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The effect of chilling on the occurrence of Salmonella on pig carcasses was investigated at study, abattoir and
batch level by meta-analysis. Both the fixed-effects and random-effects model confirmed (p b 0.05) the signifi-
cant effect of chilling in decreasing Salmonella occurrence on pig carcasses; although the random-effects solution
was preferred to account for the significant variability in effect size (p b 0.001) estimated from the 13 primary
studies considered, the 32 abattoirs surveyed, and the 51 sampled batches. Conservatively, it can be said that
chilling reduces the Salmonella incidence on pig carcasses by a mean ratio of ~1.6 (95% CI: 1.0–2.6). Multilevel
meta-analysis models investigating study characteristics that could explain the heterogeneity (τ2) in the true effect
size among primary studies (τ2 = 0.578), among surveyed abattoirs (τ2 = 0.431), and among sampled batches
(τ2 = 0.373), revealed that study size (represented by the moderating variables of ‘total sample size’ and ‘number
of batches sampled in an abattoir’) and ‘carcass swabbed area’ have a significant impact (p b 0.05) on themeasured
effect size of chilling. The fact that swabbed area explained between 56 and 62% and total sample size between 23
and 38% of the total heterogeneity in the chilling true effect size, indicates that differences in experimental design
greatly affect our substantive conclusion about the effect of chilling on Salmonella occurrence. This inconsistency
to elucidate the effect of chilling arises because of the many factors influencing both the performance of the chilling
operation and themeasurement itself. Meta-analysiswas not only instrumental to show that small-size studies (i.e.,
only one batch sampled per abattoir, total number of sampled carcasses per batch b 50) and small swabbed areas
(b100 cm2) lead to imprecise and even conflicting conclusions, but most importantly, enabled definition of the
characteristics of a well-designed study having aminimum statistical power to produce precise results. A sound ex-
perimental design derived by multilevel meta-analysis consists of swabbing carcass areas of at least 500 cm2 from
25 pre-chill and 25 post-chill carcasses from a single production batch, with a minimum of two batches sampled
per surveyed abattoir. If the survey were to be conducted in more than one abattoir, the total sample size should
not be less than 400. Two methods to test for publication bias, a common problem in meta-analysis, suggested
that whilst the presence of unpublished small-size studies is probable, it is not likely that this would significantly
bias the overall chilling effect estimated in this study.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Meta-analysis concerns the statistical summarisation of the results
of a large collection of independently conducted primary studies on
one specific research question (Glass, 1976). The primary aim of meta-
analysis is to produce amore precise estimate of the effect of a particular
intervention, with increased statistical power, than is possible using
only a single study (Sutton et al., 2001). With meta-analysis, it is also
possible to explain differences in the study outcomes by coding study
characteristics such as research design features, data collection proce-
dures or type of subjects sampled (Hox and de Leeuw, 2003). In classical
roup, CIMOMountain Research
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.
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meta-analysis (Glass, 1976), if data is binary, the effect size of a treat-
ment or intervention is estimated for each primary study by means of
a standardised measure or parameterisation such as odds ratio or rela-
tive risk; if data is continuous, it is estimated by the difference between
treatment and control. In a fixed-effects approach, combining studies is
simple as they can be regarded as direct replications of each other and
one can assume that the possible differences between study outcomes
are due to sampling error. However, heterogeneity in primary study
outcomes is expected as different studies employ different sampling
methods, different experimental manipulations or measure the effects
with different methodologies. To address this heterogeneity, a random-
effects model is the best choice as it assumes that study outcomes vary
not only because of random sampling effects (within-study variations),
but also because of real differences between studies. If heterogeneity
among primary studies is present, the next goal ofmeta-analysis is to at-
tempt to identify the study characteristics ormoderators that explain the
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Table 1
Measures of effect size and their sampling variance used in meta-analysis. Sub-indexes
T and C stand for treated group and control group, respectively.

Measure Estimator Transformation Sampling variance

Mean x –
σ2

n

Difference
in means

g ¼ xT−xC

σ
–

nT þ nC

nTnC
þ g2

2nT þ nC

Standard
deviation

σ log sð Þ þ 1
2
df

1
2
df

Correlation r
1
2
log

1þ r
1−r

� �
1

n−3

Proportion p log
p

1−p

� �
1

np 1−pð Þ

Relative risk RR ¼ pT
pC

¼ sT=nT

sC=nC
log RR

nT−sT
nT sT

þ nC−sC
nCsC

Odds ratio OR ¼ pT 1−pTð Þ
pC 1−pCð Þ

¼ sT nT−sTð Þ
sC nC−sCð Þ

log OR
1
sT

þ 1
sC

þ 1
nT−sT

þ 1
nC−sC

Probability
difference

PD ¼ pT−pC

¼ sT
nT

− sC
nC

–
sT nT−sTð Þ

nT
3 þ sC nC−sCð Þ

nC
3
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differences between study outcomes. For this, an original new analytic
direction was taken by Raudenbush and Bryk (1985), who argued that
a meta-analysis could be regarded as a special case ofmultilevel analysis
using hierarchical linear models, with subjects between studies at the
first level and studies at the second level. The major advantage of using
multilevel analysis instead of classical meta-analysis methods is its flex-
ibility as it is simple to include moderators as explanatory variables in
the regression model (Hox and De Leeuw, 2003).

Whilst there was a rapid increase of meta-analyses conducted in
evidence-based medicine on the past two decades (Whitehead, 2002),
realisation of the potential of meta-analysis in agriculture public health
and food safety only began in the past few years (Den Besten and
Zwietering, 2012; Gonzales-Barron et al., 2008; Gonzales-Barron and
Butler, 2011; Grieg et al., 2012; McQuestin et al., 2009; Patil et al.,
2004; Sánchez et al., 2007; Sargeant et al., 2006; Vialette et al., 2005;
Wilhelm et al., 2011). In food safety research, meta-analysis may be
conducted to address a broad range of research questions such as
disease incidence, consumer practices, prevalence of microorganisms,
effect of interventions pre- and post-harvest, etc. Within the risk analy-
sis context, before any risk management option can be established, re-
search is necessary to identify both (i) the control points in the food
chain where interventions or treatments would be effective in reducing
contamination, exposure to food-borne pathogens or those that reduce
growth, and (ii) the interventions that are likely to be efficacious. Never-
theless, the results of a potential intervention strategy might be con-
flicting among primary studies, and different studies normally fail to
provide the same level of confidence for effectiveness because of differ-
ences in study design, statistical power or sample size. Thus, meta-
analysis becomes useful in the field of food safety for the identification,
appraisal and summarisation of results from large quantities of research.
Apart from thepossibility to quantify the effect of the intervention under
study with increased confidence, meta-analysis can also reveal a clearer
picture of the state of knowledge from the body of information
contained in all primary studies (Gonzales-Barron and Butler, 2011),
and can provide a statistical distribution of the effect of an intervention
that can be used in exposure assessmentmodels (Gonzales-Barron et al.,
2009).

