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ARTICLE INFO ABSTRACT

Keywords: Establishing the efficacy of an anti-coccidial drug in poultry begins with conducting multiple battery cage
Battery cage study studies, where the target animals are challenged with single and mixed Eimeria species inoculum under con-
Coccidiosis

trolled laboratory conditions. One of the primary outcomes in a battery cage study is the intestinal lesion score
defined on a discrete ordinal scale of 0 to 4. So far, the statistical analysis of lesion scores has routinely employed
the linear mixed model (LMM). This present work proposes to apply the generalized linear mixed model
(GLMM) with the cumulative logit link to statistically analyze coccidial lesion scores collected from battery cage
studies. Upon applying this new approach on 9 datasets generated by challenging battery-cage-housed broilers
with various mixtures of Eimeria species, it is observed that the GLMM fitted adequately to the data, produced
variance component estimates that agreed with the experimental setup, and, at the 0.05 significance level,
generated statistical results in complete concordance with the LMM approach. Advantages of the proposed
GLMM over the LMM are discussed from several standpoints. Parallel to the regulatory requirement of a = 1-unit
reduction in the mean lesion score for clinical relevant efficacy under the LMM, the clinical relevancy criterion
under the GLMM could be set as a =10-fold increase in the odds of having low lesion scores. That is, the effect of
an anti-coccidial drug product would be deemed clinically relevant in battery-cage studies when the odds of
having low lesion scores with the medication is 10 times or more than the odds without the medication.

Generalized linear mixed model
Lesion score

1. Introduction mainly in the upper small intestine and is characterized by white pla-

ques on the mucosal surface; E. maxima is found primarily in the middle

Coccidiosis is a major disease in poultry caused by the protozoan
parasite Eimeria. Infection with Eimeria damages tissues and causes le-
sions in the intestines, leading to a reduction in body weight gain and
feed efficiency. The annual loss to the poultry industry as a result of
coccidiosis was estimated at over US$ 3 billion worldwide (Williams,
1999; Dalloul and Lillehoj, 2006). About 80% of the cost is due to
impaired growth performance and about 20% is due to expenses asso-
ciated with prophylaxis and treatment. Nine Eimeria species are known
to infect chickens, but most of the economic impact is due to E. acer-
vulina, E. maxima, and E. tenella (McDougald et al., 2008). These three
species differ in infection sites and gross lesions: E. acervulina is found

small intestine and results in red petechiae on the serosal surface, or-
ange mucus and blood in the lumen; E. tenella infects the ceca and
causes hemorrhagic lesions.

Prevention and treatment of poultry coccidiosis largely depends on
the in-feed administration of anti-coccidial drugs and, to a lesser extent,
vaccination (Dalloul and Lillehoj, 2006). Establishing the efficacy of an
anti-coccidial drug is a multi-stage process that calls for battery cage
studies and floor pen studies (Holdsworth et al., 2004). Battery cage
studies are conducted to determine the effective dose range of the in-
vestigational new drug and/or to compare against existing drug(s)
under controlled laboratory conditions. Floor pen studies, conducted at
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single sites, serve to confirm the efficacy of the selected dose(s) under
conditions more analogous to the commercial production facility. One
of the primary response variables in these 2 types of studies is the in-
testinal lesion score described by Johnson and Reid (1970). This scoring
system grades macroscopic lesions observed at necropsy on a scale of
0-4. Score 0 denotes no gross lesions. Scores 1-3 correspond to in-
creasing severity of lesions. Score 4 represents the most severe lesions,
including coccidiosis-related death. Separate scores are determined for
upper, middle, lower areas of the small intestine and the ceca.

The Johnson and Reid lesion scores have routinely been statistically
analyzed using the linear mixed model (LMM) that assumes continuous,
bell-shaped (i.e. normal) distributions with homogeneous variances
(Bafundo et al., 2008; Wang et al., 2008; Cox et al., 2010; Jordan et al.,
2011; Lee et al., 2011; Lensing et al., 2012; Abdelrahman et al., 2014;
Ritzi et al., 2014). Regulatory evaluation of anti-coccidial drugs has also
relied on comparing mean lesion scores under the LMM framework. For
examples, see the Freedom of Information Summary for New Animal
Drug Application 138-952, 140-940, 140-951, and 141-281 (FDA-
CVM, 1989, 1994, 1999, 2007). The LMM approach benefits from its
easy execution and convenient summary of analysis results. However,
lesion scores are measured on an ordinal scale with discrete values over
a limited range and rarely have a symmetric distribution. Summarizing
treatment efficacy by the mean score is less than ideal since the mean
could result from infinitely many layouts of lesion severity (e.g. the
average of 0 and 4 is the same as the average of 1 and 3). Practitioners
have attempted to address these issues by checking bar charts of lesion
scores with no further statistical analyses (Casterlow et al., 2011) or
employing conventional statistical methods, such as the non-parametric
Mann-Whitney/Kruskal-Wallis tests based on ranks (Elmusharaf et al.,
2007; Parker et al., 2007; Lan et al., 2016), the contingency-table-based
categorical data analysis (Conway et al., 1986, 1993; Amerah and
Ravindran, 2015), and the logistic regression for cumulative prob-
abilities of an ordinal response (da Costa et al., 2017). A basic as-
sumption shared by these approaches is that the experimental units for
treatments also serve as the observation units. For battery cage and
floor pen studies, medicated treatments are applied to cages or pens;
lesions are scored on individual birds; even when birds are individually
challenged, the parasite’s fecal-to-oral route of transmission causes
persistent infection at the cage or pen level, making it inappropriate to
ignore the effect of cage or pen. Suitability of these statistical ap-
proaches is therefore questionable.

