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ABSTRACT Spaghetti meat (SM), woody breast
(WB), and white striping (WS) are myopathies
affecting breast muscle of broiler chickens, and are
characterized by a loss of myofibers and an increase
in fibrous tissue. The conditions develop in intensive
broiler chicken production systems, and cause poor
meat process-ability and negative customer percep-
tion leading to monetary losses. The objectives of the
present study were to describe the physical and histo-
logical characteristics of breast myopathies from com-
mercial broiler chicken flocks in Ontario, Canada,
and to assess the associations between the severity of
myopathies with the physical and histological charac-
teristics of the affected breast muscle fillets. Chicken
breast fillets (n = 179) were collected over 3 visits
from a processing plant and scored macroscopically
to assess the severity of myopathies, following an
established scoring scheme. For each fillet, the surface
area, length, width, thickness, weight, and hardness
(compression force) were measured. A subset of 60
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fillets was evaluated microscopically. Multinomial
logistic regression models were built to evaluate asso-
ciations between physical parameters and macro-
scopic scores. The odds of SM co-occurring with
severe WB (SM1WB2) were significantly associated
with increased fillet thickness (OR = 1.59, 95% CI
1.31−1.94) and weight (OR = 1.06, 95% CI 1.03
−1.09). Histologically, myopathies had overlapping
lesions consisting of polyphasic myodegeneration,
perivascular inflammatory cuffing and accumulation
of fibrous tissue and fat. The pairwise correlation
between macroscopic and microscopic scores was
moderate (rho 0.45, P < 0.001). This is the first study
to characterize breast myopathies in Canadian broiler
flocks. Results show that the morphologic and micro-
scopic changes of fillets from this cohort are similar
to data from other countries, and provide database
to benchmark these parameters in future studies. Our
standardized categorization can be applied to broiler
breast fillets in other regions of the world.
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INTRODUCTION

Over the past decades chicken meat consumption has
significantly increased worldwide due to its relatively low
cost, ease of meal preparation, nutritional and dietary
perception, as well as wide cultural acceptance
(Petracci and Cavani, 2012). To meet this growing
demand, broiler chickens are selectively bred for fast
growth and high yield. Compared to 50 yr ago, broiler
chickens today are marketed in about half the time will
have consumed approximately 50% less feed, and gained
twice as much bodyweight (Zuidhof et al., 2014). Since
the early 2010s, selection for fast growth has been associ-
ated with the emergence of myopathies in broiler chickens
that mainly affect the breast muscle fillets
(Kuttappan et al., 2012a). These conditions are referred
to as spaghetti meat (SM), woody breast (WB), and
white striping (WS), and are respectively characterized
by the loss and unraveling of myofibers, increased tough-
ness of the meat, and development of white striations par-
allel to the orientation of the myofibers (Kuttappan et al.,
2017; Sihvo et al., 2017; Baldi et al., 2019).
The underlying histological changes of these condi-

tions are nonspecific and often overlapping. They
include multifocal polyphasic myodegeneration and
necrosis, myofiber regeneration, interstitial fibrosis with

http://orcid.org/0000-0002-4062-5377
http://orcid.org/0000-0001-5831-0114
http://orcid.org/0000-0001-5831-0114
http://orcid.org/0000-0003-2751-3677
http://orcid.org/0000-0003-2751-3677
http://orcid.org/0000-0002-4578-6145
https://doi.org/10.1016/j.psj.2022.101747
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lsusta@uoguelph.ca


2 CHE ET AL.
the accumulation of fat, and perivascular cuffing with
mononuclear cells and heterophils. (Kuttappan et al.,
2013b; Papah et al., 2017; Sihvo et al., 2017; Baldi et al.,
2018; Chen et al., 2019). Multiple studies have shown
that breast fillets are often affected by more than one
myopathy, with WS often co-occurring with SM and
WB (Radaelli et al., 2017; Sihvo et al., 2017; Baldi et al.,
2018).

The affected fillets may be removed from the food
chain due to rejection by consumers because of negative
visual appearance and undesirable sensory properties of
the meat (Kuttappan et al., 2012b; Petracci et al., 2019;
de Carvalho et al., 2020). The resulting economic loss
can be substantial, and conservative estimates place it
at $1 billion annual loss in North America alone (Bar-
but, 2020).