Performing a meta-analysis, Gonzales-Barron et al. (2008) con-
firmed that the chilling operation has a significant effect on the reduc-
tion of pathogenic Salmonella occurrence in pig carcasses. However,
the effect size of chilling was estimated using only pooled numbers of
positive and tested carcasses per primary study; being a case of a classi-
cal meta-analysis integrating only summarised outcomes. As other pri-
mary studies became available, it was realised that, for most of the
studies, the Salmonella occurrence data of pigs before and after chilling
could be partitioned by abattoir and,within abattoir by sampling visit or
batch; and moreover, that some study characteristics could be coded to
attempt to explain the different outcomes from the primary studies.
Thus, the objectives of this research are: (i) to compile all publicly acces-
sible published and non-published findings on the effect of chilling on
Salmonella occurrence on pig carcasses, and quantitatively summarise
these outcomes on a study level, abattoir level and batch level; (ii) to as-
sess the presence of heterogeneity in the observed effect sizes of chilling
at each of these three levels, and if present, to evaluate its causes by
means of multilevel meta-analyses using coded study characteristics
such as number of abattoirs surveyed, number of total sampled batches
(visits), total sample size and swabbed area; and (iii) to illustrate some
methods to appraise likely publication bias, a common artefact in
meta-analysis studies. Interpretation of results and applications in the
experimental design of future food safety research are discussed.

2. Methodology

As indicated by Sargeant et al. (2005), to perform a meta-analysis,
three important facets are to be considered: population, intervention
or treatment and measured outcome. The problem statement in this
study was the estimation of the overall effect of chilling on the prev-
alence of Salmonella on pig carcasses during pork production. The
population was specified as eviscerated pig carcasses after meat in-
spection in slaughterhouses. The treatment is represented by the chill-
ing stage during pork processing, which includes cooling and cold
storage (18 to 24 h) at ~5 °C. The measured outcome is the detection
of Salmonella on the pig carcass surface. Following the systematic re-
view protocol presented by Sargeant et al. (2005), electronic searches
were carried out to identify published and unpublished primary stud-
ies additional to those already found for the previous meta-analysis
conducted by Gonzales-Barron et al. (2008). After assessing all the in-
formation presented in every study, thirteen primary studies were
considered appropriate for inclusion in the meta-analysis models.
This extends our earlier study (Gonzales-Barron et al., 2008) by four
additional data sets. After problem statement formulation and data
collection, a parameterisation or measure unit of the intervention's
effect size needs to be determined. The effect size (θ) refers to the degree
to which the hypothetical phenomenon (i.e., decrease in Salmonella
prevalencedue to chilling) is present in the population (i.e., pig carcasses
during processing at slaughterhouses). The parameter measuring the
effect size of an intervention is a common metric that permits direct
comparison and summation of primary studies (Noble, 2006). Table 1
compiles some of the most widely-used effect size measures used for
meta-analysing continuous and binary outcome data. If the sample size
of the individual studies is at least higher than 20, it is usually reasonable
to assume that the sampling distribution of the outcomes is normal
(Bryk and Raudenbush, 1992). The variance of the sampling distribution
is often known from statistical theory, although in some cases, a transfor-
mation is needed to achieve normality and known sampling variance
(Table 1). Because the data generated by occurrence studies is binary
(i.e., a pig carcass tests either positive or negative for Salmonella), the
possible parameters to measure effect size are relative risk, odds ratio
or probability difference. Relative risk (RR)was chosen for being less sus-
ceptible to differences in study protocols and suitable for risk assessment
models (Gonzales-Barron et al., 2008). As shown in Table 1, the normal-
ity assumption is theoretically met by the natural logarithm transforma-
tion (log RR), and the sampling variance is known.

2.1. Description of data sets

The outcome data from the thirteen primary studies were available
on nT pig carcasses in the post-chill group (treated group) and nC pig



Table 3
Abattoir-level occurrence of Salmonella-positive pig carcasses before and after chilling
as detected in primary studies, and extracted study characteristics.

Coded
study

Coded
abattoir

Area of swab
(cm2) (A)

Number
of batches
(Nba)

Pre-chill
group
(control)

Post-chill
group
(treated)

sC nC sT nT

1 1 1000 2 14 55 9 55
2 1000 1 2 30 3 20

2 3 300 2 6 60 3 60
4 300 2 1 62 3 62
5 300 2 1 60 0 60

3 6 100 1 0 23 4 23
7 100 1 0 30 2 30
8 100 1 2 45 2 45
9 100 1 0 30 0 40

10 100 1 1 30 0 15
11 100 1 1 15 0 15
12 100 1 0 15 0 15

4 13 1000 1 7 25 3 25
5 14 400 4 1 66 1 61

15 400 3 12 50 2 47
16 400 2 3 29 1 23
17 400 3 2 30 1 30

6 18 100 2 4 60 0 60
19 100 2 8 60 4 60
20 100 2 4 60 16 60

7 21 1000 NSa 19 64 9 64
22 1000 NS 4 71 2 71
23 1000 NS 4 75 1 75

8 24 100 NS 61 188 72 188
10 25 600 2 0 39 0 39

26 600 2 2 43 0 43
27 600 2 23 51 4 51
28 600 2 5 44 1 44
29 600 2 1 49 0 49

11 30 1350 3 118 311 31 310
31 1350 3 61 135 17 135

a Number of batches within each sampled abattoir not specified (NS) in the primary
studies.
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carcasses in the pre-chill group (control group). The number of suc-
cesses (Salmonella-positive carcasses) in the post-chill and pre-chill
group is represented by sT and sC, respectively. In most of the primary
studies, results were not only presented as pooled (total) numbers but
also broken down by abattoir surveyed and by batch sampled.
Meta-analyses were conducted at three levels: study-level (pooled re-
sults), abattoir-level and batch-level.

Table 2 compiles the occurrence data for the study-level meta-
analyses. The study characteristics of ‘carcass swabbed area’ (A),
‘number of abattoirs surveyed’ (Na) and ‘number of total sampled
batches’ (Nb) were extracted from each of the primary studies, and
included in the data set as moderating variables, although the com-
plete information was not available in three primary studies (Quirke
et al., 2001; Epling et al., 1993; and Oosterom et al., 1985; Table 2).
An additional moderating variable was the ‘total sample size’ (N)
defined as N = nC + nT. The meta-analyses models conducted at
study-level comprised fixed-effects, random-effects and multilevel-
effects with the moderating variables A, Na, Nb and N. Table 3
shows the input data for the abattoir-level meta-analyses; this is,
the occurrence data partitioned by abattoir. In this case, the study
characteristics extracted were ‘total sample size’ (N), ‘carcass swabbed
area’ (A), and ‘number of batches sampled per abattoir’ (Nba). Informa-
tion on Nba was not available in two primary studies (Epling et al.,
1993; and Oosterom et al., 1985; Table 3). Also, the studies of Algino
et al. (2009), Quirke et al. (2001) and Saide-Albornoz et al. (1995)
could not be used for the abattoir-level meta-analyses, as they did not
present results separately for each of the sampled abattoirs. A fixed-
effects model, random-effects model and multilevel models with N, A
and Nba as covariates were fitted to the remaining suitable data com-
piled in Table 3. In some of the studies, the abattoir-level incidence
data appeared further partitioned by sampling visits (sampled batches).
At this level, two primary studies had to be removed (Epling et al., 1993;
and Oosterom et al., 1985) as outcomes were not available broken
down by batch. Meta-analyses conducted on the remaining suitable
data (Table 4) were the fixed-effects, random-effects, and multilevel
models with the moderating variables A and N.

