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ABSTRACT Floor pen trials are an efficient way to
evaluate the effectiveness of potential Salmonella control
interventions in broiler chickens. When treatments are
allocated at the pen level, and outcomes are measured at
the individual bird level, floor pen studies are considered
to be cluster randomized trials. Estimating the sample
size required to achieve a desired level of statistical
power for a cluster randomized trial requires an estimate
of the intra-cluster correlation (ICC) as an input. In
this study, ICCs were estimated for the untreated chal-
lenged control group from 40 broiler chicken Salmonella
pen trials performed using a seeder bird challenge model.
The ICCs for ceca Salmonella prevalences ranged from
0.00 to 0.64, with a median of 0.17. The ICCs for ceca
Salmonella log10(MPN/g + 1) ranged from 0.00 to 0.52,
with a median of 0.14. These findings indicate that the
effect of pen-level clustering is substantial in Salmonella
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floor pen trials, and it must be considered during both
the study design and analysis. In a multivariable regres-
sion analysis, ICCs for ceca Salmonella prevalences were
associated with the challenge status of sampled birds,
age of birds at the time of challenge, and Salmonella
serovar. ICCs were lower for studies in which a combina-
tion of direct (seeder) and indirect (horizontal) chal-
lenged birds were sampled, and for studies in which
birds were challenged on the day of hatch or at one day
of age. ICCs were higher for studies in which Salmonella
Heidelberg was used as the challenge strain. These find-
ings may be useful for investigators that are planning
pen trials to evaluate Salmonella control interventions
in broiler chickens. Choosing study design elements asso-
ciated with a lower ICC may improve efficiency by lead-
ing to a larger effective sample size for the same number
of experimental units.
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INTRODUCTION

Nontyphoidal Salmonella has been estimated to cause
in excess of 1 million foodborne illnesses, 19,000 hospital-
izations, and 378 deaths in the United States each year
(Scallan et al., 2011). Despite significant public health
efforts to reduce Salmonella infections, the incidence in
2019 was estimated at 17.1 cases per 100,000 persons per
year, which was a 5% increase compared to the period
from 2016 to 2018 (Tack et al., 2020). While the relative
frequency of detection for certain poultry-associated Sal-
monella enterica serotypes, including Typhimurium and
Heidelberg, has decreased since 1996 to 1998, poultry is
still considered to be an important source of human
infections (Tack et al., 2020). One recent study esti-
mated that chickens and eggs account for 10% and 12%,
respectively, of all foodborne Salmonella illnesses in the
United States (Batz et al., 2021).
Historically, Salmonella control efforts in broiler chick-

ens have focused on processing (USDA-FSIS, 1996). In
recent years, however, there has been increasing recogni-
tion that Salmonella prevalences and loads on the farm
are positively associated with those at slaughter (Ber-
ghaus et al., 2013). Consequently, there is a desire to
identify on-farm interventions such as vaccination that
can effectively reduce Salmonella in the farm environment
(Hofacre et al., 2021). Evaluating potential interventions
in a commercial poultry farm environment is challenging
because the scale of production is large, management is
clustered at the level of the farm and house, and natural
exposures to pathogens such as Salmonella are intermit-
tent. Therefore, potential interventions are usually first
evaluated in a small-scale controlled environment where
birds can be administered a known disease challenge.
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Floor pen trials are commonly used to assess interven-
tions in broiler chickens with a microenvironment that is
similar to that encountered in large scale broiler produc-
tion (Byrd et al., 2008; Cerisuelo et al., 2014; Fasina
et al., 2021). Birds are placed on litter in small pens at a
density that is consistent with that used in a production
environment, and the pens are randomly allocated to
different experimental treatments. Because the unit of
randomization is the pen, floor pen studies that utilize
measurements from individual birds such as Salmonella
prevalences and loads are considered to be cluster ran-
domized trials (Cornfield, 1978; Donner and Klar, 2000).
This has implications for the study design and analysis
because the responses of birds within the same pen are
more similar to one another than they are to those of
birds in different pens. That is, the responses of birds
within the same pen are correlated. Intuitively, this
makes sense because birds in the same pen share a com-
mon environment, and if one or more birds in the pen
are shedding large numbers of Salmonella, then all of the
other birds in that pen would share a high level of expo-
sure. Practically, this means that many of the statistical
methods investigators are familiar with from their early
research training will not be appropriate for use with
cluster randomized designs because such methods typi-
cally assume that all of the observations are statistically
independent.