Although automated systems based on spectrometry
have started to appear to selectively remove affected fil-
lets (Wold et al., 2017, 2019; Wold and Løvland, 2020)
at the processing plant, breast myopathies are still most
commonly identified by visual and tactile inspection by
trained personnel. For research purposes, published
macroscopic scoring systems divide SM, WB, and WS
into 3 and 4 tiers of severity (Kuttappan et al., 2013b;
Sihvo et al., 2017; Baldi et al., 2018; Malila et al., 2018).
Since these scoring systems suffer from subjective bias,
efforts have been made to correlate physical parameters
with the presence and severity of breast myopathies. For
instance, studies in the United States indicated that the
relative length, width, and thickness of affected fillets
were good indicators of predicting WB and WS
(Griffin et al., 2018). Ideally, such information can be
used to train automated image analysis algorithms that
may be applied in-line at processing plants.

Although the presence of WB and WS have been
reported in some slow and fast growing Canadian
broilers (Santos et al., 2021), no systematic studies have
addressed the morphological characteristics and severity
of breast myopathies (SM, WB, and WS) in commercial
Canadian broilers. Therefore, the objectives of the study
were to describe the physical and histological character-
istics of SM, WB, and WS from commercial broiler
chicken flocks in Ontario, Canada, and to assess associa-
tions between the severity of myopathies and physical
and histological characteristics of the affected breast
muscle fillets.
MATERIALS AND METHODS

Sample Collection and Macroscopic Scoring

A total of 179 skinless breast fillets from 3 broiler
chicken flocks (60 fillets £ 3 flocks, 1 fillet missing) were
collected at a large Ontario processing plant during 3
visits (April to May 2019). They were male Ross708 (37
d; average weight at slaughter, 2.2 kg); mixed-sex
Cobb500 (36 d, 2.4 kg); and mixed-sex Ross708 (40 d,
2.1 kg). Exsanguination to deboning time was 3 h. After
deboning, representative samples for each myopathy
were collected at the plant. Fillets were placed in plastic
bags and, within 5 h of collection (total 10−12 h from
exsanguination), transported on ice to the Ontario Vet-
erinary College to score myopathies and measure physi-
cal parameters.
Myopathies were scored by visual examination and

palpation of fillets by 2 trained members of the investi-
gative team to minimize scoring variations. In the rare
instances when fillets were scored differently, the 2 scor-
ers re-evaluated the fillets together to reach an agree-
ment. SM was rated as absent (SM0) or present (SM1)
based on presence of myofiber separation. WB and WS
were scored using previously established criteria, with
modifications to better capture the range of lesion sever-
ity (Kuttappan et al., 2016; Sihvo et al., 2017): WB was
scored as absent (WB0), moderate (WB1) or severe
(WB2) based on tissue hardness upon palpation; and
WS was scored as absent (WS0), mild (WS1), moder-
ate (WS2), or severe (WS3) based on the frequency and
thickness of white lines (Supplementary Table 1A).
Each fillet received a compound score indicative of each
myopathy (e.g., SM1WB1WS1), which stratified the
data into multiple categories (referred to as myopathy
score). However, since WS0, fillets without distinct
white lines, was present only in a small number of fillets
(n = 10), and WS1, in a large majority (n = 130), the
WS category was not included in the statistical analysis.
Thus, only WB and SM scores were used (e.g.,
SM0WB1) regardless of WS scores.
Physical Measurements

On arrival at the laboratory, samples were photo-
graphed and weighed using a digital scale (PM600, Met-
tler Toledo, Columbus, OH). Pictures were used to
measure cranial surface area (2-dimensional), length, and
width, using an image processing software (ImageJ,
National Institutes of Health, Bethesda, MD). Length
and width were measured at the longest and widest axis,
respectively, of the surface of each fillet. Thickness was
measured at the thickest point of the cranial part of the
fillet, using a digital caliper (58-6800-4, Mastercraft,
Brantford, ON, CA). Compression force was determined
at the cranial region of raw fillets, using a texture ana-
lyzer (TA-XT2, Texture Technologies Corp., Hamilton,
MA) set to compress by applying a force perpendicular to
the fillets using a 10-mm round probe attached to a 30-kg
load cell, set at a trigger force of 1 Newton and speed of
5 mm/s for both pre- and post-test. Each fillet was com-
pressed to 20% of its height at 3 compression points at
the cranial region approximately 10-h postmortem.
Histological Evaluation