2.2. Fixed-effects meta-analysis

In its simplest form, a fixed-effect meta-analysis can be carried
out to make a conditional inference only about the J primary studies
included in the meta-analysis (Hedges and Vevea, 1998). For exam-
ple, a fixed-effects model without moderators provides an answer
to the question: How large is the average true effect in the set of J
studies? On the other hand, a fixed-effects meta-analysis can also be
Table 2
Total occurrence of Salmonella-positive pig carcasses before and after chilling as reported in

Coded
study

Area of swab
(cm2) (A)

Number of
abattoirs (Na)

Number of total
batches (Nb)

1 1000 2 3
2 300 3 6
3 100 7 7
4 1000 1 1
5 400 4 12
6 100 3 6
7 1000 3 NSa

8 100 1 NS
9 100 10 10
10 600 5 10
11 1350 2 6
12 1000 3 NS
13 100 3 9

a Number of total batches not specified (NS) in the respective primary studies.
conducted when there is an assumption that the possible differences
between study results are due to sampling variance. In any case,

θj ¼ Θþ εj ð1Þ

with θj the observed effect size in the primary study j, Θ the population
effect size, and εj the residual error due to sampling variance. It is as-
sumed that the εj have a normal distribution with mean zero and a
true variance ξ2. So, it follows that for a fixed-effects meta-analysis
primary studies, and extracted study characteristics.

Pre-chill group
(control)

Post-chill group
(treated)

Reference

sC nC sT nT

16 85 12 75 Botteldoorn et al. (2003)
8 182 6 182 Bouvet et al. (2003)
4 188 8 183 Cutter (2003)
7 25 3 25 Davies et al. (1999)

18 175 5 161 Duggan et al. (2010)
16 180 20 180 Minvielle (personal comm.)
27 210 12 210 Oosterom et al. (1985)
61 188 72 188 Epling et al. (1993)
10 112 25 112 Algino et al. (2009)
31 226 5 226 De Busser et al. (2011)

179 446 48 445 Arguello et al. (2012)
6 419 1 419 Quirke et al. (2001)
3 270 1 270 Saide-Albornoz et al. (1995)



Table 4
Batch-level occurrence of Salmonella-positive pig carcasses before and after chilling as
detected in primary studies, and extracted study characteristics.

Coded
study

Coded
abattoir

Coded
batch

Area of swab
(cm2) (A)

Pre-chill
group
(control)

Post-chill
group
(treated)

sC nC sT nT

1 1 1 1000 13 25 9 25
2 1000 1 30 0 30

2 3 1000 2 30 3 20
2 3 4 300 2 30 1 30

5 300 4 30 2 30
4 6 300 0 29 1 29

7 300 1 33 2 33
5 8 300 1 30 0 30

9 300 0 30 0 30
3 6 10 100 0 23 4 23

7 11 100 0 30 2 30
8 12 100 2 45 2 45
9 13 100 0 30 0 40

10 14 100 1 30 0 15
11 15 100 1 15 0 15
12 16 100 0 15 0 15

4 13 17 1000 7 25 3 25
5 14 18 400 0 21 0 16

19 400 0 13 0 13
20 400 0 16 1 16
21 400 1 16 0 16

15 22 400 7 19 0 16
23 400 0 16 0 16
24 400 5 15 2 15

16 25 400 2 15 1 15
26 400 1 14 0 8

17 27 400 1 10 1 10
28 400 1 10 0 10
29 400 0 10 0 10

6 18 30 100 0 30 0 30
31 100 4 30 0 30

19 32 100 1 30 4 30
33 100 7 30 0 30

20 34 100 2 30 3 30
35 100 2 30 13 30

10 24 36 600 0 20 0 20
37 600 0 19 0 19

25 38 600 1 22 0 22
39 600 1 21 0 21

26 40 600 22 28 4 28
41 600 1 23 0 23

27 42 600 4 21 0 21
43 600 1 23 1 23

28 44 600 1 24 0 24
45 600 0 25 0 25

11 29 46 1350 27 100 12 100
47 1350 57 99 14 98
48 1350 34 112 5 112

30 49 1350 9 45 0 44
50 1350 36 50 11 49
51 1350 16 40 6 44
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model, θi eNormal Θ; ξ2
� �

. Notice that the nomenclature θj and Θ is a
general notation that refers to any size effect measure for the observed
and the true effect size, respectively. In our particular case, it refers to
the natural logarithm of the relative risk (log RR). Apart from the values
of θj from each primary study, the standard error of the effect size σ(θj)
must be calculated,

θj ¼ logRR ¼ log
sT=nT

sC=nC
ð2Þ

σ θj
� �

¼ σ logRRð Þ ¼ nT−sT
nTsT

þ nC−sC
nCsC

� �0:5
: ð3Þ
To estimate the population effect size Θ, the observed effect sizes
θj should be averaged. Since studies usually differ from each other
in the reliability of estimating the true effect size, for instance, due
to differences in study sizes; a weighted average is preferred with
weights wj equal to the precision in estimating the population effect
size. Because this simple fixed-effects model assumes that the devia-
tion of the observed effect sizes from the population effect size is due
to sampling error alone, the precision can be defined as the inverse of
the (estimated) sampling variance. The estimated population effect
size and its standard error would be,

Θ̂ ¼
∑
j
wjθj

∑
j
wj

ð4Þ

σ̂ Θ̂
� �

¼ 1

∑
j
wj

 !0:5 ð5Þ

with wj = 1/σ2(θj).
To evaluate whether the effect size is larger than zero, often a

Wald test assuming normality for the dependent variable is used
comparing the estimated weighted average divided by its standard

error with a standard normal distribution U ¼ Θ̂=σ̂ Θ̂
� �� �

. The U sta-

tistic is compared with a chi-square distribution with 1 df.
Because meta-analyses are performed retrospectively, in many situ-

ations studies may differ from each other due to differences in measur-
ing protocols, in the population fromwhich the sample is drawn, and in
themagnitude and kind of treatment that is imposed; all of these giving
rise to heterogeneity in study outcomes. A popular homogeneity test
(Q test) is described by Cochran (1954), again assuming normality,

Q ¼ ∑
j

θj−Θ̂
� �2
σ2 θj
� � : ð6Þ

When effect sizes across studies are homogeneous, Q follows a
chi-square distribution with (j − 1) df. If the hypothesis is rejected,
there is evidence that there are additional sources of variability
other than within-study sampling error. It is then common practice
either to examine moderating variables; to divide the studies in ho-
mogeneous groups to perform separate meta-analysis; or to use a
random-effects model. Contrarily to what is often stated in the litera-
ture (DerSimonian, and Laird, 1986; Whitehead, 2002), Viechtbauer
(2010) argues that a fixed-effects model does not assume that the
true effects are homogeneous, but instead that they can provide per-
fectly valid inferences on the size of the average effect to the set of
studies included in the meta-analysis.