The magnitude of correlation between subjects (i.e.,
birds) within the same cluster (i.e., pen) is known as the
intra-cluster correlation (ICC). The ICC is denoted
using the Greek letter r, and it can be interpreted as the
standard Pearson correlation between any 2 observa-
tions within the same cluster (Donner and Klar, 2000).
The ICC can also be interpreted as the proportion of
variance that is attributable to between-cluster varia-
tion, with possible values ranging between zero and one
(Eldridge and Kerry, 2012). An ICC of zero implies that
the responses of subjects within the same cluster are
uncorrelated, and an ICC of one implies that the
responses of all subjects within the same cluster are iden-
tical. In the context of floor pen trials, lower values of
the ICC correspond to less variability between pens, and
higher values of the ICC correspond to more variability
between pens, in terms of the response.

From a study design standpoint, the magnitude of the
ICC influences a study’s effective sample size. If the ICC
is zero, the effective sample size is equal to the number
of individual birds because an ICC of zero implies that
the responses of birds within the same pen are indepen-
dent. If the ICC is one, the effective sample size is equal
to the number of pens, because all of the birds in the
same pen would have the same response. In most cases,
the effective sample size for a cluster randomized trial
lies somewhere between the number of clusters and the
number of individual subjects, depending on the magni-
tude of the ICC.

It is for this reason that sample size calculations for
cluster randomized trials require an estimate of the ICC
as an input. One commonly used approach to account
for clustering in sample size calculations is to inflate the
sample size for each group that was calculated under the
assumption of individual subject randomization by using
the formula (Dohoo et al., 2009):

n0 ¼ n 1þ r m � 1ð Þð Þ
where n0 is the cluster-adjusted sample size, n is the orig-
inal sample size calculated under the assumption of inde-
pendence, r is the ICC, and m is the number of subjects
sampled per cluster.
Consequently, when one wishes to estimate the sam-

ple size required to achieve a certain level of statistical
power for a Salmonella pen trial, it is necessary to pro-
vide an estimate of the ICC. To the authors’ knowledge,
however, estimates of ICCs for Salmonella pen trials in
broiler chickens have not previously been published.
Sometimes an investigator may have data from a previ-
ous trial that can be used to estimate the ICC, but it is
difficult to know whether a single estimated value is rep-
resentative of the population of ICCs that might be
encountered in a larger number of similar trials. The pri-
mary objective of this study was to describe the distribu-
tion of ICCs for ceca Salmonella prevalences and log-
transformed most probable number (MPN) per gram in
the untreated challenged control group from 40 broiler
chicken Salmonella pen trials that were conducted using
a seeder bird challenge model. A secondary objective
was to identify study characteristics that were associ-
ated with ICC.
MATERIALS AND METHODS

Selection of Studies

A consecutive sample of Salmonella pen trial studies
performed at a private contract research facility (South-
ern Poultry Research Group, Inc., Watkinsville, GA)
between March 2015 and February 2022 were included
in the analysis. Studies were eligible for inclusion if: 1)
the trial included 6 or more pens per treatment group
with 10 or more birds sampled from each pen; 2) birds
were challenged with Salmonella using a seeder bird
challenge model by 7 d of age; and 3) ceca were collected
when birds were between 35 and 46 d of age. Studies
were excluded if the overall Salmonella prevalence in the
untreated challenged control group was <5% or > 95%,
since prevalences outside of this range limited the poten-
tial variability in responses between pens. Only data
from the untreated challenged control group were ana-
lyzed for each study so that estimates of the ICCs would
not be influenced by the inclusion of different interven-
tions. Animal care practices for all studies conformed to
the Guide for the Care and Use of Agricultural Animals
in Research and Teaching (ADSA et al., 2020), and all
studies were approved by the Southern Poultry Research
Group Institutional Animal Care and Use Committee.
Housing

