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ABSTRACT White striping (WS) and woody breast
(WB) have been previously associated with older and
heavier birds. However, there is limited information
supporting the association between these 2 muscle con-
ditions and growth parameters. The objectives of this
study were 1) to investigate the relationship betweenWS
andWBusing different growth production factors and 2)
to propose a predictive model that uses growth produc-
tion factors to investigate the incidence and severity of
WS and WB. A combined database of 4,332 broilers
pooled from 7 research experiments conducted from 2016
to 2017 at Texas A&MUniversity was used in this study.
Parameters such as sex, age (4 wk, 6 wk, and 8 wk), strain
(standard A vs. high-breast-yield [B and C]), live weight
categories (500 g increments), and breast weight cate-
gories (250 g increments) were included in the model.
Results showed that WS was 12% more likely to be
present in non-WB fillets. The association between WS
and WB suggests a moderate relationship between the
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ranks of both outcome variables (r 5 0.57, P, 0.0001).
Variables such as age, live weight, and sex were not as
important as breast weight and strain in the severity
prediction of WS and WB. Butterfly fillets above 750 g
and with high-breast-yielding strains were more likely
associated with higher severity ofWS andWB scores. No
post hoc variable selection was performed. Both models
show good discrimination. The WS model produced an
uncorrected area under the curve (AUC) of 0.739, with a
bootstrap corrected estimate of 0.736. The WB model
produced an uncorrected AUC of 0.753 and a bootstrap
corrected estimate of 0.752. Therefore, the growth pro-
duction factors analyzed in this study indicated that
there is a moderate relationship between WS and WB
myopathies and were jointly predictive of the severity of
WS and WB. Potentially other factors not included in
this study may play a major role in the relationship of
these 2 myopathies. More research should be done to
investigate this possibility.
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INTRODUCTION

Chicken meat is a popular protein around the
world. A recent consumer survey showed that versa-
tility and properties related to healthy eating (i.e.,
low fat) were the main reasons consumers preferred
chicken to other protein sources (Neth and Parker,
2018). Since 2012, there has been an increased de-
mand for fresh and deli chicken products and the
trends indicate further growth in this area over the
next few years (National Chicken Council, 2018;
Neth and Parker, 2018).

To fulfill the growing demand and make the produc-
tion more efficient, selection criteria of broiler chickens
have been changing through genetic selection, improved
management practices, and nutrition (Zuidhof et al.,
2014; Bodle et al., 2018). However, several studies have
shown that genetic selection for high breast
development in broilers has led to muscle fiber
hypertrophy, which is causing structural, functional,
and metabolic changes (Dransfield and Sosnicki, 1999;
Velleman and Nestor, 2003; Kuttappan et al., 2012b,
2013; Petracci and Cavani, 2012).

White striping (WS) and woody breast (WB) are
recent meat quality issues found in fast-growing heavy
broilers (Sihvo et al., 2014). The exact etiology of these
conditions remains unknown. However, some
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associated quality issues include lower water-holding
capacity, higher cook loss percentage, lower marinade
pick-up percentage, and differences in mechanical
and sensory texture (higher values of crunchiness,
chewiness, and fibrousness) compared to normal fillets
(Mudalal et al., 2014; Soglia et al., 2017; Aguirre et al.,
2018). Recently, the Food Safety and Inspection
Services (2018) sent disposition instructions for WS
and WB poultry conditions. This notice explains that
the severe inflammatory tissues associated with WS
and WB must be trimmed during inspection. These
new dispositions plus the consumer’s unwillingness to
eat WS/WB meat is causing an economic impact for
the poultry industry (Kuttappan et al., 2012a). In
this regard, it is imperative to explore new alternatives
to identify the cause of the incidence and severity of
these conditions.