2.3. Random-effects meta-analysis

Most meta-analyses are based on sets of studies that are not exact-
ly identical in their methods and the characteristics of their samples,
which may introduce variability (i.e., heterogeneity) among the true
effects. One way to model the heterogeneity is to treat it as purely
random (Viechtbauer, 2010). In contrast to the fixed effects model,
random models provide an unconditional inference about a larger set
of studies from which the J studies included in the meta-analysis
are assumed to be a random sample (Hedges and Vevea, 1998). It en-
visions a hypothetical population of studies that comprises studies
that have been conducted, that could have been conducted or that
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may be conducted in the future. The random-effects model addresses
the question: How large is the average true effect in this larger popu-
lation of studies? In a random effects model, each study investigates
its own true effect size Θj,

θj ¼ Θj þ εj ¼ Θ þ vj þ εj ð7Þ

withΘ the mean true effect size and vj the deviation of the true study
effect size Θj from the mean true effect size. The values of vj are nor-
mally distributed random effects with a mean of zero and a variance
of τ2. It follows that for a random-effects meta-analysis model,

θj eNormal Θ; τ2 þ ξ2
� �

. In this approach, two sources of variation are

distinguished: sampling variation (ξ2) and variationbetween true effect
sizes (τ2). By including this additional component (τ2), the standard
error in the effect size estimates represents random variability at both
the subject level and the study level. As in the fixed-effects approach,
a weighted method is also used to estimate the mean true effect size
and its standard error. The inverse variance weight or precision of the
primary studies should then be corrected (w⁎

j) by addition of the
between-study variability term τ2,

w�
j ¼

1

σ2 θj
� �

þ τ2
ð8Þ

with the variance τ2 estimated from the Q-statistic (DerSimonian and
Laird, 1986)

τ̂2 ¼ Q− j−1ð Þ

∑
j
wj− ∑

j
w2

j =∑
j
wj

 ! : ð9Þ

The mean true effect size Θ and its standard error σ(Θ) are now
estimated with Eqs. (4) and (5) using instead the corrected weights
w⁎

j . To test the mean effect size for significance, the U statistic can
be used, as described above for the fixed-effects model.

2.4. Multilevel meta-analysis

Ameta-analysis can be considered a special case ofmultilevel analysis
using hierarchical linear models, with subjects between studies at the
first level and studies at the second level. In a multilevel meta-analysis,
as in any other multilevel analyses, one usually starts from the random-
effects model. If the between-study variance is shown to be noteworthy,
study characteristics ormoderators can be added to themodel to account
for at least part of the heterogeneity in the true effects. This leads to the
mixed-effects model given by,

θj ¼ Θj þ εj ¼ β0 þ
XS
s¼1

βsXsj þ vj þ εj ð10Þ

with X1 to XS S study characteristics. This model treats the moderator
effects βs as fixed and the vj as random effects that distribute normally
with a mean zero and a variance of τ2. Yet, τ2 now denotes the amount
of residual heterogeneity among the true effects, or the variability
among the true effects that is not accounted for by the S moderators in-
cluded in the model. The goal of the analysis is then to examine to what
extent the moderators influence the size of the average true effect size
Θ. The resulting model is thus more general than the ones commonly
used in classical meta-analysis. If no predictors are included, the model
of Eq. (10) simplifies to the random-effects model (Eq. (7)), or if the var-
iance in true effects is zero, to the fixed-effectsmodel (Eq. (1)). The use of

a regression equation β0 þ
XS
s¼1

βsXsj

 !
for the study characteristics is ap-

pealing for several reasons. First, different predictors can easily be
investigated together; meaning that even possible inter-correlations can
be taken into account, which is not the case when separate meta-
analyses are performed to investigate the moderating effects of study
characteristics. Secondly, regression is a general approach that can be
used for continuous as well as for categorical moderator variables (Van
den Noortgate and Onghena, 2003).

2.5. Fitting of models

To estimate the parameters, maximum likelihood estimation (MLE)
procedures are most frequently used. In MLE, residuals on both levels
(vj and εj of Eq. (10)) are assumed to be independently distributed. To
test the fixed parameters of the model (βs), the Wald test is used like
in the traditional approaches, comparing the parameter estimate by
the standard error with a standard normal distribution. Apart from
the Q statistic, other measures can be computed to facilitate the inter-
pretation of the estimated amount of between-study heterogeneity
(τ2). The I2 statistics or intra-class correlation estimates the proportion
of between-study variance from the total variance. This is analogous to
using the proportion of explained variance in standard regression
models to indicate the importance of specific predictor variables.
Hunter and Schmidt (1990) pointed out that with a large number of
studies, the power of the significance test is high, and small variances
will become significant. However, when the number of studies is
small, lack of significance for τ2 does not imply that the outcomes are
homogeneous. So, they propose a 25% rule of thumb; this is, if the
intra-class variance is higher than 25% of the total variance, the variance
between studies can be deemed as large enough to attempt to model it
using available study characteristics. The H2 statistic is the ratio of the
total amount of variability in the observed outcome to the amount of
sampling variability (If τ2 = 0, then H2 = 1). The I2 statistics and H2

ratio are just monotonic transformations of τ2, and for equations, refer
to Higgins and Thompson (2002).

For testing the variance between true effect sizes (τ2), the likeli-
hood ratio test can be used. Because the model without the variance
component is nested with the model with the variance component,
the difference between the deviance scores, defined as −2 times the
log likelihood, follows a chi-square distribution with 1 degree of
freedom. The likelihood ratio along with the Bayesian Information
Criterion (BIC) derived thereof, are goodness-of-fit criteria. The BIC
measure however allows for direct comparison of models with differ-
ent numbers of parameters. For models including moderators, an
omnibus or moderator test (QM test) of all model coefficients is
conducted that excludes the intercept. By default, the test statistics
of the individual coefficients in themodel are based on the normal dis-
tribution, whilst themoderators test is based on a chi-square distribu-
tion with S degrees of freedom (S being the number of moderators
tested). Finally, after attempting to explain the heterogeneity among
studies using the study characteristics, the QE test can be performed
to test the non-explained (residual) variance using the statistic
(Raudenbush and Bryk, 1985)

QE ¼ ∑
j

θj−β̂0−
XS
s¼1

β̂ swsj

 !2

σ2 θj
� � ð11Þ

which follows a chi-square distribution with J–S − 1 degrees of
freedom.

The general statistical notation of the multilevel model (Eq. (10))
for the study-level meta-analyses became, θj = β0 + β1Aj + vj + εj,
θj = β0 + β1Naj + vj + εj and θj = β0 + β1Nj + vj + εj, where the
carcass swabbed area (A), the total number of abattoirs surveyed
(Nv) and the total sample size (Na) were independently assessed as
moderating variables. The multilevel models for the abattoir-level
data, θj = β0 + β1Nvaj + vj + εj, θj = β0 + β1Aj + vj + εj and θj =



Table 5
Results of the study-level meta-analysis models for the natural logarithm of relative risk of Salmonella presence on pig carcasses after chilling in relation to before chilling.

