of muscle
disorders has been speculated to be the result of a
mismatch between increased fiber size and inadequate
capillary development, which can lead to insufficient
oxygen and nutrients supplied to muscle cells and
impaired removal of lactic acid from the muscle,
resulting in muscle damage (Kuttappan et al., 2013a;
Petracci et al., 2015; Chen et al., 2019). In fact, Hov-
ing-Bolink et al. (2000) found that lower capillary
density was associated with higher breast muscle
yield but not with BW, suggesting that selection for
increased percentage of breast muscle may lead to
diminished oxygen supply to the breast muscle tissue
and possibly detrimental effects on meat quality.

Effects of Sex, Target Weight, and Body Weight. Sex
and target weight also influenced the incidence of mus-
cle disorders; males and birds processed at TW 2 had
the greatest values for WB and WS. Overall, females
had higher breast yield than males, yet lower incidence
of WB and WS compared to males. Both growth rate
and breast yield have shown to influence the occurrence
of myopathies in broiler chickens (Kuttappan et al.,
2012a, 2017; Alnahhas et al., 2016). Therefore, the
lower occurrence of breast fillets affected by myopathies
in females might be a result of their lower BW, lower
average daily gain, and lighter breast fillets compared
to males. Other studies have suggested WB and WS
are mainly affected by non-genetic factors
(Bailey et al., 2015, 2020; Kuttappan et al., 2017).
Interestingly, the effects of target weight and sex disap-
peared with the inclusion of BW in the statistical
model, whereas the differences among categories and
strains remained. Since males were heavier than females
and birds processed at TW 2 were heavier than those
processed at TW 1, the effects of sex and target weight
on myopathies incidence are most likely due to the dif-
ferences in BW. Similar findings were reported by
Kuttappan et al. (2013a), who suggested that the
greater percentage of breast fillets affected by WS in
males may be the result of their heavier carcass weights
and thicker breast fillets compared to females processed
at a similar age. Alternatively, differences in gene
expression between sexes may have contributed to the
higher susceptibility of males to myopathies, as sug-
gested by Brothers et al. (2019), who found almost 200
genes upregulated in males that may influence
metabolic processes involved in the occurrence of WB
disease. Despite the initial plan to process the birds at
the same BW to allow comparisons between strains by
weight, this was not possible due to the large strain dif-
ferences in growth rate, availability of the processing
plant, and logistics for the project. Since differences in
BW may affect the percentage and severity of breast fil-
lets affected by myopathies, this factor should be con-
trolled for in future studies. However, because the
effects of categories and strains remained even when
the differences in BW were taken into account, genetics
appears to play a crucial role for the incidence of mus-
cle disorders in broiler chickens.
In conclusion, our results indicate that processing

traits and the incidence and severity of WB and WS are
affected by strain, primarily dependent on growth rates.
CONV birds had lower thigh, drumstick, and wing
yields, yet greater breast yield and percentage of breast
fillets exhibiting muscle disorders compared to the other
categories of strains. The greater incidence for WB and
WS in strains selected for similar growth rates but
greater breast yield suggests that increased breast meat
development and yield may be the underpinning factor
associated with muscle abnormalities in both fast and
slower-growing strains. Further field studies should be
conducted to investigate if the results obtained in our
study under experimental conditions can be extrapo-
lated to commercial poultry houses.
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