Broiler chickens were housed in modified conventional
poultry houses with solid sides and concrete walkways.
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Floor pens measured 1.5 m £ 1.5 m (5 ft £ 5 ft) or 1.5
m £ 3.0 m (5 ft £ 10 ft) with a stocking density of 0.09
m2 (1.0 ft2) per bird. Pens had dirt or concrete floors and
were bedded with approximately 4 inches of fresh pine
shavings at placement. Houses were fan cooled. Thermo-
statically controlled gas heaters were the primary heat
source, and supplemental heat lamps were used when
needed. Birds were raised under ambient humidity using
a lighting program recommended by the primary
breeder. Each pen contained one tube feeder and one
bell drinker. Feed and water were supplied ad libitum.
Seeder Bird Challenge Model

In all studies, a seeder bird challenge model was used
with one-half of the birds in each pen being tagged (color
coded) and directly challenged by oral gavage of the
individual birds with between 1 £ 105 and 1 £ 107 col-
ony forming units of Salmonella per bird. The remaining
birds in each pen were indirectly (horizontally) chal-
lenged by comingling them with the direct challenged
birds.
Qualitative Ceca Salmonella Cultures

On the day of sampling, birds were euthanized by cer-
vical dislocation and the ceca were aseptically removed.
Ceca were placed in sterile plastic sample bags (Whirl-
Pak; Nasco, Fort Atkinson, WI) and stored on wet ice
until they were delivered to the onsite laboratory for Sal-
monella isolation. Upon arrival at the laboratory, ceca
were weighed and 50 mL of tetrathionate broth (Difco,
Division of Becton, Dickinson, and Co., Sparks, MD)
was added to each sample prior to mixing by stomach-
ing. A 3 mL sample of the stomachered mixture was
removed for quantitative analysis, and the remaining
volume was incubated overnight at 42°C. The next day,
a 10 mL loopful of sample was struck onto xylose lysine
tergitol-4 agar (XLT-4, Difco) plates with overnight
incubation at 37°C. Up to 3 black colonies were selected
and confirmed as Salmonella using Poly-O Salmonella
specific antiserum (MiraVista, Indianapolis, IN). Sam-
ples with a negative primary enrichment culture were
submitted to secondary enrichment by adding a 0.5 mL
aliquot of the primary sample to 4.5 mL of tetrathionate
broth with overnight incubation at 37°C. The next day,
a loopful of sample was struck onto XLT-4 agar with
overnight incubation at 37°C. One black colony from
each plate was subsequently subcultured on blood agar
and incubated overnight at 37°C before confirmation
using Salmonella-specific antiserum.
Quantitative Ceca Salmonella Cultures

Quantitative cultures were performed using a micro-
MPN procedure similar to that used in a previous study
(Berghaus et al., 2013). Briefly, a 1 mL aliquot of the
stomachered ceca samples was transferred to each of 3
adjacent wells in the first row of a 96-well 2 mL deep-
well plate (VWR International, West Chester, PA). A
0.1 mL aliquot of the sample was then transferred to
0.9 mL of tetrathionate broth in the second row, and
this process was repeated for the remaining rows to pro-
duce five 10-fold dilutions. Blocks were incubated for
24 hours at 42°C. One mL of each well was subsequently
transferred to XLT-4 agar using a multi-channel pipet,
and plates were incubated for 24 hours at 37°C. Suspect
Salmonella isolates were confirmed by Poly-O Salmo-
nella-specific antiserum. The number of positive repli-
cates at each dilution was used to calculate the MPN of
Salmonella per mL of media (Blodgett, 2020). The MPN
per gram of ceca was calculated by multiplying the
MPN/mL of media by the total volume of media added
(e.g., 50 mL) and then dividing by the ceca weight in
grams. Samples with a negative culture result by the
MPN method but a positive culture result by primary or
secondary enrichment were arbitrarily assigned an MPN
value of 0.15 MPN/mL of media, which was approxi-
mately one-half the minimum detection limit of the
MPN assay, for statistical analysis.
Statistical Methods