Model Fixed-effects Random-effects With moderators

Swabbed area Total sample size Number of abattoirs

# Entries (J) 13 13 13 13 13

Parameters
Intercept −0.561 (0.077)⁎⁎⁎ −0.468 (0.251) 0.232 (0.291)ns 0.332 (0.458)ns −0.966 (0.420)⁎

Swabbed area −0.001 (0.0004)⁎⁎

Sample size −0.002 (0.001)⁎

# abattoirs 0.139 (0.096)ns

Heterogeneity
Q test 93.9 (df = 12) ⁎⁎⁎

τ2 0.578 0.250 0.418 0.529
I2 85.0%
H2 6.66
QM test 8.92 (df = 1)⁎⁎ 3.87 (df = 1)⁎ 2.12 (df = 1)ns

QE residual heterogeneity 25.01 (df = 11)⁎⁎ 38.66 (df = 11)⁎⁎⁎ 87.83 (df = 11)⁎⁎⁎

Goodness-of-fit
Log-likelih. −47.81 −17.16 −20.84 −21.40 −17.53
BIC 98.17 39.29 48.88 49.99 42.26

Significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.05 ‘·’ and 0.1 ‘ns’ Non-significant.
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β0 + β1Nj + vj + εj, assessed whether the number of batches sam-
pled in an abattoir (Nba), the area swabbed (A) and the total sample
size (N) could explain the variability in effect size among abattoirs.
At batch level, the multilevel model of Eq. (10), specifically became
θj = β0 + β1Nj + vj + εj and θj = β0 + β1Aj + vj + εj. Notice that,
in this work, the subscript j used in the above equations is general and
indistinctively refers to the meta-analysed entry unit. So it refers to
studies, abattoirs and batches, when meta-analyses were conducted at
study level, abattoir level and batch level, respectively. Meta-analysis
models were fitted in R version 2.14.2 (R Development Core Team)
using the ‘metafor’ package (Viechtbauer, 2010), which provides func-
tions for fitting the various models described above.
3. Results and discussion

The study-level (Table 5), abattoir-level (Table 6) and batch-level
(Table 7) meta-analyses, by both the fixed-effect and random-effects
approaches, produced comparable significant results that led to a gen-
eral agreement that, overall, the chilling stage in pork processing
decreases the recovery of Salmonella on pig carcasses, despite some
contradictory outcomes produced by a few primary studies.
Table 6
Results of the abattoir-level meta-analysis models for the natural logarithm of relative risk

Model Fixed-effects Random-e

# Entries (J) 31 31

Parameters
Intercept −0.646 (0.080)⁎⁎⁎ −0.582 (0
Swabbed area
# batches in abattoir

Heterogeneity
Q test 91.57 (df = 30) ⁎⁎⁎

τ2 0.431
I2 61.8%
H2 2.62
QM moderators
QE residual heterog.

Goodness-of-fit
Log-likelihood −70.42 −47.27
BIC 144.28 101.34

Significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.05 ‘·’ and 0.1 ‘ns’ Non-significant.
3.1. Study-level meta-analyses

The fixed-effects solution of the study-level meta-analysis sug-
gested that chilling reduces the occurrence of Salmonella in pig car-
casses by a factor of ~1.8 (95% CI: 1.5–2.0) (taking the inverse of the
exponential of the estimated overall effect size Θ = −0.561 in
Table 5). Although there is evidence of heterogeneity in effect sizes
among studies by the significant Q statistic, this fixed-effects model
still provides valid inferences as long as they are restricted to the
set of studies included in the meta-analysis (Viechtbauer, 2010).

The forest plot shown in Fig. 1 highlights the variability in effect size
estimates andprecision between studies; and themarker size illustrates
the contribution of each study (weight) to the overall effect estimate for
the fixed-effects solution. It should be noticed that weights are not di-
rectly related to sample size, but instead to the number of successes
or failures in proportion to the sample size. Analysing the definition of
the standard error of the Ln RR parameterization (Eq. (3)), inverse-
variance weights will be small when the number of Salmonella-
positive carcasses (successes) in either group (before or after chilling)
is close to zero. For instance, study #13, with very low numbers of suc-
cesses pre-chill and post-chill (sC = 3, sT = 1) in relation to its sample
size (nC = nT = 270) produced a very low weight (Fig. 1). In contrast,
of Salmonella presence on pig carcasses after chilling in relation to before chilling.

ffects With moderator

Swabbed area Batches in an abattoir

31 27

.193)⁎⁎ 0.0479 (0.260)ns 0.607 (0.612)ns

−0.001 (0.0003)⁎⁎

−0.589 (0.273)⁎

0.165 0.331

9.68 (df = 1)⁎⁎ 4.66 (df = 1)⁎

35.35 (df = 29)ns 34.05 (df = 25)ns

−51.18 −41.2337
112.46 92.1240



Table 7
Results of the batch-level meta-analysis models for the natural logarithm of relative risk of Salmonella presence on pig carcasses after chilling in relation to before chilling.

Model Fixed-effects Random-effects With moderator

Swabbed area Total carcasses

# Entries (J) 51 51 51 51

Parameters
Intercept −0.948 (0.103)⁎⁎⁎ −0.648 (0.172)⁎⁎⁎ 0.111 (0.283)ns −0.181 (0.267)ns

Swabbed area −0.001 (0.0003)⁎⁎⁎

Total carcasses −0.006 (0.0025)⁎

Heterogeneity
Q test 64.16 (df = 50)·
τ2 0.373 0.145 0.230
I2 37.5%
H2 1.60
QM moderators 11.92 (df = 1)⁎⁎⁎ 5.54 (df = 1)⁎

QE residual heterogeneity 46.34 (df = 49)ns 52.65 (df = 49)ns

Goodness-of-fit
Log-likelihood −87.59 −84.37 −84.48 −86.96
BIC 179.11 176.57 184.63 185.59

Significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.05 ‘·’ and 0.1 ‘ns’ Non-significant.
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weights will be largewhen the numbers of successes in both groups are
high. In an extreme case, if there were no failure in both groups, the
weights would be equal to infinity. That explains why study #8, not
necessarily having the highest sample size (nC = nT = 188) but a
high proportion of successes (sC = 61, sT = 72), was assigned the
highest weight (Fig. 1). Yet, comparatively, smaller studies can still be
given a larger weight when they have relatively more successes. For in-
stance, study #7 with a much smaller sample size (nC = nT = 210)
than study #12 (nC = nT = 419) was assigned a higher weight
(Fig. 1). Thus, the inverse-varianceweighting permits the consideration
of small but well-designed studies, that otherwise would have been
disregarded because of their lack of statistical power to show a signifi-
cant different for the outcome of interest. As stated by Patil et al.
(2004) weighting based on the standard error reflects the complete
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Fig. 1. Forest plot of the risk of Salmonella occurrence on pig carcasses after chilling relativ
studies. Primary study estimates and overall fixed and random effects are shown with 95%
uncertainty or confidence in a measure and is preferable to weighting
based on sample size alone.