Variance heterogeneity in the LMM for lesion scores is an issue that
is often overlooked. Summary statistics published in research journals
show that the non-inoculated, non-medicated control (NNC) typically
had all 0 scores with no variability; depending on the infection level
and efficacy of the medication, scores of the inoculated, non-medicated
control (INC) and the inoculated medicated treatment groups scattered
from 0 to 4 with mostly non-zero variances (Bafundo et al., 2008; Wang
et al., 2008; Lee et al., 2011; Jordan et al., 2011; Lensing et al., 2012;
Ritzi et al., 2014). There, statistical analysis was performed via the GLM

Table 1
Eimeria species in the mixed inoculum and the virulence level.
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procedure in SAS (SAS Institute Inc., Cary, NC), the ANOVA and GLM
procedures in SPSS (SPSS Inc., Chicago, IL), the ANOVA procedure in
Genstat (VSN International, Hemel Hempstead, UK), and the Fit Model
platform in JMP Pro (SAS Institute Inc., Cary, NC). Unfortunately, these
common statistical analysis tools could only fit statistical models with
homogeneous variance.

The guidance of the United States Food and Drug Administration
Center of Veterinary Medicine (FDA-CVM) (2012) states that “response
variables that are at the interval/ratio level of measurement can be
described using a linear model; for those that are nominal/ordinal, a
generalized linear model is appropriate”. The generalized linear model
automatically accounts for the relationship between the mean and the
variance. Hence variance heterogeneity is of less concern as compared
with the LMM analysis. To account for the study design, the statistical
model should contain not only fixed effects, i.e. treatment, but also
random effects, including replicate (cage or pen) and other relevant
design variables for broad inference (e.g. block). Such a statistical
model is referred to as the generalized linear mixed model (GLMM).
The logit function for cumulative probabilities is the most common link
function that associates linear fixed and/or random effects to the
probability distribution of an ordinal response (Section 7.2 of Agresti,
2002). Recently da Costa et al. (2017) applied a general linear model
with cumulative logit link in analyzing coccidial lesion scores of a floor
pen study. This present work applies the GLMM with the cumulative
logit link, alongside the LMM, on 9 datasets of chicken coccidial lesion
scores collected from 4 battery cage studies. The purpose of this work is
to examine the fitness of LMM and GLMM, to review estimates of var-
iance components in the 2 statistical models, and to compare the 2
approaches with respect to their utility in regulatory decision making.
For the sake of fairness, the LMM with heterogeneous inter-bird var-
iances was employed when there was statistical evidence against var-
iance homogeneity.

2. Material and methods
2.1. Study procedure

Four battery cage studies were conducted to compare efficacy of 4
existing anti-coccidial drug products and several investigational new
drug products for use in broiler chicken feed. Information regarding
drug names and the exact dosages does not pertain to the purpose of
this investigation and is concealed for proprietary reasons. In each
study, day-old male broilers were obtained from a local commercial
hatchery and placed in heated coccidia-free battery brooders. (Heritage
birds were used in studies Ia and Ib; Cobb 500 birds were used in stu-
dies Ila and IIb.) At day 12, birds were weighed, transferred into battery
grower cages and began receiving in-feed medication according to the
randomized arrangement of the experimental design. At day 14, birds
were challenged via oral gavage with mixed Eimeria species (Table 1).
According to the timing of peak lesion development for combination of

Level of virulence

Study Species in the mixed inoculum Intestinal tracts scored INC birds with lesion score <2 NNC birds with lesion score 0
Ia E. maxima Middle small intestine 56% 100%
E. tenella Ceca 19% 100%
1b E. acervulina Upper small intestine 9% 100%
E. tenella Ceca 22% 100%
Ila E. maxima Middle small intestine 0% 100%
E. tenella Ceca 34% 100%
1Ib E. acervulina Upper small intestine 0% 100%
E. maxima Middle small intestine 94% 100%
E. tenella Ceca 34% 100%

INC = inoculated, non-medicated control; NNC = non-inoculated, non-medicated control.
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the Eimeria species being evaluated, birds were euthanized by cervical
dislocation for lesion scoring 6 days post challenge. The battery cages
were housed in an environment with controlled temperature (27 °C)
and continuous illumination. Birds were fed ad libitum with commer-
cial broiler starter ration as mash for non-medicated treatments. All
studies were conducted in the United States in compliance with the
guidelines of the Federation of Animal Science Societies (1999) as well
as local, state, and federal regulations.

2.2. Coccidial lesion score measurement

Mortality was checked daily. Coccidiosis-related lesions were as-
sessed by the Johnson and Reid scoring system for any bird that died
post challenge as well as all birds euthanized on day 20. The person
who scored lesions was masked to the treatment allocation and relied
only on the challenge species to facilitate proper grading (at relevant
sections of the intestinal track). There were a total of 9 lesion score
datasets for statistical analyses: studies Ia, Ib and Ila each have 2 da-
tasets; study IIb generated 3 datasets. Details on the inoculation species
and the actual virulence level are given in Table 1.

2.3. Experimental design

Each study included 2 controls: the NNC and the INC. There were
either 8 or 13 inoculated, medicated treatments corresponding to ex-
isting and investigational drug products at various dose levels.
Virulence of the inoculation was evaluated by comparing the INC to the
NNC. Efficacy of medicated treatments was evaluated against the INC.
For the purpose of efficacy assessment, the experimental designs were
considered to have a one-way treatment structure (Section 4.2.2 of
Milliken and Johnson, 1992). Per FDA-CVM (2012) guidance, all stu-
dies utilized cages of 8 birds as the experiment unit. Studies Ia and Ib
implemented the randomized incomplete block design, where a battery
column of 5 cages formed the block for assigning treatments. Studies Ila
and IIb employed the randomized complete block design, where a
battery unit of 15 cages served as the block. There were 4 replicates per
treatment in every study. The experimental designs are summarized in
Table 2.

2.4. Statistical models

2.4.1. Liner mixed model

In battery cage studies, the observational unit is the bird. Let Y} be
the lesion score of the k™ bird in the cage receiving treatment i in block
j- The following LMM reflects the study design and allows cage to be the
experimental unit for treatment comparisons.

Table 2
Study designs.
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Kjk:ﬂ+ai+/~gj+%j+fijk
u: overall mean;

a;: fixed effect of treatmenti;
B;: random effect of blockj;

¥ randomeffect of the cage receiving treatmentiin blockj;

&;jx: random effect of birdkunder treatmentiin blockj.