ICCs were calculated using the 1-way ANOVA esti-
mator, which is appropriate for both binary and contin-
uous outcomes (Donner, 1986; Ridout et al., 1999).
Briefly, the ICC (r) was estimated using Stata’s loneway
command as:

r ¼ s2
A

s2
A þ s2

e
¼ MSA�MSEð Þ= MSAþ n0 � 1ð ÞMSEð Þ

¼ F � 1ð Þ= F þ n0 � 1ð Þ

where s2
A is the variance component due to the difference

between groups (i.e., clusters); s2
e is the variance compo-

nent due to the difference between individuals within
groups; MSA is the mean square among groups; MSE is
the mean square error (within groups); F ¼ MSA=MSE
is the variance ratio statistic from the 1-way ANOVA
table; and

n0 ¼ N �
Xk
i¼1

n2
i =N

 !
= k � 1ð Þ

where ni is the sample size of group i, and N is the sum of
the ni 0s over the k groups.
Descriptive statistics for ICCs were reported as the

mean (SD) as well as a 5-number summary which
included the minimum, 25th percentile, median, 75th per-
centile, and maximum. Wilcoxon’s signed-rank test was
used to compare the ICCs for Salmonella prevalences and
Salmonella log10(MPN/g + 1) that were calculated from
the same studies. Spearman’s correlation was also used to
evaluate the association between ICCs that were calcu-
lated for Salmonella prevalences and those that were cal-
culated for log-transformed MPNs. Linear regression
analysis was used to evaluate study characteristics as
potential predictors of ICCs for the Salmonella



Table 1. Characteristics of 40 experimental Salmonella floor pen
trials conducted in broiler chickens between March 2015 and Feb-
ruary 2022 using a seeder bird challenge model.

Variable
Median (Min, Max)
or frequency (%)

Number of pens (clusters) per treatment group 10 (6, 16)
Number of birds sampled per pen 15 (10, 15)
Percent of sampled birds that were indirectly (i.e.,
horizontally) challenged

67 (33, 100)

Ceca Salmonella prevalence (%) in the untreated
challenged control group

47 (9, 76)

1Day of age at Salmonella challenge 1 (0, 7)
1Day of age at sample collection 43 (35, 46)
Salmonella enterica serovar used for challenge
Enteritidis 3 (7.5)
Heidelberg 33 (82.5)
Infantis 1 (2.5)
Kentucky 2 (5.0)
Typhimurium 1 (2.5)

Salmonella challenge dose (CFU/bird)
1 £ 105 4 (10.0)
1 £ 106 7 (17.5)
1 £ 107 29 (72.5)

Broiler strain
Cobb £ Cobb 3 (7.5)
Ross £ Ross 37 (92.5)