A visual examination of the forest plot (Fig. 1) gives an idea of
the discrepancy among outcomes, with four (#3, 6, 8, 9) out of the
thirteen studies reporting increase in Salmonella occurrence during
chilling. This is not surprising given the several sources of variability
among studies and abattoirs such as sampling site, extent of swab, chill-
ing equipment, cross contamination of carcasses, level of Salmonella in-
fection at slaughterhouses, differences in the microbiological protocol,
season, year and country, among others. Accounting for the heterogene-
ity in the true log relative risks between abattoirs (τ2 = 0.578; Table 5)
led to a meta-analysis of significantly better fit than the fixed-effects
model, as indicated by the lower log-likelihood and Bayesian Informa-
tion Criterion (BIC). Other measures can be computed to facilitate the
e Risk
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Fig. 2. Effect of the pig carcass swabbed area and the total sample size from the studies'
experimental designs on the estimation of the risk of Salmonella occurrence on pig car-
casses after chilling relative to before chilling, as modelled by separate multilevel meta-
analyses at study level. Marker size reflects the weight assigned to the primary studies.
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interpretation of the estimated amount of between-study heterogene-
ity. In our case, the intra-class correlation (I2) strongly underscored
the presence of between-study variance (I2 = 85.0% higher than the
rule of thumb of 25%), and consequently it was a hint that some study
characteristics should be coded to attempt to explain or understand
such heterogeneity among the true effects. Similarly, the H2 ratio was
6.66 (≫1), also indicating the high heterogeneity.

In the random-effectmodel, the overall effect size can be regarded as
still significant although at a p-value lower than 0.10. This occurred be-
cause the addition of the relatively high variability at study level to the
randomvariability at carcass level, produced an increase of the standard
error of the overall effect size from 0.077 (fixed-effects) to 0.251
(random-effects; Table 5). As is common when significant between-
study variability is present, the overall effect size approached by the
random-effects was lower than the one estimated by the fixed-effects
model. Contrarily to the fixed-effects solution, the overall effect size
(or incidence reduction ratio due to chilling), obtained by the random-
effects approach, can be generalised over a total population of studies,
stating that after chilling the Salmonella occurrence is expected to de-
crease on average by a factor of ~1.6 (Θ = −0.468 in Table 5) with a
95% CI: 1.0–2.6. In a meta-analysis conducted by Grieg et al. (2012), it
was similarly found that dry chilling is an effective intervention for re-
ducing generic Escherichia coli contamination of finished beef carcasses.
Furthermore, the before-to-after incidence reduction factor for E. coli
due to dry chilling, as recalculated from the original risk reduction
ratio estimated by Grieg et al. (2012), was approximately 1.4 (95% CI:
1.2–1.6), which is a value very close to our reduction rate estimate for
Salmonella on pig carcasses.

The power of multilevel meta-analysis becomes apparent when
attempting to model the heterogeneity in the study outcomes. It was
hypothesised that with larger studies in terms of more abattoirs in-
volved (Na), more sampled batches (Nb), and overall higher total sam-
ple size (N), the observed effect size of chilling on Salmonella occurrence
would becomemore precise; and that at least part of the heterogeneity
found between studies could be explained by the differences in those
experimental design moderating variables. In addition, in relation to
the microbiological determination, it was hypothesised that larger
swabbed areas (A), bringing about a reduction in measurement uncer-
tainties, also cause effect sizes to be more precise. The multilevel meta-
analyses showed that neither the number of abattoirs surveyed nor the
number of total batches in a primary study explained some significant
proportion of the between-study heterogeneity. However, opposite re-
sults were found for the study characteristics of swabbed area and
total sample size only when the variables were entered separately in
themodels (Table 5).Whenbothmoderatorswere introduced into a sin-
glemultilevel model, none of themwere significant (results not shown).

The estimates of the effect size of chilling depend significantly on
the extent of the carcass swabs, as indicated by the significant coeffi-
cient β1 and the significant QM test for the moderating variable. The
value of the coefficient β1 indicates that an increase in one cm2 in
swabbed area corresponds to a reduction of −0.001 units in terms
of the average log relative risk (Table 5). The estimated amount of re-
sidual heterogeneity is τ2 = 0.250, suggesting that (0.578–0.250)/
0.578 = 56.7% of the total amount of heterogeneity between studies
could be accounted for by including the ‘swabbed area’ in the model.
However, the QE statistic indicates that the residual heterogeneity is
still significant, and therefore other non-coded study characteristics
may further explain the between-study variability. The total sample
size, although a significant moderating variable, had less predictabil-
ity than the swabbed area, as its inclusion in the multilevel model
explained only half of the between-study heterogeneity ((0.578–
0.418)/0.418 = 27.7%) that the swabbed area moderator explained.
To facilitate the interpretation of the moderators, predicted average
log relative risks as a function of the swabbed area and the total
sample size are shown (Fig. 2). The observed log RR values are
drawn proportional to the weights, and predictions are shown with
corresponding 95% confidence interval bounds. These plots illustrate
how as swabbed area and total sample size increases in the experi-
mental design of a primary study, the observed effect size tends to
be lower in terms of log relative risk (i.e., higher observed reduction
ratio of Salmonella occurrence due to chilling).

An important problem in meta-analysis is the so-called ‘file drawer’
problem or publication bias. The data for ameta-analysis are the results
from previously published studies. Studies that find significant results
may have a larger probability to be published. As a result, a sample of
published studies can be biassed in the direction of reporting large ef-
fects. An approach to test for publication bias is to investigate the effect
of the study size directly by including the total sample size of a study as
explanatory variable in a multilevel meta-analysis. This allows a formal
statistical test, and other study characteristics can be controlled simply
by adding these to the explanatory variables (Hox andDe Leeuw, 2003).
The results of the multilevel model with total sample size (Table 5) and
its corresponding plot (Fig. 2, bottom) indicated that differences in
study size (i.e., sample size) pose threats to our substantive conclusion
about the effect of chilling on Salmonella on pig carcasses. Because
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there is a relation between the sample size and the reported effect size
outcome, the existence of a file drawer problem is likely. A general dis-
cussion of the influence of the study size on themeasured chilling effect
is presented in the abattoir-level meta-analyses section. Likewise, an-
other approach for testing the presence of publication bias is shown in
the next section by means of a funnel plot.