Predictive models are widely used in clinical studies
as an important decision-making tool across various dis-
ease procedures in medicine (Michaelson et al., 2011;
Aziz et al., 2016; McGirt et al., 2017). For example,
McGirt et al. (2017) created predictive models for the
efficient selection of patients, based on patient-specific
factors, who need spinal surgery. Predictive models,
trained on the appropriate data, can be a key
decision-making tool. The following study pooled data
sets from several nutritional studies performed at Texas
A&M University to investigate the relationship be-
tween WS and WB using different growth production
factors and to propose a predictive model that uses
growth production factors to investigate the incidence
and severity of WB and WS.
Table 1. Frequency analysis and the probabi
degrees of severity with respect to the grow
prediction model.

Variable 0 1

Sex (%)
Female 237 (50) 186 (40
Male 545 (14) 1,725 (45

Age (%)
4 wk 342 (61) 218 (39
6 wk 410 (12) 1,637 (46
8 wk 30 (14) 56 (26

Strain (%)
Standard breast yield A 559 (29) 860 (44
High breast yield B 31 (16) 104 (55
High breast yield C 192 (9) 947 (43

Live weight (%)
,2,000 g 274 (70) 116 (30
.2,000– , 2,500 g 99 (37) 153 (57
.2,500–,3,000 g 122 (23) 272 (50
.3,000–,3,500 g 200 (13) 732 (47
.3,500–,4,000 g 80 (6) 589 (43
.4,000 g 6 (3) 49 (25

Breast weight (%)
,500 g 287 (67) 132 (31
.500– , 750 g 394 (21) 1,036 (55
.750– , 1,000 g 96 (5) 722 (39
.1,000 g 3 (2) 19 (13

1n (% is based on the total number within each r
MATERIALS AND METHODS

Database

All the projects included in the database used in the
present study were approved by the Texas A&M’s Insti-
tutional Animal Care and Use Committee. A combined
database of 4,332 broilers from 7 different research ex-
periments conducted during 2016 to 2017 at Texas
A&M University was used in this study. Broilers from
each study were conventionally processed under similar
conditions in a pilot scale processing facility at Texas
A&M University. Upon completion of the debone pro-
cess, breast fillets were weighed, palpated, and scored
for WS and WB. Breast fillets were scored for WS using
normal (0) without any white lines, mild (1), moderate
(1.5), and severe (�2.5) as described by Kuttappan
et al. (2012a). The total number of observations for
each category was as follows: 0 (782), 0.5 (186), 1
(1,725), 1.5 (973), 2 (561), 2.5 (93), 3 (4). Breast fillets
presenting WB were categorized according to Tijare
et al. (2016) as normal (0) without any hardness, mild
(1) hardness present mainly on the cranial region, mod-
erate (2) hardness throughout the fillet with some flexi-
bility in the mid-caudal region, and severe (3) hardness
in the cranial/caudal region with no flexibility. The total
number of observations in each category was as follows:
0 (973), 0.5 (125), 1 (1,591), 1.5 (2), 2 (1,193), 3 (440). In
addition, breast fillets were scored in 0.5 increments,
when necessary, and because of small cell counts, some
of the cells were combined. One person was in charge
of the WS and WB categorization for all the nutritional
studies.
lity of occurrence of white striping (WS)
th production variables included in the

WS frequency1

Total1.5 2 2.5

) 30 (6) 14 (3) 3 (1) 470
) 943 (24) 547 (14) 90 (2) 3,853

) 0 0 0 560
) 929 (26) 472 (13) 93 (3) 3,541
) 44 (20) 89 (41) 0 219

) 311 (16) 163 (8) 44 (3) 1,937
) 33 (17) 18 (9) 4 (2) 190
) 629 (29) 380 (17) 49 (2) 2,197

) 2 (1) 0 0 392
) 15 (6) 2 (1) 0 269
) 94 (17) 46 (9) 5 (1) 539
) 386 (25) 205 (13) 43 (3) 1,566
) 424 (31) 226 (17) 44 (3) 1,363
) 52 (27) 82 (42) 5 (3) 194

) 6 (1) 2 (0) 0 427
) 322 (17) 99 (5) 17 (1) 1,868
) 602 (32) 386 (21) 68 (4) 1,874
) 33 (23) 74 (52) 12 (9) 141

ow).