2Pen size
1.5 m £ 1.5 m (5 ft £ 5 ft) 10 (25.0)
1.5 m £ 3.0 m (5 ft £ 10 ft) 30 (75.0)
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prevalences. Variables considered for inclusion in the
regression analysis were: challenge status of the sampled
birds (a mixture of direct and indirect challenged birds
vs. indirect challenged only); Salmonella prevalence; chal-
lenge dose; age of birds at challenge; age of birds at sam-
ple collection; number of days between challenge and
sample collection; pen size; pen floor type; number of
pens per group; number of birds sampled per pen; and
Salmonella serovar. All variables that had P < 0.20 in
the univariable analysis were considered for inclusion in
the multivariable analysis. Multivariable model selection
was performed using a manual backward elimination pro-
cedure with variables being removed one-by-one from the
maximum model in a stepwise approach until only those
having P < 0.05 remained. Akaike’s information criterion
was used to choose between competing functional forms
of continuous predictor variables (e.g., linear, quadratic,
or categorical). The normality of residuals was assessed
using the Shapiro−Wilk test. All tests assumed a 2-sided
alternative hypothesis, and values of P < 0.05 were con-
sidered statistically significant. Analyses were performed
using commercially available statistical software (Stata/
SE 17.0, StataCorp LLC, College Station, TX).
Pen floor type
Dirt 26 (65.0)
Concrete 14 (35.0)

Abbreviation: CFU, colony forming units.
1Day 0 was the day of hatch.
2All studies had a placement density of 0.09 m2 (1.0 ft2) per bird.

Figure 1. Dot plot showing the distribution of intra-cluster corre-
lations (ICCs) for ceca Salmonella prevalences and ceca Salmonella
log10(MPN/g + 1) from 40 experimental floor pen trials in broiler chick-
ens using a seeder bird challenge model. Boxes illustrate the interquar-
tile range (25th−75th percentiles), and the horizontal line in the
interior of each box represents the median.
RESULTS

Characteristics of the 40 Salmonella floor pen trials
included in the analysis are summarized in Table 1. In
total, qualitative Salmonella cultures were performed on
5,351 ceca samples and quantitative cultures were per-
formed on 5,261 ceca samples across 405 different pens
assigned to the untreated challenged control groups in
the 40 studies. Ceca Salmonella prevalences in the stud-
ies ranged from 9 to 76% with a median of 47%. Values
of Salmonella log10(MPN/g +1) for the culture-positive
samples (n = 2,336) ranged from 0.08 to 5.77 with a
median of 0.35.

The distribution of ICCs for the binary (prevalence)
and continuous (log10[MPN/g + 1]) ceca Salmonella cul-
ture results is illustrated in Figure 1. For the analysis
based on Salmonella prevalences, the mean (SD) ICC
was 0.20 (0.17), and the 5-number summary statistics
(minimum, 25th percentile, median, 75th percentile,
maximum) were: 0.00, 0.08, 0.17, 0.30, and 0.64. For the
analysis based on the log-transformed Salmonella MPNs,
the mean (SD) ICC was 0.15 (0.15), and the 5-number
summary statistics were: 0.00, 0.03, 0.14, 0.20, and 0.52.
In a paired comparison, ICCs calculated for the Salmo-
nella prevalences were significantly higher than those
calculated for the log-transformed MPNs (Wilcoxon
signed-rank test, P = 0.006). ICCs for the Salmonella
prevalences were also strongly correlated with ICCs for
the log-transformed MPNs from the same studies
(Spearman’s rho = 0.81; P < 0.001). Collectively, these
results indicate that the effect of pen-level clustering is
substantial in Salmonella floor pen trials, and it must be
considered during both the study design and analysis.

Within the 32 studies in which a combination of both
direct and indirect challenged birds was sampled, direct
challenged birds had a higher median Salmonella
prevalence than the indirect challenged birds (55% vs.
42%, respectively; Wilcoxon signed-rank test, P <
0.001). Within these same 32 studies, there was no sig-
nificant difference between the median ICCs that were
calculated for the Salmonella prevalences if the calcula-
tions were restricted to only the direct challenged birds
or only the indirect challenged birds (0.14 vs. 0.15,
respectively; Wilcoxon signed-rank test, P = 0.54).



Table 2. Multivariable linear regression model to identify varia-
bles associated with the intra-cluster correlation (ICC) for ceca
Salmonella prevalences in the untreated challenged control groups
from 40 broiler chicken floor pen trials conducted between March
2015 and February 2022 using a seeder bird challenge model
(R2 = 0.46).