Random effects due to block, cage and bird were assumed to be nor-
mally distributed with 0 means and certain variances. The LMM with
homogenous variances assumed these variances to be the same across
treatments and, consequently, the statistical model fitting yields 3 es-
timated variance components. The LMM with variance heterogeneity to
treatments does not impose the constant variance restriction and de-
mands more variance components to be estimated. A x? likelihood ratio
statistic was used to test variance heterogeneity. The inoculated,
medicated treatment i was compared with the INC via testing whether
their mean difference is 0, i.e.

HOZ a; — aNe = 0 vs. Hi: a; — AINe ;ﬁ 0

The t statistic was used to test the above hypotheses and its degrees of
freedom (DOF) were approximated by the Kenward-Roger (KR) method
(Kenward and Roger, 1997, 2009). Statistical analysis was conducted
via SAS v9.3 (SAS Institute Inc., 2011) throughout. Appendix A. con-
tains the sample code of SAS PROC GLIMMIX for the LMM with
homogeneous and heterogeneous inter-bird variances with respect to
treatments. On account of the limited number of cages per treatment,
the inter-cage variance was assumed homogeneous. Fixed effects were
estimated from the statistical model with homogenous variances unless
the test of inter-bird variance heterogeneity was significant at the 0.05
level.

2.4.2. Generalized linear mixed model

The response variable Yj; takes 5 possible values and follows a
multinomial distribution of size 1 with cumulative probability
Pr(Yj < 1),1 =0, ..,3. Parameter Pr(Yj < I) represents the success rate
that the lesion score is no greater than L. (Note: Pr(Yj < 4) = 1.) Similar
to da Costa et al. (2017), this present work uses the logit link function to
model Pr(Yj < I). The GLMM is given as
In(EpR =20 = Al + di+ B +
pl: overall log odds that the lesion score is no greater thanl;
al: fixed effect of treatmenti;
’: random effect of blockj;
7Y randomeffect of the cage receiving treatmentiin block;j.

Random effects due to block and cage were assumed to be normally
distributed with mean O and certain variances. The probability

Study Number of medicated Number of non-medicated

Number of blocks

Number of treatments per Number of cages per Number of birds per

treatments” controls” block treatment cage
Ia 8 2 8 5 4 8
b 8 2 8 5 4 8
Ila 13 2 4 15 4 8¢
b 13¢ 2 4 15 4 8°
2 Birds in medicated treatments were inoculated with mixed Eimeria species.
b

c

d

scored 0).
¢ Four cages in the analysis dataset only had 7 birds.
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Two types of controls were included. One received inoculation and the other didn’t.
One cage in the analysis dataset only had 6 birds and 4 cages only had 7 birds.
Two medicated treatments were excluded from the statistical analyses of lesion scores at the ceca due to the absence of variability (birds in these treatments all
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Middle Small Intestine in Study la

Cecain Study la
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Fig. 1. Distributions of the generalized linear mixed model cage effect estimates with respect to normal distributions with the same means and variances.

parameters of a multinomial distribution determine both its mean and
variance. As long as the overdispersion was not substantial, it was un-
necessary for the GLMM to include the random effect of bird. Variance
heterogeneity was of less concern in the GLMM and random effects here
were assumed to be homogenous among treatments.

A key feature of the above statistical model is that its intercept term,
pl, increases as the lesion level increases from 0 to 3, i.e.
£0 < ul < 2 < 3, whereas the other parameters in the statistical
model are not indexed by the lesion level. Parameter pl + ¢; represents
the marginal mean of treatment i on the cumulative logit scale. Back-
transforming it to the probability scale generates
1—1/[1 + exp(ul + &;)], which is approximately the marginal cumu-
lative probability for treatment i. In theory, the marginal distribution of
lesion scores under treatment i is obtained by integrating
1—1/[1 + exp(ul + a; + p} + }'/ij)] over the probability measures of ﬁj
and ;. Such an intricate calculation is currently not supplied in SAS
PROC GLIMMIX.

Efficacy of the inoculated, medicated treatment i relative to the INC
is evaluated via testing

86

Hol C.(i - dINC =0 vs. H]Z dli i dINC ;é 0
On the probability scale, the above test evaluates whether the odds of
success for treatment i equals that for the INC. (Note: the odds ratio
(OR) under the cumulative logit model is constant with respect to the
lesion level that defines success; this is oftentimes referred to as the
proportional odds model). The t statistic was used to test the above
hypotheses. Faes et al. (2009) caution against using the KR method in
the GLMM. Simulation studies shows that the KR method had a problem
in maintaining the desired type I error in the GLMM analysis of binary
outcomes (Table 1 of Stroup, 2013; Li and Redden, 2015). The present
work tentatively applied the containment method, which is the default
option of SAS PROC GLIMMIX, to approximate the DOF for the t sta-
tistic. This method sets the DOF as the number of cages minus the
number of treatments minus the number of blocks plus 1. A SAS code
example for the proposed GLMM is given in Appendix A.

Although the range of the lesion score is 0~4, the highest score
observed in 4 out of 9 datasets was 3. The GLMM for these 4 datasets
then assumed Pr(Yjx < 3) =1 and applies exclusively to Pr(¥ <),
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Table 3
Counts of lesions scores for each treatment at the middle small intestine in study
Ia.

Lesion Score

Treatment 0 1 2 3 Total
INC 0 0 18 14 32
T1 2 23 7 0 32
T2 1 13 18 0 32
T3 1 24 7 0 32
T4 0 13 18 1 32
T5 0 10 20 2 32
T6 1 19 12 0 32
T7 7 20 5 0 32
T8 5 23 4 0 32

=0, ..,2. There was 1 statistical analysis dataset with the lowest le-
sion score being 1. In this case, the GLMM assumes Pr(Y < 0) = 0 and
pertains solely to Pr(Y; < ),l =1, ..,3.