Table 2. Frequency analysis and the probability of occurrence of woody breast
(WB) degrees of severity with respect to the growth production variables included
in the prediction model.

Variable

WB frequency1

Total0 1 2 3

Sex (%)
Female 258 (55) 158 (33) 44 (9) 10 (2) 470
Male 715 (19) 1,558 (41) 1,151 (30) 430 (11) 3,854

Age (%)
4 wk 338 (60) 197 (35) 22 (4) 3 (1) 560
6 wk 619 (17) 1,464 (41) 1,090 (31) 372 (11) 3,545
8 wk 16 (7) 55 (25) 83 (38) 65 (30) 219

Strain (%)
Standard breast yield A 734 (38) 771 (40) 327 (17) 103 (5) 1,937
High breast yield B 43 (23) 77 (41) 59 (31) 11 (6) 190
High breast yield C 196 (9) 868 (40) 809 (37) 324 (15) 2,197

Live weight (%)
,2,000 g 265 (68) 119 (30) 7 (2) 1 (0) 392
.2,000– ,2,500 g 124 (46) 117 (43) 26 (10) 3 (1) 270
.2,500–,3,000 g 149 (28) 191 (35) 146 (27) 53 (10) 539
.3,000–,3,500 g 282 (18) 681 (43) 449 (29) 154 (10) 1,566
.3,500–,4,000 g 148 (11) 559 (41) 488 (36) 168 (12) 1,363
.4,000 g 5 (3) 49 (25) 79 (41) 61 (31) 194

Breast weight (%)
,500 g 302 (71) 118 (28) 8 (2) 0 428
.500– , 750 g 555 (30) 861 (46) 371 (20) 91 (5) 1,878
.750– , 1,000 g 115 (6) 727 (39) 755 (40) 277 (15) 1,874
.1,000 g 0 9 (6) 60 (43) 72 (51) 141

1n (% is based on the total number within each row).

Figure 1. Frequency of breast fillets with different white striping scores and percentage of woody breast scores within each white striping score
category.
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Figure 2. Frequency of breast fillets with different woody breast scores and percentage of white striping scores within each woody breast score
category.
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The distribution of the birds is presented in Tables 1
and 2. Factors analyzed for the predictive model
included sex, age, strain, live weight categories, and
breast weight categories. The full data set consisted of
4,332 observations. A complete case analysis was per-
formed and observations with missing outcome or covar-
iate values were excluded from each analysis. Ultimately,
4,320 observations were used for the WS analysis and
4,321 observations for the WB analysis. Thus, only min-
imal information was lost because of the exclusion of ob-
servations with missing data.
Statistical Analysis

Frequency Analysis and Correlation Coefficient
Values Frequency analysis was used to investigate
how overall, and each variable was distributed within
Table 3. Spearman’s correlation coefficient between white striping
(WS) and woody breast (WB) muscle conditions.

Trait r P-value

WSWB 0.57 ,0.0001
each WS and WB severity score. The monotonic asso-
ciation between both myopathies scores was tested us-
ing Spearman’s rank correlation coefficient.
Correlation coefficients between 0.10 to 0.39 were
considered as weak, values between 0.40 to 0.69 were
moderate, and values between 0.70 to 0.89 were strong
(Schober et al., 2018).
Predictive Models Because outcomes were not equally
spaced ordinal ranks (i.e., WB 5 2 is not necessarily 2
times as bad as WB 5 1, WB 5 3 is not necessarily 3
times as bad as WB5 1, etc.), proportional odds ordinal
logistic regression models would provide an appropriate
and parsimonious modeling method to investigate the
relationship between predictors and outcomes. P-values
were derived using Wald statistics. No variable selection
was performed. Variable importance was measured by
how each variable contributed to the overall chi-
square. The effect of predictors on the probability of
broilers having high myopathy severity scores was re-
ported as an odds ratio (OR), 95% CI, and P-values.
Variables with odds ratio.1 increase the odds of having
a high myopathy severity, odds ratio5 1 does not affect
the odds of the outcome, and variables with odds ratio
,1 decrease the odds (are protective). Importantly,