Microscopic lesions were assessed on a subset of 60 fil-
lets collected on a single day of sampling. The 60 samples
were chosen according to the macroscopic presence of
myopathy. Tissue samples were collected by cutting one
core (1 £ 1 £ 1 cm) from the cranial, medial, and caudal
third portion of each fillet (Supplementary Figure 1A);
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to account for previous reports indicating that the cra-
nial area is most severely affected (Mudalal et al., 2015;
Baldi et al., 2018). Tissues were fixed in 10% formalin
for 24 to 48 h, embedded in paraffin (3 cores from one fil-
let per cassette), and processed for hematoxylin and
eosin (H&E) and Masson’s trichrome staining. The his-
tological scoring was conducted with a light microscope
(BX45, Olympus Canada, Richmond Hill, ON, CA),
and facilitated using disposable microscope slide-grids of
20 mm £ 20 mm with 1 mm spacing (Z688533, Sigma-
Aldrich, St. Louis, MO) that were placed over the sec-
tions during observation (Supplementary Figure 1B).
Considering that the tissue sections on the slide were
roughly rectangular, scoring was carried out in six, 4-
mm2 windows (each encompassing four, 1 mm2 squares)
corresponding to the upper left, upper right, middle
right, middle left, lower left, and lower right areas of the
tissue, as shown in Supplementary Figure 1C. For each
of the 24 squares of the grid, the microscopic scores con-
sidered myodegeneration (defined as loss of striation,
fragmentation of myofibers, and accumulation of inflam-
matory cells around myofibers), perivascular infiltrates
with inflammatory cells (PVI) and endomysial accumu-
lation of fat and fibrous tissue (lipidosis/fibrosis, LF) on
a scale of 0 to 3, which is a slight modification from a
previous report (Sihvo et al., 2017;
Supplementary Table 1B). For each of the 3 areas (i.e.,
cranial, medial, and caudal), a final histological score
was calculated by adding the individual scores for each
of the 24 squares. The score could range from 0 to 216
(24 areas £ 3 [maximal score] £ 3 criteria). All histologi-
cal assessments were performed by a veterinarian (S.C.)
in a blind manner, implemented by disguising slide iden-
tification and randomizing slide order. To test interob-
server agreement, a random subset of slides (33.3%,
n = 20) was independently scored by a pathologist who
also participated in the study (M.I.) (Pavlides et al.,
2017).
Statistical Analysis

Descriptive Statistics of Variables All physical meas-
urements (area, hardness, length, thickness, weight, and
width) and the histological score of the fillets were tested
for normal distribution using the Shapiro-Wilk normal-
ity test. Fillets with scores of 0 for SM and WB were des-
ignated as the normal controls (SM0WB0). Since data
were normally distributed, an ANOVA with parametric
post-hoc Dunnett’s test was used to compare the area,
length, thickness, weight, and width of fillets from each
myopathy score to the normal controls. The Kruskal-
Wallis test and Dunn’s multiple range test were used for
post-hoc multiple comparisons to assess the mean differ-
ences of hardness between fillets from each myopathy
score with the normal controls. Also, the Kruskal-Wallis
test and Dunn’s multiple range test were used for post-
hoc multiple comparisons to assess the mean differences
of histological scores among cranial, medial, and caudal
areas.
Exploratory Statistics Regression analyses using a
multinomial logistic regression model were employed to
identify associations between the occurrence of breast
myopathies (as defined by myopathy scores, outcome
variable) and physical parameters (independent predic-
tor variables).
To select variables to include in the final model, uni-

variable analyses using a relaxed P-value (P < 0.20)
were built to screen the effect of each independent vari-
able on the dependent variable using the SM0WB0
group as the referent category. Pair-wise correlation
coefficients, using the Spearman’s rank test, were exam-
ined among all significant independent variables to pre-
vent the inclusion of co-linear variables. When 2
variables were highly correlated (rho ≥ 0.70; P < 0.05),
the one with the smallest P-value was considered for
inclusion in the multivariable model.
All unconditionally significant variables identified on

univariable screening were offered to a multivariable
model, and a manual backward elimination process was
performed. Variables with P > 0.05, as calculated using
the likelihood ratio test, were removed for a better fit of
a model. For a suspected confounder, when the removal
of a variable changed the coefficients of the remaining
variables from the final model by more than 20%, the
variable was kept in the final model (Dohoo et al., 2014).
The final multivariable model included all significant
independent variables that affected the occurrence of
specific myopathy categories, using the normal controls
(SM0WB0) as a the referent category.
Also, a univariable multinomial logistic regression

model was employed to identify associations between
the occurrence of breast myopathies (myopathy scores
as outcome variables) and histological scores (indepen-
dent predictor variables). Histological scores from the
cranial area only were selected as a predictor variable,
since the medial area had aponeurosis, an internal sheet
of connective tissue, resulting in artifactually increased
fibrous tissue, and the histological scores from the caudal
area were not significantly different among myopathy
groups.
The results from the logistic regression analysis were

reported as odds ratios including 95% CI and the respec-
tive P-values. An odds ratio >1 indicates an increased
odds of an outcome (e.g., SM0WB2) compared to the
normal fillet (e.g., SM0WB0) as a result of an increase in
the continuous predictor variable by one unit, whereas
the odds ratio <1 denotes a decreased odd.
RESULTS