2.4.3. Criteria for excluding data from statistical modeling

Birds in the NNC all had a lesion score of 0. Following the FDA-CVM
(2012) guidance, they were excluded from the LMM and GLMM for
evaluating treatment efficacy. In study IIb, birds in 2 inoculated,
medicated treatments responded unanimously with a lesion score of 0

Study la
g4
g3
T 2
g 14 Ap )
§=
g0 £
g€ 1. “
oy S
x &
Q 3.
=
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432901 2 3 4
In(OR) in binomial model
Study lla
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£
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Fig. 2.

A Middle small intestine
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at the ceca. Such treatments were excluded from the analyses of mixed
models because (1) the absence of variability in them will bias the
variance component estimates in the LMM; (2) their fixed effects in the
GLMM are theoretically non-estimable (Section 9.8 of Agresti, 2002),
causing non-convergence of the entire likelihood maximization process.
These 2 treatments were separately evaluated against the INC via the
Fisher’s exact test, where the conclusion of efficacy was based on a
significant increase in the proportion of birds scored 0.

3. Results
3.1. Goodness of statistical model fitting

Inspection of residuals in the LMM indicates that the normality as-
sumption was achieved (results not shown). The assumption of pro-
portional odds could easily be tested when the model has no random
effect. Pan and Lin (2005) stated that “The developments of the model-
checking procedures for GLMMs are challenging because the existence
of random effects not only complicates the theoretical derivations, such
as the proofs for the asymptotic distributions of the cumulative-sum
processes and for the consistency of the tests, but also imposes com-
putational challenges.” Several goodness-of-fit tests have been devel-
oped for GLMM (Pan and Lin, 2005; Abad et al., 2010). To our
knowledge, these tests have not been implemented by any commercial
software. Regarding the analysis of multinomial responses, SAS PROC
GLIMMIX does not compute residuals due to the lack of a clear
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° 4
8
E S o
g 2. ¢
g 1 &
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s 0 r‘,ﬁ_r)
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The natural logarithm of odds ratio between 2 inoculated, medicated treatments. OR = odds ratio.
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Table 4
Variance component estimates in LMM and GLMM.
LMM GLMM
Dataset Bird variance Block variance Cage variance Bird variance P-value Block variance Cage variance
Middle small intestine Homogenous 0@ 0.03 (0.02) 0.28 (0.02) 0.922 00 0.46 (0.29)
in study Ia Heterogeneous 00 0.03 (0.02) 0.20 (0.05) ~0.35 (0.09)
Ceca Homogenous 0() 0.19 (0.07) 0.66 (0.06) < 0.001 0> 1.18 (0.47)
in study Ia Heterogeneous 0(-) 0.18 (0.07) 0.13 (0.04) ~1.00 (0.26)
Upper small intestine Homogenous 0() 0.13 (0.05) 0.34 (0.03) 0.261 0() 1.60 (0.62)
in study Ib Heterogeneous 0() 0.12 (0.05) 0.17 (0.05) ~0.50 (0.14)
Ceca Homogenous 0.03 (0.04) 0.09 (0.05) 0.57 (0.05) < 0.001 0.19 (0.25) 0.58 (0.33)
in study Ib Heterogeneous 0.03 (0.04) 0.09 (0.05) 0.19 (0.05) ~0.92 (0.24)
Upper small intestine Homogenous < 0.01 (0.01) 0.01 (0.01) 0.40 (0.03) 0.272 0.01 (0.05) 0.11 (0.15)
in study Ila Heterogeneous < 0.01 (0.01) 0.01 (0.01) 0.25 (0.07) ~0.58 (0.15)
Ceca Homogenous 0@ 0.05 (0.02) 0.41 (0.03) 0.157 00 0.38 (0.20)
in study Ila Heterogeneous 00 0.04 (0.02) 0.25 (0.07) ~0.70 (0.19)
Upper small intestine Homogenous 0@ 0.05 (0.02) 0.41 (0.03) 0.813 00 0.48 (0.22)
in study IIb Heterogeneous 0(-) 0.06 (0.02) 0.27 (0.07) ~0.59 (0.15)
Middle small intestine Homogenous < 0.01 (0.01) 0.08 (0.03) 0.45 (0.03) 0.001 0.03 (0.10) 0.65 (0.26)
in study IIb Heterogeneous < 0.01 (0.01) 0.08 (0.03) 0.09 (0.02) ~0.78 (0.20)
Ceca Homogenous 0(-) 0.21 (0.07) 0.58 (0.05) < 0.001 0(-) 1.33 (0.51)
in study IIb Heterogeneous 00> 0.16 (0.07) 0.03 (0.01) ~1.30 (0.35)

GLMM = generalized linear mixed model; LMM = linear mixed model.

Notation: Values inside the parentheses are the standard error for the estimates; the standard error is not available for a variance estimate at its boundary value 0; the
p-value pertains to testing homogeneity in the LMM inter-bird variances among treatments.

Table 5
Fixed effects estimated by the GLMM analysis of lesion scores at the middle
small intestine in study Ia.

“Solution for Fixed Effects” outputted by SAS

Effect Lesion score Treatment Estimate Parameter
Intercept 0 -8.23 o
Intercept 1 -4.31 j’as
Intercept 2 0.22 p2
Trt T1 5.60 a
Trt T2 4.13 a
Trt T3 5.48 a3
Trt T4 3.85 Ay
Trt TS5 3.32 as
Trt T6 4.85 e
Trt T7 6.57 az
Trt T8 6.42 ag
Trt INC 0 aNe

GLMM = Generalized liner mixed model; INC = inoculated, non-medicated
control.

Notation: T1-T8 correspond to inoculated medicated treatments; “Trt” is the
name of the variable in the dataset that records the treatment.

definition: the lesion score of an animal is observed at a single level; the
model prediction places probability masses at =3 levels. A statistic for
assessing overdispersion, comparable with deviance in generalized
linear models, is not available in SAS PROC GLIMMIX, either. Although
some statistical software does provide residuals and/or deviance under
GLMM, the statistical properties of these outputs may not be compar-
able to those under the generalized linear model.