Variable
Coefficient
(Std. error)

95% confidence
interval P

1Challenge status of sampled birds
Direct and indirect (n = 32) Reference
Indirect only (n = 8) 0.13 (0.05) 0.02, 0.24 0.020

2Day of age at Salmonella
challenge
0−1 (n = 21) Reference
2−7 (n = 19) 0.16 (0.04) 0.07, 0.25 0.001

Salmonella enterica serovar
Heidelberg (n = 33) Reference
Other (n = 7) �0.14 (0.06) �0.25, �0.03 0.018

Constant 0.12 (0.03) 0.06, 0.18 <0.001
1Direct challenged birds (seeder birds) were individually orally gavaged

with Salmonella. Indirect (horizontal) challenged birds were only exposed
to Salmonella via comingling with the direct challenged birds.

2Day 0 was the day of hatch.
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Consequently, while the direct challenged birds were
more likely to be colonized with Salmonella, they did not
differ from the indirect challenged birds with respect to
their ICCs.

In a multivariable linear regression analysis, ICCs
based on the Salmonella prevalences were significantly
associated with the challenge status of sampled birds (i.
Figure 2. Dot plots showing the distribution of intra-cluster correlation
trials in broiler chickens using a seeder bird challenge model. Panel A show
challenged birds were sampled compared to studies in which only indirect c
birds were challenged with Salmonella on day 0 (day of hatch) or day 1 com
shows ICCs for studies by Salmonella challenge serovar.
e., a mixture of direct and indirect challenged birds vs.
only indirect challenged birds), the age of birds at chal-
lenge, and the Salmonella serovar (Table 2). The coeffi-
cient of determination for the final multivariable model
was R2 = 0.46, suggesting that the model accounted for
approximately 46% of the variability in study ICCs.
Compared to studies that sampled a combination of
both direct and indirect challenged birds, studies that
sampled only indirect (horizontal) challenged birds had
a mean ICC that was 0.13 units higher, after adjusting
for the age of birds at challenge and the Salmonella sero-
var. Compared to studies in which birds were challenged
on day 0 (day of hatch) or day 1, studies in which birds
were challenged on days 2 to 7 had a mean ICC that was
0.16 units higher. And compared to studies in which
birds were challenged with Salmonella Heidelberg, stud-
ies in which birds were challenged with a different Sal-
monella serovar had a mean ICC that was 0.14 units
lower. Figure 2 illustrates the bivariate ICC distribu-
tions for each of these three variables. In the multivari-
able analysis, ICCs were not significantly associated
with: Salmonella prevalence; challenge dose; pen size;
pen floor type; number of pens per group; number of
birds sampled per pen; age of birds at sample collection;
or the number of days between challenge and sample col-
lection. Residuals from the final regression model were
approximately normally distributed (Shapiro−Wilk
test, P = 0.29). One pertinent finding of this analysis is
s (ICCs) for ceca Salmonella prevalences from 40 experimental floor pen
s ICCs for studies in which a mixture of direct and indirect (horizontal)
hallenged birds were sampled. Panel B shows ICCs for studies in which
pared to studies in which birds were challenged on days 2 to 7. Panel C



Figure 3. Dot plots of pen-level Salmonella prevalences for studies with different values of the intra-cluster correlation (ICC). Ceca were col-
lected from 10 to 15 birds in each of 6 to 16 pens assigned to the untreated challenged control group in each study. Studies with higher ICCs exhibit
greater variability in the distribution of pen-level prevalences.
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that certain elements of the study design may influence
the ICC. Choosing study design elements that are associ-
ated with a smaller ICC may improve efficiency by lead-
ing to a larger effective sample size for the same number
of experimental units.