Physical Characteristics

The macroscopic appearance of representative cases of
SM, WB, and WS is shown in Figure 1. Fillets with SM
were soft and friable when palpated and showed separa-
tion of myofiber bundles affecting primarily the cranial
area of the breast muscle, starting from the superficial
layer. Fillets with WB had a tougher texture, were often
pale, and sometimes showed petechial hemorrhage and



Figure 1. Representative macroscopic appearance of myopathies in breast fillets. (A) Normal breast fillet, represents SM0WB0WS0; (B) spa-
ghetti meat with separation of myofibers in the cranial area, represents SM1WB0WS1; (C) woody breast with gelatinous exudate and petechial hem-
orrhage, represents SM0WB2WS1; (D) white striping consisting of white lines parallel to myofibers, represents SM0WB1WS2. Abbreviations: SM,
spaghetti meat; SM0, SM absent; SM1, SM present; WB, woody breast; WB0, WB absent; WB1, WB moderate; WB2, WB severe.
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edema on the surface. Areas of tougher texture could be
localized and/or diffuse. Occasionally, fillets with severe
WB were presented with multifocal areas of increased
thickness (bulging) on the cranial or caudal area.
Breasts affected by WS exhibited white lines parallel to
the myofibers, most frequently affecting the cranial area
of the fillet and rarely extending to the caudal area.
Overall, changes associated with each myopathy
appeared to be more severe in the cranial area compared
with the caudal portion of the fillets. No other changes,
such as discoloration or necrosis, were recorded in the
samples.

The co-occurrence of SM, WB, and WS is summarized
in Table 1. Of the 179 fillets, 18.4% (n = 33) did not
reveal a macroscopic myopathy (i.e., SM0WB0WS0).
The remaining 146 were assigned into 15 different cate-
gories, according to the myopathy score. Only 13.4%
(24) samples had a single myopathy, whereas 68.2%
(n = 122) were affected by more than one. A score of
WS3 was not identified among the samples.
Comparisons of Physical Parameters
Among Myopathy Groups

No statistically significant differences between the
myopathy groups and the normal controls were
observed in the surface area of fillets (Figure 2A). There
were significant differences in hardness between the
Table 1. Distribution of myopathy scores, as assessed by macroscopic
ada. Spaghetti meat (SM), woody breast (WB), white striping (WS) w

Myopathy scores

WS0 WS1

WB0 WB1 WB2 WB0 WB1

SM0 33 5 3 14 28
SM1 1 1 0 12 19

SM0, SM absent, SM1, SM present.
WB0, WB absent, WB1, WB moderate, WB2, WB severe.
WS0, WS absent, WS1, WS mild, WS2, WS moderate, WS3, WS severe.
fillets with myopathy and normal controls (Figure 2B).
Specifically, when the severity of WB increased, fillets
affected by WB required higher compression force:
SM0WB1 (P = 0.001), SM0WB2 (P < 0.001), and
SM1WB2 (P = 0.016). On the other hand, fillets with
only SM (SM1WB0) required significantly (P = 0.020)
less compression force compared to the normal controls.
Only fillets affected by both SM and severe WB
(SM1WB2) were significantly longer than the normal
controls (P = 0.005, Figure 2C). Fillets affected by WB
of any severity, or in any combination, were significantly
thicker than the normal controls (P ≤ 0.001), while
SM1WB0 fillets were not (P = 0.149, Figure 2D). Fillets
with myopathies were significantly heavier than fillets
without myopathies, regardless of the severity of score
(P < 0.001, Figure 2E). Only SM1WB0 fillets were sig-
nificantly wider than fillets without myopathies
(P = 0.012, Figure 2F).
Associations Between Myopathies and
Physical Parameters

A multinomial regression model was employed to test
unconditional associations between physical parameters
and the myopathy score (Figure 3), using the normal
controls (SM0WB0) as the referent category. There
were no significant associations between surface area
and myopathy categories (Figure 3A). The hardness
inspection, in 179 fillets from a processing plant in Ontario, Can-
ere evaluated.