Estimates of the random effects in the GLMM are analogous to the
best linear unbiased predictors in the LMM. These estimates were used,
as a last resort, to check the GLMM distributional assumption. Fig. 1
presents quantile-quantile plots of the cage effects, estimated from each
of the 9 dataset, with respect to the normal distributions with the same
means and variances. The linear patterns seen in Fig. 1 support the
normality assumption in the GLMM. Skewness and kurtosis are re-
spective measures of symmetry and tail heaviness of a distribution.
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Table 6
Estimates of treatment effects at the middle small intestine in study Ia.
LMM GLMM
Treatment Mean Mean score  Pr(score = 0) Pr(score Pr(score OR of
score reduction <1) < 2) success
INC 2.44 - 0.0% 1.3% 55.5% -
T1 1.16 1.28 6.7% 78.4% 99.7% 271
T2 1.53 0.91 1.6% 45.3% 98.7% 62
T3 1.19 1.25 6.0% 76.2% 99.7% 239
T4 1.62 0.81 1.2% 38.6% 98.3% 47
TS5 1.75 0.69 0.7% 27.0% 97.2% 28
T6 1.34 1.09 3.3% 63.0% 99.4% 127
T7 0.94 1.50 16.0% 90.5% 99.9% 714
T8 0.97 1.47 14.0% 89.1% 99.9% 612

GLMM = generalized linear mixed model; INC = inoculated, non-medicated
control; LMM = linear mixed model; OR = odds ratio.
Notation: T1-T8 represent inoculated, medicated treatments.

Their values for the estimated distributions of the GLMM cage effect are
presented in the quantile-quantile plots, as well. Note that a perfect
normal distribution has 0 skewness and 0 kurtosis. Eight lesion score
datasets have -0.4 ~0.4 skewness and -0.9 ~ 0.4 kurtosis. One cage ef-
fect for the cecal lesion scores in study IIb was a noticeable outlier.
Removing this cage from the analysis changed skewness from -0.8 to
-0.4 and kurtosis from -1.6 to -0.1. A closer look at the original dataset
reveals that the outlier corresponds to an inoculated, medicated treat-
ment: this outlier cage had 6 out of 8 birds scored 3 whereas the other 3
cages under the same treatment had 5, 6 and 8 birds scored 0. These
evidences suggest that the proposed GLMM fit adequately to the coc-
cidial lesion scores collected from battery cage studies and is capable of
identifying deviant observations. Given the limited number of cages per
treatment, the outlier cage was not excluded in subsequent analyses.
For the analysis of ordinal responses in survey/observational stu-
dies, the assumption of proportional odds are routinely assessed by
comparing ORs estimated separately from data dichotomized under
various cutoffs (Bell and Dexter, 2000; O’Connell et al., 2008). The
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Fig. 3. The t statistic values used to compare the inoculated, medicated treatments with the inoculated, non-medicated control. GLMM = generalized linear mixed

model; LMM = linear mixed model.

sample sizes there were in thousands or tens of thousands. In contrast,
the sample sizes for battery cage studies were in hundreds (288 for
Studies IA and IB, 442 for Study IIA, 444 for Study IIB, specifically).
Table 3 presents the counts of lesion scores for inoculated treatment
groups at the middle small intestine in Study IA. Cutting the data into O
vs. 1 ~3 leads to a treatment X binary response contingency table with
~50% cell counts < 5 where ORs could not be well estimated; cutting
the data into 0-2 vs. 3 also leads to a contingency table with ~50% cell
counts <5; when cutting the data into 0-1 vs. 2-3, ORs involving INC
could not be well estimated; there were no 2 cutoff points allowing
reliable comparison of ORs among all treatment groups. Similar data
pattern were observed in the other 8 example datasets (results not
shown). Modeling dichotomized data is therefore feasible only at a
single cutoff point and upon the exclusion of INC. Because the 4 studies
shared a common inoculated, medicated treatment, this present work
uses the ORs involving this treatment to evaluate the assumption of
proportional odds. Fig. 2 plots the natural logarithm of ORs estimated
under the multinomial clogit GLMM against those estimated under the
binomial logit GLMM (the cutoff of 0-1 vs. 2-4 was applied to each
location in studies Ia and Ib, ceca in study Ila, and middle small in-
testine in study IIb; the cutoff of 0-2 vs. 3-4 was applied to the upper
small intestine in studies IIa and IIb; the cutoff of 0 vs. 1-4 was used for
ceca in study IIb). Estimates under the 2 GLMMs appear to be close in
most cases, except for a In(OR) for cecal lesion scores in study Ia (0.8 vs.
2.0), a In(OR) for upper small intestinal lesion scores in Study IIa (3.5
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vs. 2.6), a In(OR) for cecal lesion scores in Study IIa (1.4 vs. 0.5), and a
In(OR) for cecal lesion scores in Study IIb (—1.9 vs. —2.8). Considering
that the standard error of In(OR) under the binomial logit GLMM was
respective 1.3, 1.1, 1.0 and 1.1, there were no strong evidence against
the assumption of proportional odds.

3.2. Analysis of variance components

Table 4 presents variance component estimates in the LMMs with
homogenous and heterogeneous inter-bird variances. Heterogeneity in
variance was significant at the 0.05 level in 4 out of 9 datasets. How-
ever, the setting for inter-bird variance of the statistical model has little
effect on the estimation of inter-block and inter-cage variances. The
inter-block variance in all LMM analyses was either O or negligible with
respect to its estimation error. The inter-cage variance is non-trivial but
it is oftentimes smaller than the inter-bird variance. Table 4 also lists
the estimates of the GLMM variance components. Similar to the LMMs,
the GLMM has negligible inter-block variance whereas the inter-cage
variance is considerable. The trivial effect of blocking by cage location
is consistent with the fact that these battery cage studies were con-
ducted in a controlled laboratory environment. The sizable in-cage
variances in LMM and GLMM also demonstrate the importance of in-
cluding the cage effect in statistical modeling.
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Table 7
DOF for the t distribution used to compare the inoculated, medicated treat-
ments to the inoculated, non-medicated control.