The distribution of pen-level Salmonella prevalences
for a subset of studies is shown in Figure 3 to illustrate
the between-pen variability for studies with different
ranges of ICCs. For studies with an estimated ICC of
0.00, pen-level prevalences were minimally dispersed
around a central value. Comparatively, studies with an
ICC between 0.10 and 0.15 had somewhat broader pen-
level prevalence distributions, and those with an ICC
between 0.25 and 0.30 had markedly broader pen-level
prevalence distributions. Studies with an ICC between
0.40 and 0.65 had either a bimodal distribution of pen-
level prevalences, or a strongly skewed distribution. In
summary, studies with lower ICCs exhibited less vari-
ability between pens, and studies with higher ICCs
exhibited more variability between pens, in terms of
their response.
DISCUSSION

ICCs for the Salmonella pen trials evaluated in this
study were substantial, with a median (25th percentile,
75th percentile) ICC of 0.17 (0.08, 0.30) for the analysis
based on Salmonella prevalences. The practical
consequences of an ICC of this magnitude can be
assessed by calculating the previously mentioned infla-
tion factor that is used to determine the cluster-adjusted
sample size. For example, with an ICC of 0.17 and
a sample size of 15 birds per pen, the sample size for a
cluster randomized trial would need to be inflated by a
factor of ð1þ r ðm � 1ÞÞ ¼ ð1þ 0:17 ð15� 1ÞÞ ¼ 3:38
relative to a study where randomization occurs at the
level of the individual bird in order to achieve the same
level of statistical power. So, if the required sample size
under the assumption of individual bird-level randomi-
zation was 60 birds per group, a cluster-randomized
trial with an ICC of 0.17 and 15 birds sampled per pen
would require a minimum total sample size of
3.38 £ 60 = 202.8 � 203 birds per group, and at 15 birds
per pen this would require 203/15 = 13.5 � 14 pens per
group. Note that the inflation factor depends on the
number of birds sampled per pen as well as the ICC.
Sampling a smaller number of birds per pen will reduce
the inflation factor and reduce the total sample size
required, but it will also require a larger number of pens.
Generally, for a given number of birds, one can achieve a
greater increase in power by increasing the number of
pens assigned to each treatment rather than by increas-
ing the number of birds sampled per pen. Logistically, of
course, the number of pens available for a study may be
limited.
In the multivariable regression analysis, ICCs calcu-

lated from the Salmonella prevalences were associated
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with challenge status of the sampled birds, age of birds
at the time of challenge, and Salmonella serovar. When
only indirect (horizontal) challenged birds were sam-
pled, the mean ICC was higher than when a combination
of direct and indirect challenged birds was sampled. This
may be because the colonization of indirectly challenged
birds is dependent on secondary transmission from the
direct challenged birds, and the rate of secondary trans-
mission may vary across pens as Salmonella shedding
varies across birds. Including some proportion of directly
challenged birds among those sampled might decrease
the dependence on secondary transmission.

The ICCs for studies where birds were challenged on
the day of hatch or at one day of age were lower than
those for studies where birds were challenged between 2
and 7 d of age, suggesting more consistent transmission
and colonization in birds that were challenged at an ear-
lier age. In one previous study, birds that were chal-
lenged using a seeder bird approach in day-old chicks
were found to have lower Salmonella prevalences than
birds that were challenged directly through oral or cloa-
cal routes (Cox et al., 2020). The authors of that study
speculated that in part this may be because the indi-
rectly challenged birds are not exposed to Salmonella
until day 3 when their gut microflora has already started
to mature. Hence, it is possible that delaying the chal-
lenge for a longer period of time may lead to less consis-
tent colonization of the direct challenged birds as well as
greater variability in the transmission to horizontally
challenged birds.

Studies in which birds were challenged with Salmo-
nella Heidelberg had a higher mean ICC than studies in
which birds were challenged with other Salmonella sero-
types, but this finding should be interpreted with cau-
tion. Only 7 of the 40 studies evaluated in this analysis
used a serotype other than Salmonella Heidelberg as the
challenge strain (3 used Enteritidis, 2 used Kentucky, 1
used Infantis, and 1 used Typhimurium). In addition,
the Salmonella Heidelberg isolate used in these studies is
resistant to nalidixic acid, and it may not be representa-
tive of all strains of Salmonella Heidelberg. Nonetheless,
the finding that ICCs varied with the challenge serotype
does suggest that different Salmonella strains may have
different transmissibility profiles.