3.2. Abattoir-level meta-analyses

The abattoir-level meta-analyses also highlighted the significant
heterogeneity in the outcomes of, in this case, the surveyed abattoirs.
Interestingly, the variability in the chilling effect size τ2 = 0.431 be-
tween abattoirs (Table 6) is numerically close to the variability be-
tween studies (τ2 = 0.578), allowing for the fact that three primary
studies had to be removed for the abattoir-level meta-analyses due
to format incompatibility. This implies that the variability in effect
size among primary studies stems largely from the variability among
sampled abattoirs. For this reason,models werefittedwith the outcome
of an abattoir as the entry unit to be meta-analysed (Table 6). The
discrepancy among abattoir outcomes displayed by the forest plot
(Fig. 3), as well as the goodness-of-fit measures, and I2 and H2 values
(Table 6),were all evidence of the presence of between-abattoir hetero-
geneity; and hence the random-effects model was selected. This model
allows us to make the generalisation that, for a population of abattoirs,
the reduction ratio of Salmonella occurrence due to chilling is ~1.8 (95%
CI: 1.2–2.6). This estimate is within the range of that estimated by the
study-level random-effects meta-analysis (~1.6; 95% CI: 1.0–2.6 in
Table 5).

When moderating variables were included to explain the differ-
ences in the abattoir outcomes, some were found significant only
when introduced alone in the multilevel models. In this case, the ‘total
sample size’ (N) was not a significant moderator (results not shown)
whilst the ‘number of sampled batches’ (Nba) was able to elucidate
part of the heterogeneity found between abattoirs. The results of the
multilevel model for Nba (Table 6) showed that the estimate of the ef-
fect size of chilling is dependent on the number of times an abattoir is
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Fig. 3. Forest plot of the risk of Salmonella occurrence on pig carcasses after chilling relative
assigned to the primary studies. Individual estimates and overall fixed and random effects
visited (bear in mind that this is a variable measuring study size and
hence also related to the total sample size). This is supported by the
significant coefficient β1 and the significant QM test for the moderating
variable. The estimated amount of residual heterogeneity is τ2 = 0.331,
suggesting that 23.2% ((0.431–0.331)/0.431) of the total amount of
heterogeneity between abattoirs can be accounted for by including
the ‘number of sampled batches’ in the model. In agreement with the
study-level multilevel meta-analyses results, it was also found at
abattoir-level that the swabbed area (A) had the highest predictability
for the observed outcomes (Table 6). The carcass swabbed area moder-
ator explained a much higher proportion ((0.431–0.165)/0.431 =
61.7%) of the between-batch heterogeneity in effect sizes. The influence
of the swabbed area and the number of sampled batches on the ob-
served chilling effect size can be visually assessed in Fig. 4. The QE
statistics for bothmultilevelmodels indicated that residual heterogene-
ities were no longer significant (Table 6). Nonetheless, this should be
interpreted with some caution. As Hox and De Leeuw (2003) argue, it
is highly unlikely that the available study-level variables could cover
all the artefacts causing variation between abattoirs. Generally, the
amount of detail in the inputs for meta-analysis, which are the research
reports and articles, is not enough to cover all of the studies character-
istics. Therefore, to some extent, heterogeneous results are to be
expected. It is sensible to conclude instead that other study characteris-
tics that were not coded in the present meta-analyses are likely to be
also noteworthy.

In the multilevel model for Nba, the value of the coefficient β1 indi-
cates that an increase in one batch sampled in an abattoir corresponds
to a reduction of 0.589 units in terms of the average log relative risk
(Table 6). Fig. 4 (bottom) illustrates this relationship, showing that
when an abattoir is sampled only once, the observation of an effect
(either increasing or decreasing) is imprecise, and therefore, on average
no effect would be observed (notice that themean Log RR is zero when
only one batch is sampled). Seemingly, the decreasing effect of chilling
on Salmonella occurrence became apparent and significant (mean re-
duction ratio of ~1.8, 95% CI: 1.2–2.6) when at least two batches were
sampled in an abattoir. This is in agreement to the previous finding
e Risk
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for the study-level meta-analysis that the total sample size has a signif-
icant influence on the observed beneficial chilling effect. Results of
these multilevel models are related and analogous as both moderating
variables (‘total sample size’ and ‘number of sampled batches’) aremea-
sures of study size. The comparable meta-analysis results of both the
study-level and abattoir-level may be explained by the fact that, al-
though Salmonella viability has been proven, at least at laboratory
level, to be affected by both temperature (cold shock and refrigerated
storage) and water activity (osmotic shock); still the efficacy of the
chilling operation for the reduction of Salmonella is also affected by
other equally important factors related to chilling systems, for example,
abattoir logistics, cross-contamination, abattoir hygiene, etc. In addi-
tion, Salmonella cells are not homogeneously distributed on carcasses,
which will greatly add to the uncertainty in the measured outcomes
(this is, although a pre-chill carcass may contain Salmonella cells, swab-
bing a Salmonella-free area will lead to a negative result). On the other
hand, the fact that pre-chill and post-chill measurements were mostly
performed on different carcasses adds extra randomness to the mea-
sured outcome. Thus, it is then expected that, with so many factors
affecting the performance (and the measurement itself of the perfor-
mance) of the chilling operation, the study size will have a strong influ-
ence on the measured effect size. Thus, at abattoir level, results from
only one batch made up of an average of 30 pig carcasses, will not
have the sufficient statistical power to precisely elucidate any effect
(Fig. 4, bottom). In contrast, a greater Salmonella incidence reduction
ratio (~3.2; 95% CI: 1.7–5.0)was noticedwhen three batches of an abat-
toir was sampled. Thismeta-analysismodel however is not supposed to
be extrapolated for four ormore batches, as the number of sampling oc-
casions is not a continuous variable but a categorical one.

A different approach to investigate publication bias is by drawing a
funnel plotwhich is a plot of the effect sizes versus their standard errors.
If the sample of available study outcomes is ‘well behaved’, this plot
should have the shape of a funnel: the outcomes from smaller studies
(normally of higher standard errors) are more variable but estimate
the same underlying population parameter. If large effects are found
predominantly in smaller studies, this indicates the possibility of
publication bias, and the possibility of many other insignificant small
studies remaining unpublished (Hox and De Leeuw, 2003). The side
lines delineating a triangular area facilitate the visual assessment of
blank areas within the funnel suggesting publication bias. Fig. 5 (top)
shows a ‘non-so-well-behaved’ funnel plot based on the observed abat-
toir outcomes. However, as part of the variability in the plot could be
due to explanatory study characteristics, it is more appropriate to use
a funnel plot after removing the covariate effects; in this case, the effect
of the most explanatory variable of carcass swabbed area (Fig. 5, bot-
tom). Although there was an improvement in the funnel plot of the ab-
attoir effect size, the funnel plot without covariate effects still suggests
the likely existence of a file drawer problem for less-precise studies.
As the file drawer problem is likely for publications reporting both in-
crease and decrease of Salmonella occurrence during chilling (i.e., notice
the left and right gaps at the bottom of the funnel plot), it may not sig-
nificantly bias the overall effect size estimate. This inference on the file
drawer problem is supported also by the other approach to test publica-
tion bias (multilevelmodel with total sample size as covariate) that was
previously presented in the study-level meta-analysis.