DOF of the t distribution

Dataset Number of LMM GLMM GLMM
comparisons KR method Containment KR method
method

Middle small 8 27 20 55.8~73.0
intestine
in study Ia

Ceca 8 16.1~22.2 20 31.7~36.5
in study Ia

Upper small 8 27 20 36.0~40.4
intestine
in study Ib

Ceca 8 13.5~23.4 20 25.9~35.6
in study Ib

Upper small 13 41.2, 44.4° 39 51.1~94.5
intestine
in study Ila

Ceca 13 43.2, 455" 39 43.8~62.3
in study Ila

Upper small 13 41.8,42.4" 39 41.7~44.9
intestine
in study IIb

Middle small 13 22.1~31.8 39 45.3~52.7
intestine
in study IIb

Ceca 11 18.1~335 33 26.1~106.8

in study IIb

DOF = degrees of freedom; GLMM = generalized linear mixed model;
KR = Kenward-Roger; LMM = linear mixed model.

2 Because cages in some treatments contain less than 8 birds, the DOF in the
LMM with homogenous variances took 2 values.

3.3. Evaluation of the fixed effect

Interpretation of fixed effects in the GLMM is not as straightforward
as in the LMM. To help readers become accustomed to the GLMM,
Table 5 pairs parameters in the GLMM with the SAS “Solution for Fixed
Effects” output for the GLMM analysis of lesion scores at the middle
small intestine in study Ia. (Parameter @13 was not estimable due to the
absence of score 4 in this dataset.) The lesion score distribution for the
INC is calculated below.

Pr(scorejye = 0) = 1 — 1/[1 + exp(u0 + cyne)]
1—1/[1 + exp(—8.23 + 0)] ~ 0.0%

Pr(scorepne < 1) =1 — 1/[1 + exp(ul + dyne)]
=1-—1/[1 + exp(—4.31 + 0)] = 1.3%
Pr(scorejne <2) =1 — 1/[1 + exp(u2 + cnc)]

1— 1/[1 + exp(0.22 + 0)] ~ 55.5%

The lesion score distribution for an inoculated, medicated treatment,
say T1, is given by

Pr(scorer; = 0) =1 — 1/[1 + exp(i0 + ¢1y)]
=1-1/[1 + exp(—8.23 + 5.60)] =~ 6.7%

Pr(scorer; < 1) =1 — 1/[1 + exp(ul + ¢&y)]
=1—1/[1 + exp(—4.31 + 5.60)] ~ 78.4%

Pr(scorer; <2) =1 —1/[1 + exp(12 + ¢)]

1 — 1/[1 + exp(0.22 + 5.60)] ~ 99.7%

The OR of success between treatment T1 and the INC is

Veterinary Parasitology 272 (2019) 83-94

Pr(scorer1 = 0) Pr(scorepye > 0) _ Pr(scorery < 1) Pr(scorepne > 1)
Pr(scorer1 > 0) Pr(scorepyc =0)  Pr(scorery > 1) Pr(scorepne < 1)

__Pr(scorery < 2) Pr(scoreNe > 2)
T Pr(scorer1 > 2) Pr(scorepnc < 2)

~ 271

= exp(dy — dve) = exp(5.6 — 0)

The OR and the relative risk are two separate concepts in categorical
data analysis: the OR is a ratio of odds; the relative risk is a ratio of
probabilities. Between T1 and INC, the relative risks (with “risk” being
the probability of having low lesion scores) are

Pr(scorer, = 0)/Pr(scorejyc = 0) =~ 252.3
Pr(scorer; < 1)/Pr(scorepyc < 1) ~ 59.2
Pr(scorer, < 2)/Pr(scorepc < 2) ~ 1.8

Table 6 reports all LMM and GLMM fixed effect estimates for this
dataset.

Analyses of the 9 datasets produced a total of 95 statistical com-
parisons of inoculated, medicated treatments with the INC. Both LMM
and GLMM approaches identified 93 comparisons significant at the 0.05
level. It is interesting to see from Fig. 3 that for each comparison, the t
statistic in the GLMM was either close to or moderately smaller than the
one in the LMM. The DOF given in Table 7 were all greater than 13.
Calculating p-values for a t distribution is not sensitive to DOF over 10.
These results explain concordance of the two approaches in statistical
decision making. Table 7 also shows that having heterogeneous inter-
bird variances in the LMM reduced the DOF from 27 to 13.5~23.4 in
the design for studies Ia and Ib, and from 41.2~45.5 to 18.1 ~33.5 in
the design for studies IIa and IIb. For demonstration purposes only,
Table 7 gives the KR DOF calculated by SAS for the GLMM. The DOF
were observed to vary widely for several datasets. The most extreme
case occurred in the analysis of cecal lesion scores in study IIb, where
the DOF for 11 comparisons ran from 26.1 to 106.8. This irregularity in
DOF, to a certain extent, suggests that the KR method is unsuitable to
the GLMM.

Efficacy of an anti-coccidial drug relative to the INC is quantified by
the mean score reduction under the LMM and the OR of success under
the GLMM. Fig. 4 illustrates the relationship between the two relative
efficacy parameters estimated for each comparison. Note that the same
mean score reduction could correspond to different ORs of success, and
vice versa; but within a given dataset, the OR of success is almost
monotonically related to the mean score reduction.