WS2 WS3

WB2 WB0 WB1 WB2 WB0 WB1 WB2

37 1 1 2 0 0 0
20 0 1 1 0 0 0



Figure 2. Box plots of the mean values of fillet physical parameters (area, hardness, length, thickness, weight, and width) divided by themyopa-
thy scores. An ANOVA with parametric post-hoc Dunnett’s test was used to compare the area, length, thickness, weight, and width of fillets from
each myopathy score to the normal controls (SM0WB0). The Kruskall-Wallis test with Dunn’s post-hoc method for multiple comparisons was used
for hardness (n = 179; SM0WB0 = 48, SM0B1 = 34, SM0WB2 = 42, SM1WB0 = 13, SM1WB1 = 21, SM1WB2 = 21). Dots indicate outlying values
which are outside 1.5 times the interquartile range above the upper quartile and below the lower quartile. Red squares inside the box plots indicate
the mean values of area, hardness, length, thickness, weight, and width of the different groups. Abbreviations: SM, spaghetti meat; SM0, SM absent;
SM1, SM present; WB, woody breast; WB0, WB absent; WB1, WB moderate; WB2, WB severe.
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(Figure 3B) was positively associated with SM0WB1,
SM0WB2, and SM1WB2 fillets (P < 0.001), and nega-
tively associated with SM1WB0 (P = 0.002) fillets. The
length (Figure 3C) was positively associated with
SM0WB2 (P = 0.045) and SM1WB2 (P = 0.001) fillets.
The thickness (Figure 3D) of fillets was positively associ-
ated with the SM0WB1, SM0WB2, SM1WB1, and the
SM1WB2 categories (P < 0.001) and negatively associ-
ated with the SM1WB0 category (P = 0.048). The
weight (Figure 3E) of fillets was positively associated
with all categories of breast myopathies (P < 0.001) and
the width (Figure 3F) was positively associated with the
SM1WB0 category (P = 0.005).
The area variable was excluded during the uncondi-

tional regression analysis. Correlations among uncondi-
tionally significant variables were further evaluated
before the inclusion of variables in the final model. Hard-
ness and thickness were strongly correlated (rho 0.71,
P < 0.001), and other variables (length, weight, and
width) were weak or moderately correlated (rho < 0.45,
Table 2). Therefore, the hardness variable was excluded
from the final model to prevent multicollinearity. Later,



Figure 3. Unconditional association between physical parameters and myopathy scores. For each model, the myopathy score was the outcome
variable, and the normal controls (SM0WB0) were set as the referent category (dotted line). The total number of fillets: n = 179. (A) The area was
not significantly associated with breast myopathies. (B) Hardness was positively associated with SM0WB1, SM0WB2, and SM1WB2. (C) The
length was positively associated with SM1WB2. (D) Thickness was positively associated with SM0WB1, SM0WB2, SM1WB1, SM1WB2, whereas
negatively associated with SM1WB0. (E) Weight was positively associated with SM0WB1, SM0WB2, SM1WB0, SM1WB1, SM1WB2. (F) The
width was positively associated with SM1WB0. Abbreviations: SM, spaghetti meat; SM0, SM absent; SM1, SM present; WB, woody breast; WB0,
WB absent; WB1, WB moderate; WB2, WB severe.
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the length variable was excluded during the likelihood
ratio test.

In the final multivariable model, a total of 3 variables
(thickness, weight, width) were included, and associa-
tions between these variables and myopathy scores were
tested using the normal fillet (SM0WB0) as the referent
category (Table 3). The odds ratios obtained from the
analysis using weight as an independent variable were
relatively small (1.03−1.07, P < 0.007), whereas the
odds ratios obtained from the analysis using thickness as
an independent variable were relatively large (1.22
−1.59, P < 0.015) except for SM1WB0 category.
Histological Characteristics

A total of 60 fillets were evaluated histologically. Sam-
ples macroscopically classified without myopathy
(SM0WB0, n = 17) showed a typical polygonal shape of
myofibers on cross-section, with peripherally located



Table 2. Spearman’s rank correlation coefficients to test multi-
collinearity among predictor variables that were significantly cor-
related by univariable regression analyses. There was a strong
correlation between hardness and thickness (n = 179)

Parameters Hardness Length Thickness Weight Width

Hardness 1
Length 0.21* 1
Thickness 0.71* 0.22* 1
Weight 0.12 0.42* 0.37* 1
Width �0.29* 0.37* �0.19* 0.45* 1