Figure 3. Variable importance plots on the incidence of white striping (WS) and woody breast (WB) measured byWald chi-square. *P5 P–value,
X2 5 chi-square.
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these measures give the increase in the odds ratio for a
1-unit increase in the predictor variable. The probabili-
ties of having a WS and WB . 1 for 2 hypothetical
broilers were calculated to provide an example use of the
models.
Model Validation Model calibration was investigated
using calibration plots and a discrimination measure
of model performance was computed by 500-sample
bootstrap resampling method to estimate the likely
performance of the model on a new sample of broilers.
Discrimination was expressed as a generalized area
under the curve (AUC), which measures how well the
model can identify the outcome levels apart. A value of
0.5 indicates no predictive discrimination and a value
of 1.0 indicates perfect discrimination (Harrell et al.,
1996).
The analysis was performed in R using the rms pack-

age (Harrell, 2018). P, 0.05 was considered statistically
significant.
Table 4. White striping and woody breast odds ra

Dependent variable

White strip

OR 95% CI

Sex 5 m 1.0 0.77 – 1.2
Age 5 6 wk 3.08 1.88 – 5.0
Age 5 8 wk 2.21 1.23 – 3.9
Strain B 1.34 1.17 – 1.5
Strain C 1.44 1.04 – 1.9
Live wt 5 , 2,000 g 0.85 0.53 – 1.3
Live wt 5 . 2,500 – , 3,000 g 0.98 0.63 – 1.5
Live wt 5 . 3,000 – ,3,500 g 1.25 0.79 – 1.9
Live wt 5 . 3,500 – ,4,000 g 1.34 0.84 – 2.1
Live wt 5 . 4,000 g 1.68 0.96 – 2.9
Breast wt 5 , 500 g 0.37 0.25 – 0.5
Breast wt 5 . 750 – , 1,000 g 3.59 3.09 – 4.1
Breast wt 5 . 1,000 g 13.90 9.31 – 20.7

1Variables not presented in the table were used as a
RESULTS AND DISCUSSION

Frequencies and Correlation Coefficients
Values

Frequency analysis of the occurrence of each WB
scores within each WS scores category is shown in
Figure 1. Results suggested that 62% of normal WS fil-
lets (WS 5 0) presented no WB. Among that breast fil-
lets containing severeWS scores, 0% were normal, 13.4%
mild, 40.2% moderate, and 46.4% had severe WB scores.
In addition, frequency analysis of the occurrence of each
WS scores within each WB scores category is presented
in Figure 2. Data suggested that 50.2% of normalWB fil-
lets (WB 5 0) exhibited no WS scores. As WB severity
scores increased, there was a decreasing trend of fillets
that did not present WS (WS 5 0), whereas there is a
slightly increasing trend of severe scores of WS with
the increased severity of WB scores. Similarly, it was
tio (OR) for variables1 included in the model.

ing Woody breast

P-value OR 95% CI P-value

9 0.99 1.04 0.80 – 1.35 0.75
3 ,0.0001 1.07 0.65 – 1.76 0.77
4 0.007 0.95 0.53 – 1.70 0.88
3 ,0.0001 2.47 2.15 – 2.83 ,0.0001
9 0.02 2.49 1.81 – 3.42 ,0.0001
5 0.5 1.33 0.83 – 2.13 0.22
3 0.93 1.64 1.05 – 2.56 0.02
6 0.32 1.38 0.87 – 2.16 0.16
3 0.2 1.29 0.81 – 2.05 0.26
2 0.06 1.34 0.76 – 2.32 0.3
6 ,0.0001 0.25 0.16 – 0.37 ,0.0001
6 ,0.0001 4.28 3.69 – 4.96 ,0.0001
6 ,0.0001 23.92 15.91 – 35.97 ,0.0001

reference.