3.4. Criterion of clinical relevancy

In addition to statistical significance, the guidance of FDA-CVM
(2012) requests that the investigational new drug lowers lesions by at
least 1 score unit for clinical relevancy. This requirement might be too
restrictive, as anti-coccidial drugs approved before this guidance do not
always satisfy this criterion. For examples, see Table 11 of FDA-CVM
(1989), Table 4.5 of FDA-CVM (1999), and Table 1 of FDA-CVM (2007).
As to the 93 significant comparisons in the present work, 67 of them
passed the clinical relevancy criterion for mean score reduction and
their ORs of success were greater than 10; seven comparisons failed the
regulatory requirement and their corresponding ORs were less than 10.
There were 19 comparisons where the reduction of mean score was less
than one but the OR was greater than 10. Seven out of these 19 com-
parisons correspond to existing anti-coccidial drug products at their
recommended dosages; three comparisons correspond to investiga-
tional drug products containing at least one active pharmaceutical in-
gredient at the recommended dosage. Table 8 presents details of these
19 comparisons. Comparisons involving treatment T5 in study Ia pro-
vide some valuable insight on clinical relevance. This treatment cor-
responds to an existing drug product administered at its recommended
dose level. At the middle small intestine, the percentage of birds scored
2 or less is 97.2% for T5 and 55.5% for the INC; the prevailing lesion
scores in the INC were 2 (55.5%-1.3% = 54.2%) and 3 (100%-
55.5% = 44.5%) whereas birds treated with T5 were mostly scored 1



Q. Kang et al.
Study la
10000,
s ?
8 1000§ 2
3
) 1 A o
S 100: & Q
x E a8 o
O 1 A
= ] ®
E 10; o
—l 1
o ]
1_
0.0 10 2.0 3.0
LMM mean score reduction
Study lla
10000,
i o
a ]
%1000 o
3 3 o0&
Ef_) 1 F
o ']00 Drj]d)o
% :
&
=
S o &
O ] °
1-
0.0 10 2.0 3.0

LMM mean score reduction

O Upper smallintestine

A Middle small intestine

Veterinary Parasitology 272 (2019) 83-94

Study Ib
10000,
9
&1000. “
S i
0p] 1 = o
5 100, o
O ] 5;3(9
S 10 *
— 3
o ]
'].
0.0 10 20 3.0
LMM mean score reduction
Study Ilb
10000,
2 :
§1000§ °
4p] 1 °
s A
g o
O ] @ﬁdﬂ o
§ 1 (o]
10. 8
N
'].
0.0 10 20 30

LMM mean score reduction

0 Ceca

Fig. 4. Relative efficacy of the inoculated, medicated treatments against the inoculated, non-medicated control. GLMM = generalized linear mixed model;

LMM = linear mixed model.
OR = odds ratio.

(27.0%-0.7% = 26.3%) and 2 (97.2%-27.0% = 70.2%). Here treatment
T5 led to a mean score reduction of 0.69 and an increase in the odds of
success of 28 fold. At the ceca, the percentage of birds scored 2 or less is
67.1% for T5 and 15.2% for the INC; birds in the INC were mostly
scored 3 (100%-15.2% = 84.8%); treatment T5 shifted the distribution
of lesion scores to 30.2% (35.3%-5.1%) at level 1, 31.8% (67.1%-35.3)
at level 2 and 32.9% (100%-67.1%) at level 3. Here treatment T5 led to
a 0.91-unit reduction of mean lesion score and an 11-fold increase in
the odds of success. Given the apparent disparity of lesion score dis-
tributions between treatment T5 and the INC, a sensible criterion for
clinically relevant efficacy under the GLMM could then be set as at least
a 10-fold increase in the odds of success. That is, the effect of an anti-
coccidial drug product would be deemed clinically relevant when the
odds of having low lesion scores in the medicated group is 10 times or
more than the odds in the un-medicated group.

4. Discussion

This present work proposes to apply the GLMM with the cumulative
logit link to analyze chicken coccidial lesion scores collected in battery
cage studies. Fitness of the GLMM was supported by distributions of the
(random) cage effect estimated from 9 datasets generated by challen-
ging battery-cage-housed broilers with various mixtures of Eimeria
species. Analyses of GLMM variance components reveal that blocking
cage by its housing location has a trivial effect on the study outcome,

which agrees with the study setup. Results of efficacy testing under the
GLMM are in complete concordance with those under the LMM. Yet, the
proposed GLMM approach has several advantages over the LMM ap-
proach. First, there is little concern on the variance heterogeneity of
GLMM random effects. Second, the GLMM describes the entire dis-
tribution of lesion scores and offers flexibility in assessing relative ef-
ficacy based on user’s preference, such as mean score reduction, change
in success or failure rate at certain lesion level, prevented and mitigated
fractions (Siev, 2005). In contrast to the current regulatory requirement
of a 1-unit reduction in the LMM mean score for battery cage studies,
the clinical relevance criterion accompanying the GLMM (i.e. a 10-fold
increase in the odds of success) is more capable of capturing the dis-
parity in lesion score distributions and generates an assessment more
consistent with historical determinations of efficacy. Nonetheless, pro-
gress made here in analyzing lesion scores from battery cage studies
may not fully extend to floor pen studies given the disparity in their
study design. In general, a battery cage study randomizes every treat-
ment to 3~5 battery cages of same sex, each of which houses 4~10
chicken under controlled laboratory conditions. The experiment usually
contains multiple inoculated medicated treatments. A single-site floor
pen study is conducted under conditions more analogous to the com-
mercial production facility and typically assigns every treatment to
4~12 pens, each of which holds 20~200 chickens. Besides, only a
small portion of birds in a floor pen study are sampled for intestinal
lesions whereas lesion scores are recorded for all birds in a battery cage
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Table 8

Veterinary Parasitology 272 (2019) 83-94

Efficacy evaluation of inoculated, medicated treatments against the INC where comparison was significant, the OR of success was greater than 10, but the mean lesion

score reduction was less than 1.