*Statistically significant (P < 0.05) Spearman’s rank correlation
coefficients.
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nuclei in many areas (Figure 4A). However, myofibers in
some areas were surrounded by scant amounts of con-
nective tissue (endomysium) with few, scattered inflam-
matory cells and rare areas of fat accumulation
(Figure 4B). Samples that were macroscopically classi-
fied as SM0WB1 (n = 8), SM0WB2 (n = 11), SM1WB0
(n =13), SM1WB1 (n = 10), and SM1WB2 (n = 1),
regardless of the type of combined score, revealed similar
and overlapping histological lesions, without distinctive
features of one particular myopathy. Fillets exhibited
changes that directly affected the myofibers (myodegen-
eration and necrosis), or the interstitium (inflammation,
lipid infiltration, fibrosis) or both (Figure 4C). The
degeneration and necrosis of myofibers was character-
ized by hypereosinophilia, loss of cross striation, frag-
mentation of myofibers, and sarcoplasmic accumulation
of macrophages and fewer heterophils (Figure 4D). Rare
regenerating fibers showed nuclear rowing in hyperchro-
matic myotubules. Inflammation was characterized by
the interstitial accumulation of lymphocytes, macro-
phages and scattered heterophils and perivenular accu-
mulation of mononuclear leukocytes. Interstitial lesions
were characterized by the accumulation of loose connec-
tive tissue, in some areas associated with adipocytes,
that expanded the endomysium and occasionally
Table 3. Multivariable multinomial logistic regression models
showing associations between physical parameters and myopathy
scores, as assessed in a cohort of 179 breast fillets collected at a
processing plant in Ontario, Canada.

Outcomea Exposure Odds ratio (95% CI) P value

SM0WB1 Thickness 1.41 (1.20−1.65) <0.001
Weight 1.03 (1.01−1.05) 0.007
Width 0.37 (0.12−1.15) 0.085

SM0WB2 Thickness 1.35 (0.15−1.59) <0.001
Weight 1.06 (1.04−1.09) <0.001
Width 0.13 (0.04−0.43) 0.001

SM1WB0 Thickness 0.82 (0.67−1.00) 0.054
Weight 1.07 (1.03−1.10) <0.001
Width 0.29 (0.05−1.54) 0.145

SM1WB1 Thickness 1.22 (1.04−1.44) 0.015
Weight 1.05 (1.02−1.08) <0.001
Width 0.44 (0.13−1.53) 0.195

SM1WB2 Thickness 1.59 (1.31−1.94) <0.001
Weight 1.06 (1.03−1.09) <0.001
Width 0.31 (0.08−1.20) 0.090

For each model, SM0WB0 was the referent group.
aAbbreviations: SM, spaghetti meat; SM0, SM absent; SM1, SM pres-

ent; WB, woody breast; WB0, WB absent; WB1, WB moderate; WB2,
WB severe.
replaced myofibers (Figure 4E). Presence of collagen
from interstitial fibrosis was confirmed with Masson’s
trichrome stain (Figure 4F). Bacterial infection was not
observed in any of the examined fillets.
Histological changes were evaluated with a scoring

system that took into account myodegeneration, inflam-
mation, and interstitial changes (fibrosis and/or accu-
mulation of fat tissue) in 3 different areas of the fillet
(cranial, medial, and caudal). When applying the histo-
logical score, there was a high level of interobserver
agreement (= 0.75) between 2 independent observers (S.
C. and M.I.). Table 4 summarizes the histological scores
stratified by the grossly identified myopathies. The his-
tological scores were not normally distributed (Shapiro-
Wilk normality test, P < 0.006) and the ranges of histo-
logical scores of each area varied between 0 and 79. The
histological scores of each area never reached the maxi-
mum value (216) because there were lesions without
pathological changes. The histological scores were
higher in samples from the cranial and medial areas than
in those from the caudal area (P < 0.001), whereas there
were no statistically significant differences in scores of
the cranial and medial area (P = 0.069).
Pairwise correlation analysis of the myopathy scores

and histological scores using Spearman’s rho correlation
test showed a moderate correlation (rho 0.45; P <
0.001). Correlation between myodegeneration vs. lipido-
sis and fibrosis was strong (rho 0.79; P < 0.001), whereas
correlation between myodegeneration vs. perivascular
infiltration was moderate (rho 0.56; P < 0.001). Like-
wise, correlation between perivascular infiltration vs. lip-
idosis and fibrosis was moderate (rho 0.53; P < 0.001).
Table 5 shows the results of the univariable multino-

mial logistic regression model between histological
scores from the cranial area and myopathy scores. The
odds ratios obtained from the analyses using histological
scores from the cranial area as an independent variable
were the same for the outcome variables of SM0WB1,
SM0WB2, an SM1WB1 (OR = 1.11, P < 0.006),
whereas the odds ratio obtained from the analysis using
the outcome variable of SM1WB0 was 1.08 (P = 0.024).
DISCUSSION