3.3. Batch-level meta-analyses

Since the outcomes of five primary studies were not included in
the batch-level models as they were unavailable in such format, the
batch-level meta-analyses were not conducted with the intention to
produce generalisable results. Instead, their aim was to further ex-
plore the effect of the moderating variables on the measured effect
size of chilling, as more observations become available at batch
level. Although the Q test was significant at p b 0.10, the 25% rule of
thumb for the intra-class correlation (Hunter and Schmidt, 1990) in-
dicated the presence of heterogeneity in the outcomes measured at
the different batches (I2 = 37.5% > 25%; Table 7). As with the
study-level multilevel meta-analyses, both the carcass swabbed area
and the total sample size were study characteristics that significantly
explained the effect size heterogeneity among batches. In agreement
with the study-level meta-analyses, the swabbed area accounted for
more variability in between-batch heterogeneity ((0.373–0.145)/
0.373 = 61.1%) than the total sample size ((0.373–0.230)/0.373 =
38.3%).

The batch-level multilevel meta-analyses allowed a better inter-
pretation of the impact of the carcass swabbed area and the total sam-
ple size taken from a batch on the measured chilling effect. Fig. 6
clearly shows that when both swabbed area and total sample size
were small, the effect size values from the primary studies were
more scattered and even conflicting, meaning that the measures
were highly imprecise. Notice that when a carcass area of 100 cm2

was swabbed, the chilling effect size in log relative risk as estimated
from the different surveys, varied from −2.8 to 2.2. Likewise, when
the total sample size taken in a batch was equal or lower than 60
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pig carcasses, the chilling effect sizes measured by the studies were
very disperse ranging between −2.8 and 2.2. Thus, it is not coinci-
dence that as the swabbed area and total sample size increased, the
weights assigned to the outcomes became larger (Fig. 6). Comparing
the plots of effect size versus swabbed area for the study-level meta-
analysis (Fig. 2, top) and for the abattoir-level meta-analysis (Fig. 4,
top) with the one for the batch-level meta-analysis (Fig. 6, top), it can
be noticed that they are all in agreement, despite the removal of some
primary studies, and that carcass swabbed areas higher than 500 cm2

should lead tomore precise estimates of the decreasing effect of chilling
on Salmonella occurrence. The higher the swab extent, the higher the
measured reduction rate of chilling. The plot for total sample size at
study level (Fig. 2, bottom) suggests that a study design of total number
of pig carcasses higher than400would lead tomore precise estimates of
the chilling effect, whilst the respective plot for sample size in a batch
(Fig. 6, bottom) suggests an approximate of a total of 50 pig carcasses
sampled on a visit. At abattoir-level, a similar analysis (Fig. 4, bottom)
indicates that at least two sampling visits or sampled batches are re-
quiredwhen inferences are to be obtained from one abattoir. Therefore,
from this analysis, it can be deduced that, if wewere to conduct a survey
study in one abattoir only, a well-designed experiment that has the
minimum statistical power or resolution to produce consistent and
reliable results evidencing the chilling effect, would consist of visiting
the abattoir at least twice, sampling a total of 50 pig carcasses (25
pre-chill carcasses and 25 post-chill) per visit, with swabs of at least
500 cm2. If a large-scale survey were to be conducted with many abat-
toirs, the same conditionswould apply per abattoir investigated, yet the
study-level meta-analysis (Fig. 2, bottom) suggests that the total num-
ber of sampled carcasses should be not less than 400. This work has
shown that meta-analysis is not only a tool to summarise the findings
of a vast amount of primary studies investigating the same hypothesis,
but it also provides valuable insight to understand the discrepancies
among them, and to sustain the basis for the design of future experi-
ments of higher statistical power.

Whilst meta-analysis is not without limitations (underpowered
primary research and publication bias), its systematic approach merits
consideration among food safety researchers to integrate the increas-
ingly growing body of knowledge and data on targeted issues along
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the complex continuum of agri-food production, and to furnish in-
creased credibility to the findings. A clearer picture of the state of
knowledge, evidenced by meta-analysis, can offer valuable and concise
information to policy-makers on the effectiveness of treatments and in-
terventions to control and prevent food-borne illnesses in humans.
Meta-analysis can highlight areas where there is insufficient evidence
of the efficacy of interventions, where there is absence of high quality
studies or where there are common methodological flaws in the avail-
able research, and – as in this case – can therefore provide direction
for future research.

4. Conclusion

Both fixed-effects and random-effectsmeta-analysesmodels, carried
out at study, abattoir and batch levels, confirmed the significant effect of
chilling to reduce the occurrence of Salmonella on pig carcasses. Given
the significant heterogeneity in themeasured effect size among primary
studies and abattoirs, random-effects models were preferred. Whilst,
based on the outcomes of 13 primary studies, the overall Salmonella in-
cidence reduction ratio due to chilling can be said to be ~1.6 (95% CI:
1.0–2.6), the one based on the outcomes of 31 pig abattoirs was numer-
ically close at ~1.8 (95% CI: 1.2–2.6). The heterogeneity in the true log
relative risks among primary studies (τ2 = 0.578), among surveyed ab-
attoirs (τ2 = 0.431), and among sampled batches (τ2 =0.373) was fur-
ther investigated by multilevel meta-analysis models including some
study characteristics as covariates. These models revealed that study
size characteristics (such as the ‘total sample size’ and the ‘number of
batches sampled in an abattoir’) and the ‘carcass swabbed area’ signifi-
cantly affect themeasured effect size of chilling. A higher effect was con-
sistently observed by the swabbed area, which explained between 56
and 62% of the total variability, in contrast to the total sample size,
which explained between 23 and 38% of the total heterogeneity in the
chilling true effect size. This finding represents a warning that the total
sample size and swabbed area, as defined in an experimental design,
pose major threats to our substantive conclusion about the effect of
chilling on Salmonella incidence. Small-size studies and small swabbed
areas lead to imprecise and even conflicting conclusions of increase or
decrease of Salmonella incidence due to chilling. This inconsistency to
elucidate the effect of chilling is however expected because of the
many factors influencing both the performance of the chilling operation
as a critical stage (i.e., variability in chilling systems, abattoir logistics,
proximity between carcasses, cross-contamination, overall level of hy-
giene in abattoirs, etc.) and the measurement itself (i.e., randomness
due to the heterogeneous distribution of bacterial cells on carcasses; un-
certainties associated with the different carcasses sampled before and
after chilling; microbial test protocol; etc.). Multilevel meta-analysis
was also instrumental in the definition of what should be a well-
designed study that has the minimum statistical power to produce pre-
cise results of the decreasing effect of chilling on Salmonella occurrence
on pig carcasses. A more precise estimate of the beneficial effect of
chilling that could surmount the different sources of variability and un-
certainty affecting itsmeasurement can be obtainedwith an experimen-
tal design of at least 50 total pre-chill and post-chill carcasses sampled
from a single batch, with a minimum of two batches sampled per sur-
veyed abattoir, with swab areas of not less than 500 cm2. Meta-analysis
applications such as the one conducted in this study are of importance
for the compilation of primary studies, to produce succinct information
that could be used in risk assessment modelling; for the understanding
of differing outcomes found by primary studies; and for the design of fu-
ture statistically-sound experiments.
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