LMM GLMM
Dataset Treatment Mean score Mean score reduction  P-value Pr(score = 0) Pr(score<1) Pr(score<2) Pr(score<3) OR of success P-value
Middle small intestine INC 2.44 - - 0.0% 1.3% 55.5% 100% - -
in study Ia T2 A 1.53 0.91 < 0.001 1.6% 45.3% 98.7% 100% 62 < 0.001
T4 1.62 0.81 <0.001 1.2% 38.6% 98.3% 100% 47 < 0.001
T5 A 1.75 0.69 <0.001 0.7% 27.0% 97.2% 100% 28 0.001
Ceca in study Ia INC 2.81 - - 0.5% 4.6% 15.2% 100% - -
T5 A 1.91 0.91 0.020 5.1% 35.3% 67.1% 100% 11 0.022
Ceca in study Ib INC 2.79 - - 0.3% 3.6% 20.4% 100% - -
T4 1.82 0.97 0.002 4.6% 34.8% 78.6% 100% 14 0.003
T6 A/- 1.80 0.99 0.004 4.8% 35.8% 79.3% 100% 15 0.003
Upper small intestine ~ INC 3.59 - - 0.0% 0.1% 1.7% 40.6% - -
in study Ila T2 291 0.68 < 0.001 0.0% 1.7% 18.8% 90.0% 13 < 0.001
T3 2.94 0.65 <0.001 0.0% 1.5% 17.0% 88.8% 12 < 0.001
T4 2.84 0.74 <0.001 0.0% 2.2% 23.1% 92.1% 17 < 0.001
T6 A 291 0.68 < 0.001 0.0% 1.7% 18.8% 90.0% 13 < 0.001
Upper small intestine ~ INC 3.44 - - - 0.3% 5.0% 53.4% - -
in study IIb T1 A 2.66 0.78 0.001 - 3.3% 39.5% 93.4% 12 0.001
T3 2.56 0.87 <0.001 - 3.9% 43.6% 94.3% 15 < 0.001
T7 A 2.64 0.80 0.001 - 3.3% 39.1% 93.3% 12 0.001
T10A/- 2.66 0.78 0.001 - 3.1% 38.0% 93.0% 12 0.001
T13A/- 2.47 0.97 <0.001 - 5.3% 51.4% 95.8% 20 < 0.001
Middle small intestine INC 2.03 - - 1.4% 12.0% 85.1% 100% - -
in study IIb T1 A 1.06 0.97 < 0.001 21.0% 72.6% 99.1% 100% 19 < 0.001
T3 1.25 0.78 0.005 13.9% 61.6% 98.5% 100% 12 0.004
T4 1.19 0.84 0.003 16.3% 66.0% 98.8% 100% 14 0.002
T5 1.16 0.87 0.002 17.7% 68.1% 98.9% 100% 16 0.001

GLMM = generalized linear mixed model; INC = inoculated, non-medicated control; LMM = linear mixed model; OR = odds ratio.

Notation: T1-T13 correspond to inoculated medicated treatments; label “A” denotes existing drug products at their recommended dosages; label “A/-” denotes
investigational drug products containing at least 1 active pharmaceutical ingredient at the recommended dosage; the p-value under the LMM pertains to testing
whether the mean score difference is 0; the p-value under the GLMM pertains to testing whether the OR is 1.

study. Without fitting the GLMM to a few datasets generated from floor
pen studies, it is difficult to foresee the convergence of the likelihood
maximization process and stability of parameter estimation.
Alternatively, the ordinal lesion score could be converted into a
binary response of “success” and “failure”, which is then analyzed by
the GLMM with logit link or by the LMM on an arc-sine-square-root-
transformed success rate observed from each cage. The caveat of this
approach is that data dichotomization must be determined a priori in
the planning stage of the study. When birds are challenged with mixed
Eimeria species, it is difficult to manage virulence of the inoculum so
that the INC experiences a similar level of damage across every relevant
section of the intestines (see Table 1 for examples). Consequently, the
study may not be powered to detect the same strength of efficacy at
every intestinal section examined. Suppose that the protocol of study
IIb specifies “success” as a score of 2 or less. The success rate of the INC
turned out to be 0/32=0% at the upper small intestine, 30/32=94% at
the middle small intestine, and 11/32 = 34% at the ceca (Table 1). Even
if a medicated treatment had a 32/32 success rate, the statistical
comparison to the INC would not be significant at the middle small
intestine. Re-defining “success” as a score of 0 or 1, after the fact,
lowers the INC success rate to 1/32= 3%, making it possible to prove
efficacy. In contrast, the proposed GLMM approach simultaneously
evaluates treatment efficacy over every possible definition of success. It
puts less stress on the experimenter in terms of gauging the virulence of
the inoculum and avoids any controversial post hoc analysis/discussion.
The analyses of large-scale survey/observational data indicates that
the odds related to ordinal responses were not always proportional to
attributes in the generalized linear model (Bell and Dexter, 2000;

O’Connell et al.,, 2008). The absence of well-established statistical
methodology and the limitation in the sample size, unfortunately,
prevent a more rigorous evaluation of the model assumption made here.
It is not clear how robust the proposed method is in terms of type I error
and power for anti-coccidial efficacy evaluation when the proportional
odds assumption is violated. A thorough assessment of this issue will
require an extensive simulation study which is beyond the scope of this
work.

In summary, the proposed GLMM is anticipated to serve as a valu-
able tool for evaluating the efficacy of investigational new anti-cocci-
dial drugs. With a statistical modeling framework that truly reflects the
ordinal nature of lesion scores, it is now possible to examine the ex-
perimental design in conjunction with the proper DOF approximation
method via simulation studies.
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Appendix A. Sample SAS code for the mixed model analyses

data ceca_lesion;

input blk $ trt $ cage $ chick $ lesion;
cards;

1 T1 30 124 2

2 T2 17 408 3

;

run;

title 'LMM with homogeneous variances';

proc glimmix; where trt”='NNC';

class blk trt;

model lesion=trt/ddfm=kr ;

random blk blk*trt;/*blk*trt corresponds to cage effect*/
run;

title 'LMM with heterogeneous residual variances';
proc glimmix; where trt”='NNC';

class blk trt;

model lesion=trt/ddfm=kr;

random blk blk*trt;

random _residual /grp=trt;

covtest 'Test of residual variance homogeneity' homogeneity;
run;
title 'GLMM with cumulative logit link';

proc glimmix; where trt”='NNC';

class blk trt;

model lesion=trt/dist=multinomial link=clogit s;
random blk blk*trt;

run;
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