The present study offers a standardized categorization
of physical and histologic features that are associated
with breast myopathies (SM, WB, WS) encountered in
a cohort of commercial broiler chickens from Ontario,
Canada.
The broiler breeds in our study were Ross and Cobb

which represent 2 breeds used around the world. There-
fore, our standardized categorization should apply in
other regions in the world. In the study, we character-
ized the myopathies through a macroscopic scoring
scheme to classify the fillets into a myopathy score,
which was used to further correlate to physical parame-
ters (area, hardness, length, thickness, weight, and
width) and severity of histological changes. Quantitia-
tive relationships between the occurrence of macroscopic



Figure 4. Pectoralis major tissue: (A) polygonal shape (black arrow) of myofibers from non-affected area, score SM0WB0; (B) scattered inflam-
matory cells (white arrow) and accumulation of fibro-fatty tissue in non-affected area (black arrow), score SM0WB0; (C) degenerating and necrotic
myofiber (white arrow) and fragmentation of myofiber (black arrow), score SM1WB1; (D) changes in interstitium with inflammatory cells (white
arrow), lipid infiltration (black arrow), and fibrosis (black arrowhead), score SM1WB2; (E) interstitial fibrosis (white arrow), score SM1WB2;
(A−D) H&E stain, (E) Masson’s trichrome stain. Abbreviations: SM, spaghetti meat; SM0, SM absent; SM1, SM present; WB, woody breast; WB0,
WB absent; WB1, WB moderate; WB2, WB severe.

Table 4. Histological scores of the cranial, medial, and caudal
area, segregated bymyopathy score, from 60 breast fillets sampled
at a broiler processing plant in Ontario, Canada.

Area N Min Mean Median Max SD

Cranial 60 0 25.3a 20 76 17.9
Medial 60 2 30.4a 29 79 17.4
Caudal 60 0 8.2b 4 50 9.8

a,bMean values followed by different superscript letters indicate signifi-
cant differences (P < 0.001, Kruskal Wallis test with Dunn’s multiple
comparisons).
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categories and the values of physical parameters and his-
tological scores were further evaluated by regression and
pairwise correlation analyses.
In agreement with literature from different countries,

the type and severity of myopathies had an effect on the
physical aspects of the affected fillets in our cohort,
although some results differed from those in previous
reports. In our study, breast fillets with WB were overall
harder (required higher compression force) than unaf-
fected fillets, most probably as a results of fibrosis



Table 5. A univariable multinomial logistic regression model
showing associations between histological scores from the cranial
area and myopathy scores, as assessed in a cohort of 60 breast
fillets collected at a processing plant in Ontario, Canada.

Outcomea Exposure Odds ratio (95% CI) P value

SM0WB1 Histological scores from the
cranial area

1.11 (1.03−1.19) 0.006

SM0WB2 // 1.11 (1.04 −1.19) 0.002
SM1WB0 // 1.08 (1.01−1.15) 0.024
SM1WB1 // 1.11 (1.04−1.19) 0.003

SM0WB0 was the referent category.
aAbbreviations: SM, spaghetti meat; SM0, SM absent; SM1, SM pres-

ent; WB, woody breast; WB0, WB absent; WB1, WB moderate; WB2,
WB severe.
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causing the accumulation of cross-linked collagen fibrils
in the tissue (Velleman et al., 2017). Conversely, SM-
affected fillets required much less force to compress, and
therefore, are more comparable to unaffected fillets.
This is consistent with evidence showing that the typical
appearance of SM-affected fillets (i.e., an unraveling of
myofibers) may be caused by a reduction in the integrity
of the connective tissue (Petracci et al., 2019). Although
WB-affected fillets were thicker than unaffected fillets,
this difference was not observed between SM-affected
and unaffected fillets. This is in disagreement with an
Italian study reporting that SM fillets were thicker than
the normal controls (Baldi et al., 2018). This difference
is likely the result of variations in age, sex, strain, and
body weight of the broilers in the 2 experimental
cohorts. In our study, breast fillets became heavier with
increasing severity of either SM or WB, a finding that is
supported by numerous previous reports
(Kuttappan et al., 2013a; Tijare et al., 2016;
Papah et al., 2017; Sihvo et al., 2017). Increased weight
of breast fillets could be the consequence of the selecting
high breast-yield broiler chickens (Petracci et al., 2015).