Table 5.Hypothetical case scenarios comparing 2 different broilers
(1 and 2) to predict the probability of incidence of white striping
(WS) and woody breast (WB) . score 1, derived from the pre-
dictive model.

Variables Broiler 1 Broiler 2

Sex Male Male
Age 4 wk. 8 wk.
Strain Standard breast yield High breast yield
Live weight 2,200 4,000
Breast weight 750 1,000
Baseline WS/WB Score 1 Score 1
Average WS level 1.01 1.73
Average WB level 1.61 2.365
Probability of WS . 1 21.6% 84.2%
Probability of WB . 1 32.9% 89.6%
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estimated that 98.4% of severe WB fillets (WB5 3) pre-
sented some degree of WS, where 28.4% were normal to
mild, 67.5% moderate, and 10.2% severe. Data demon-
strated that WS was approximately more likely to be
present in non-WB fillets, than WB present in non-WS
breast fillets. These results are in agreement with
Bowker et al. (2019). In this regard, Griffin et al.
(2017) investigated the progressive changes and
abnormal clinical presentation during Pectoralis major
post-hatch growth and reported that WS was the first
myopathy to be present in breast fillets at day 16.

The association between WS and WB outcomes sug-
gests a positive moderate relationship (r 5 0.57, P
5 , 0.0001) between the ranks of both outcome vari-
ables (Table 3). In a recent study, Bowker et al. (2019)
investigated the association betweenWS/WB and found
similar results (rs 5 0.55, P, 0.0001) in 2,600 breast fil-
lets collected from a commercial processing plan. The re-
sults obtained also demonstrate that regardless of the
growing method (commercial or in a controlled research
environment), the association between both myopathies
is similar.
Predictive Models

To better understand the relationship between predic-
tors (variables) and outcomes (WS and WB), a propor-
tional odds ordinal logistic regression model was fit to
each outcome to determine the predictive ability of the
study predictor variables. Statistical models for WS
and WB are presented in Figure 3 (Table S1). Variables
sex (P 5 0.995) and live wt category (P 5 0.07) in the
WS model, and sex (P 5 0.753), age (P 5 0.707), and
live wt category (P 5 0.08) in the WB model, were not
significant. As the primary objective of the study was
to assess whether and to what degree each outcome
could be predicted by the predictor variables, there is
no need to simplify the model by performing variable se-
lection. The full model consists of only 5 variables and is
not greatly simplified by removing any of them. In addi-
tion, automatic variable selection via P-values, although
widely used in procedures such as stepwise regression,
can be dangerous and lead to incorrect inferences if not
done correctly (Whittingham et al., 2006; Heinze et al.,
2017). In addition, Figure 3 illustrates the importance
of each predictor included in the WS and WB model.
Each plot shows how important each variable was
measured by how much it contributes to the overall
Wald chi-square statistic. The x-axis is the amount of
the chi-square statistic the variable accounts for. The
higher the amount, the higher the importance of the pre-
dictor in the model. By this measure, breast wt was the
most important predictor in the severity of WS, and
breast wt together with strain in WB, whereas the least
important for both outcomes was sex.