There are several limitations of the current analysis.
We focused on an assessment of only the untreated chal-
lenged control groups from the included studies to avoid
the influence of different interventions across studies. To
the extent that certain interventions may affect the
transmissibility of Salmonella, they may also affect the
ICCs. Regardless, we believe there is value in quantify-
ing the range of ICC values that might be observed even
in the absence of any treatments.

We also included only studies in which a seeder bird
challenge model was used. While this is a commonly
used approach in Salmonella challenge studies, it is not
the only approach (Cox et al., 2020). Sampling only
direct challenged birds might be expected to lead to
lower ICCs since birds that are individually challenged
do not need to rely on secondary transmission from other
birds to be exposed. We did not find this to be the case,
however, when the calculation of ICCs was restricted to
only the direct challenged birds or only the indirect chal-
lenged birds in studies where both direct and indirect
challenged birds were sampled. Perhaps the results
would be different if all of the birds in each pen had been
directly challenged rather than only half the birds, but
we were unable to assess such an approach with the cur-
rent data. One potential advantage of using the seeder
bird approach is that it mimics natural routes of expo-
sure for the indirectly challenged birds.
As noted previously, an assumption of many com-

monly used statistical methods is that the observations
are independent. This assumption is violated in Salmo-
nella pen trials, where the responses of birds in the same
pen are correlated. Using a naïve approach to the statis-
tical analysis that ignores pen-level clustering would be
expected to lead to inappropriately small standard
errors and P values. Likewise, ignoring the effect of clus-
tering during sample size calculations would be expected
to lead to an under-powered study. Thankfully, analyti-
cal methods that explicitly account for clustering, such
as generalized linear mixed models and generalized esti-
mating equation models are readily accessible using
modern statistical software. And calculation of a clus-
ter-adjusted sample size is straightforward given infor-
mation on the ICC and the number of subjects sampled
per cluster.
Considering the wide range of ICCs observed in the

trials that were summarized in the current study, it may
be reasonable to ask what value should be used for sam-
ple size calculations. We propose that for similarly
designed studies, the median observed value of the ICC
(r = 0.17 for the Salmonella prevalence) would be a sen-
sible starting point, since half of the trials in this study
had an ICC that was smaller and half had an ICC that
was larger. Certainly, it would also be reasonable to per-
form sample size calculations using a range of ICC val-
ues, perhaps from the 25th percentile (e.g., r = 0.08) to
the 75th percentile (e.g., r = 0.30), to gain an apprecia-
tion for how the required sample size may be impacted.
If one wishes to be conservative, a larger value can
always be used, although this may result in expending
more resources than necessary. Inputs for sample size
calculations are rarely known with certainty, which may
lead some investigators to question their utility. Perhaps
the greatest value in performing sample size and power
calculations is on those occasions when one realizes that
even under the most optimistic of circumstances, there
would be an unacceptably low probability of achieving a
trial’s objectives.
CONCLUSIONS

ICCs should be considered when estimating sample
sizes for Salmonella pen trials. Given the variability in
ICCs between studies, it may be desirable to perform
sample size calculations for a range of ICC values to gain
an appreciation for how the required sample size would
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be impacted. Challenging birds on the day of hatch or as
day-old chicks, and sampling a combination of direct
and indirect challenged birds may help reduce the ICC
relative to studies that challenge birds at an older age
and those that sample only indirect challenged birds
within the context of a seeder bird challenge model.
Choosing study design elements that are associated with
smaller ICCs may improve efficiency by increasing the
effective sample size for the same number of experimen-
tal units.
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