In agreement with Mudalal et al. (2015), the length of
WB-affected fillets did not differ from the normal con-
trols; however, in our study fillets affected by both SM
and severe WB (SM1WB2) were longer compared to the
normal controls. These findings are different from
Baldi et al. (2018), where no difference between normal
and SM fillet were found, and could result from differen-
ces in demographics and husbandry practices between
the two populations under study. In agreement with
other studies (Mudalal et al., 2015; Baldi et al., 2018),
no differences were seen between the width of affected
and normal fillets in our cohort.

Given the fact that most fillets in our cohort were
affected by WS1, a morphological characterization for
this phenotype alone could not be clearly assessed. While
WS1 could have been divided into additional categories,
this was not considered relevant to the situation in the
field, where mild WS in many production systems is con-
sidered to be a new normal, without the need to further
differentiate between degrees of mild striation. Our WS
classification was adopted from a previous study
(Malila et al., 2018). While this is an objective and
accepted method of WS classification in research, it
should be noted that the need to carefully count and
measure striations makes it unsuitable for in-line diagno-
sis at the processing plant, due to the high line speed
(15,000/h).
Regression models were built to better understand the

associations between physical parameters and the occur-
rence of myopathies. WS was not included as a depen-
dent variable because only 2.4% of fillets showed WS2
and it resulted in substantial standard errors and P-val-
ues. Our multinomial logistic regression model showed
that an increase in the weight of breast fillets increases
the odds that these may be affected by either SM or WB
or both. Even though the odds ratios obtained from the
analyses which used the weight as an independent vari-
able were relatively small, they still show the positive
association with dependent variables of different groups
of myopathies: for example, for a 1-unit increase in
weight (g), we expect a 1.06 increase in the odds of
SM1WB2. This suggests that myopathies also come with
increased weight of affected fillets. This finding is similar
to those of previous studies (Alnahhas et al., 2016;
Aguirre et al., 2020) which reported the association
between WS and weight. The odds ratios obtained from
the analyses which used the thickness as an independent
variable was relatively larger than those from weight
except for the SM1WB0 group. Thickness and SM0WB1,
SM0WB2, SM1WB1, and SM1WB2 were positively asso-
ciated. This finding indicates that thicker fillets increased
the odds of WB or SM or both, which is similar to a US
study reporting an association between WB and the
thickness of affected fillets (Griffin et al., 2018).
In addition to the physical parameters, we assessed

the microscopic features of fillets affected by breast
myopathies. In our cohort, SM, WB, and WS showed
similar microscopic features (myodegeneration, inflam-
mation, interstitial accumulation of fat, and fibrous tis-
sue) and overlapping severity. Our model shows that the
odds of having breast myopathies increased when the
histological scores increased. While the severity of
microscopic changes was found to increase in fillets mac-
roscopically affected by myopathies, the histological
score did not segregate myopathies according to the
macroscopic features. This could indicate a common
pathogenesis, or it could be a reflection of the fact that
most myopathies occur together, yielding a mixed phe-
notype. Additionally, the histological scores and myopa-
thy scores were found to be moderately correlated,
despite this finding being highly statistically significant
(P < 0.001). This indicates that microscopic changes
may precede the development of a macroscopic pheno-
type. Overall, our results are in agreement with previous
studies (Radaelli et al., 2017; Sihvo et al., 2017), which
indicate a lack of distinctive microscopic features
between myopathies that are macroscopically well
defined. Lastly, it should be noted that mild microscopic
lesions were also observed in macroscopically normal
muscle, a finding consistent with previous observations
(Papah et al., 2017; Sihvo et al., 2017).
The potential limitation of our work is that we

employed targeted sampling to find fillets with represen-
tative features of breast myopathies. It might be
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somewhat difficult to generalize our findings to some
local flocks. In any case, we collected samples from a
large Ontario processing plant, and the samples can be
used to identify the characteristics of fillets with breast
myopathies.
CONCLUSIONS

This is the first systematic study to characterize
breast myopathies in Canadian broiler chickens. Our
results show that fillets in this cohort are affected by
myopathies similar to those described in other countries
with intensive poultry production, and that the myopa-
thies affect both the physical (macroscopic) and micro-
scopic features of fillets. The strongest associations were
observed between myopathies and heavier and thicker
breast fillets, however, microscopic lesions were similar
among all affected fillets in the cohort and could not be
used to discriminate between the types of myopathy.
Some of the most severe muscle changes described in
this study is likely to result in negative visual and senso-
rial appeal for consumers, and additional research is
needed to improve in-line detection of such myopathies.
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