Whether factors increase or decrease the odds of mov-
ing into a higher level of the outcomes and by how
much are shown in Table 4. Results obtained from
this study showed that breast fillets above 750 g were
4.28 times (95% CI, 3.69–4.96) in WB and 3.59 (95%
CI, 3.09–4.16) times in WS more likely to have higher
myopathy severity scores compared to lighter fillets
(P 5 , 0.0001), whereas fillets above 1,000 g were asso-
ciated with the highest odds of increased WB (OR,
23.92; 95% CI, 15.91–35.97) and WS (OR, 13.90; 95%
CI, 9.31–20.76) severity (P 5 , 0.0001). On the other
hand, fillets weighing less than 500 g were 0.25 (95% CI,
0.16–0.37) times in WB and 0.37 (0.25–0.56) times in
WS less likely to present high severity myopathy scores
(P 5 , 0.0001). The proportional odds ordinal logistic
regression model obtained in the present study demon-
strated that breast weight was the most important pre-
dictor in the severity of WS and WB. These support
previous research where moderate and severe degrees
of WS were found in heavier fillets (Kuttappan et al.,
2013). In addition, Griffin et al. (2017) documented
the macroscopic changes occurring with age/growth in
the breast muscle and found that breast muscle yield
was the primary predictor for the severity of WB. It
has been hypothesized that accelerated muscle growth
reduced the interstitial space between the epimysium
(connective tissue sheath) and the P. major muscle
leading to muscle damage (Sihvo et al., 2014; Soglia
et al., 2015).
Furthermore, in the WS model, 6 wk (OR, 3.08; 95%

CI, 1.88–5.03; P 5 ,0.0001) and 8 wk (OR, 2.21; 95%
CI, 1.23–3.94; P 5 0.007) of age were associated with
greater probability of higher severity of WS scores
compared to 4-wk-old broilers. As for strain, results
showed than strain B (OR, 1.34; 95% CI, 1.17–1.53;
P 5 ,0.0001) and C (OR, 1.44; 95% CI, 1.04–1.99;
P 5 0.02) which are bred to be high-breast-yielding
broilers were associated with higher odds of increasing
WS severity scores compared to strain A. Live wt cat-
egories and sex were not associated with the increase in
WS severity scores (P . 0.05).
As for the WB model, the second most important

attribute was strain, strain B (OR, 2.47; 95% CI, 2.15–
2.83) and C (OR, 2.49; 95% CI, 1.81–3.42) were associ-
ated with higher odds of presenting increased severity
of WB scores (P 5 , 0.0001) than strain A. In live wt
categories, only broilers weighing .2,500–,3,000 g
(OR, 1.64; 95% CI, 1.05– 2.56) were associated with
the highest odds of having higher WB severity scores
(P 5 0.02). Although the rest of the categories showed



Figure 4. Model validation plots using bootstrap calibration for the predictive probability of white striping (A)�1, (B)�1.5, (C)�2, and (D)�2.5.
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OR higher than 1, the confidence intervals contain the
relative risk of 1.00; therefore, the association between
WB and age categories was not considered significant
which is confirmed by the P . 0.05. Age categories
and sex also showed no association with the increase in
severity scores of WB (P . 0.05).
In regards to the live wt predictor, data showed a

strong positive correlation between breast wt and live
wt (r 5 0.78; P 5 , 0.0001), and live wt and age
(r 5 0.75; P 5 , 0.0001). Care should be taken when
individually interpreting the odds ratios provided by
the models. For instance, when breast weight is removed
from the model, the effect of live weight goes from having
lower probability of increasing the severity of the
outcome (protective against risk) to increasing risk.
Thus, it is only jointly that these estimated odds ratios
can be used to predict the outcomes. In addition, vari-
able importance is conditional on the variables in the
model. This means that variables might not look impor-
tant because another variable is included but will
become so if that variable is excluded. For instance, if
breast weight is excluded then age and live weight
become relatively more important. Therefore, consid-
ering the high correlation between these variables, the
results from the present study showed that overall live
wt and age can influence the severity of WS and WB
myopathy scores. Similar results can be observed in the
frequency analysis, where normal fillets gradually
decrease with the increase in age and live wt. Moreover,
in a previous study, Kuttappan et al. (2013) and
Petracci et al. (2013) reported that heavier birds and
thicker breast fillets are most likely to show WS than
lighter birds. These results are also consistent with those
of Griffin et al. (2017) who reported that the first docu-
mented case of WB was at day 23, and more severe char-
acteristics were observed from day 30 onward including
thick white striations.

Strain is the second and third more important variable
in the severity of WB andWS, respectively. High-breast-
yield strains seemed to have more impact on the severity
of WB score compared toWS score. Analogous to our re-
sults, Bailey et al. (2015) reported that genetic selection



Figure 5. Model validation plots using bootstrap calibration for the predictive probability of woody breast (A) �1, (B) �2, and (C) �3.
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has a role in the expression of both myopathies; however,
it is not the main driving force. Moreover, Kuttappan
et al., (2013) and Trocino et al. (2015) reported that dif-
ferences between strains could be influenced by growth
pattern. In addition, results in this study showed that,
regardless of the strain, there is some degree of WS
and/or WB present in breast fillets.

Sex was not significant variable in the prediction of
WS and WB. Moreover, it also had significantly lower
odds of increasing both myopathies severity. Although
there is a large disparity in the sample size of females
and males, results from this study are similar to previous
research where gender had no significant effect on WS
(Kuttappan et al. 2013) and WB (Chen et al., 2019)
occurrence.
Hypothetical Examples

The hypothetical case scenarios represent examples of
how the combination of different variables predict better
or worse outcomes. Based on the proposed model, 2
hypothetical examples were generated and their pre-
dicted probabilities of having a score of WS and
WB . 1 were computed. As detailed in Table 5, hypo-
thetical broiler A is a 4-wk-old male with a standard
breast yield B, 2,200 g live weight, 750 g breast weight.
The baseline score for WS and WB was 1, respectively.
The average scores of WS and WB are the scores multi-
plied by the probability of a broiler with the provided
characteristics falling into that category added together.
As a result, the average WS score was 1.01 and for WB
was 1.61. The probability of being in a category above
the baseline score in WB was 32.9% and 21.6% for
WS. These results stand in contrast to those of broiler
B (Table 5), who had an average WS score of 1.73 and
2.37 WB, and the probability of having scores above
the baseline was higher (WB 89.6%, WS 84.2%).
Model Performance and Validation

The WS model produced an uncorrected AUC of
0.739, and a bootstrap corrected estimate of 0.736. The
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WBmodel produced an uncorrected AUC of 0.753 and a
bootstrap corrected estimate of 0.752. The small differ-
ence between uncorrected and corrected estimates sug-
gests that the models are not overfitting the data
(Harrell et al., 1996). This is a promising sign for the
model’s ability to perform well on similar but new sam-
ples of data.
The calibration plots (Figures 4 and 5) suggest good

calibration for all levels of each outcome except
WS � 2.5 (Figure 4D). This plot suggests slight overfit-
ting (the model is providing probabilities that are higher
than what would be expected from the observed data).
This is due to the relatively small number of observa-
tions in the highest levels of the outcome. There are
only 97 observations with WS 5 2.5.
Overall, the accuracy of the model’s prediction proba-

bilities is good (Harrell et al., 1996). Therefore, the pre-
dicted probabilities can likely be trusted in all cases
except when trying to predict whether an observation
will fall into the highest categories.
CONCLUSIONS

It was demonstrated that there is a positive moderate
association between WB and WS. Growth production
factors analyzed in this study significantly influence
the severity of WS and WB myopathy scores. The
application of the proposed model is that companies
having data sets could plug in values for variables in
this model and get predicted probability in the way
that the hypothetical examples provided do. Most
importantly, novel predictive models constructed with
data sets hold a potential to reduce the severity of
WB and WS by identifying important modifiable fac-
tors antemortem. The potential limitations of the pre-
sent study can be associated with the combined data
across experiments. Any inconsistencies in the protocol
or deviations could make data sets not suitable for pool-
ing. Finally, potentially other factors not included in
this study can play a role in the predictive model of
WB and WS severity and further research should be
conducted.
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