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A BSTRACT 

The aim of thb study was to estimate the overall cfl'cct of 
chilling on the Sulmonella oc-currence on pig curcnsscs 
during pork processing. Meta-analyses were conducted on 
the outcomes of research studies conducted in 32 abauoirs. 
A random-effects model \V:l S appl ictl. and the betwccn­
"tx'uoir vuriabi I ity ( r1=0.548) was sign i licant (1><0.00 I). 
Rcsu ils nlso showed thut publication bias is unlikely. Thus. 
th is metn-nnalysis allowed the generalisation thut chilling 
reduces the Stlfmonellu incidence by a f.1ctor of 1.62 (95• 0 
Cl: 1.09-2.41). l~owever, a multilevel meta-aMiysis showed 
thal 1he ·munbe1· of ::;ampling visits". wi1hin ubauoir. 
significantly (p· 0.05) affected the chilling elTect size. 
accounting for -IO' o of the betwccn-abauoir variability. 
Thus, the beneficial effect of chilling only became apparent 
in n consistent \YdY when at least two sampling visits took 
place in an abauoir. 

INTRODUCTION 

Mcta-analysis conc~rns the statistical summarisation of the 
results of n lurgc ~ollection of iodependently conducted 
primtu·y studies on one ~r.JCCific research question (Giuss 
1976). Thus, 1neta-analysis aims to explain diiTcrences in 
study outcomes by coding study characteristics such ns 
research de-sign l'caturcs, data collection procedures or type 
of , ubjects san1pled (Hox and de Leeuw 2003). In a fixed­
effects model, the sllldies ore regarded as simple replic.1tions 
of each other. This assumption considers thnt the passible 
differences bet"een study outcomes are due to sampling 
error. However. heterogeneity in primary study outcomes is 
expectl-d as different stud1es employ different experimental 
manipulations or measure the effects with different 
methodologies. To address this heterogeneity, a rnndom­
cfTects model i~ the best choice as it assumes that study 
omcomcs vary not only be(:ause of random sampling cllccts 
(within-study variations), but also be(:nuse of real 
di fferences b-.:twccn studies. lfhe(erogeneity nmong pd mnry 
studies is present, the next goal is then to identi fY the study 
charnctCI'istics or moderators that explain the difl'c 1·cn~;cs 
betwc.:n study outcomes. For this, an original new >Inn lyt ic 
direction was taken by Raudenbush and Bryl< (19RS). who 

Portug"l 
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argued that a metn-mu1lys's could be regarded as a special 
case of mu/ule•-el ana(1·.vis using hierarchiC'dl linear models. 
with subjects between studies at the lirst level and studjes at 
the second level. The major advantayc of using muhile"<'l 
analysis instead of cla.<sical mcta-analysis methods is its 
flexibility as it is simple 10 include moderators as 
e.~planatory variables in the model (Ho• and LC\.'Uw 2003). 

In lOad safety rese:orch, metn-nnalysis may be conducted to 
address " broad range of research questions such a~ disease 
incidence, consumer practices, prevalence of 
microorganisms, effect of interventions pre- and post· 
harvest, etc.. PerfOrming n mcla-Hnulysis. Gonzales~Barron 

et al. (200X) confirmed th3t chilling hus a s ign ifie<111t cftect 
on the reduction of pathogen ic Salmonella occurrence in pig 
curcasses. Howe,•er. the cflcct s i>.c of chillimt was estimated 
using only pooled number~ of posilive and tested cat•casses 
per primary studied: being a case of a classical meta· 
analysis integrating only ~ununariscd outcomes. As other 
primary studies became awilable. it '"'~ realised d1a1, for 
most of the studies. the S<tlmonelltJ occurrence data of pigs 
pre and post chill l'Ould be broken down by abanoir. Thus. 
the objectives of this research were (i) to revise the effect 
size of chi lli ng on $(1/momdl" ()(.'<:urrcncc un pig carcasses 
considering the results of new primary studies: (ii) to 
quantifY the between-abattoir variability in the effect of 
chill ing; and (iii) to demonstrate the use of simple 
multile\'el meta-:~nalysis to attempt to explain the 
heterogeneity in the primury study outcomes. 

METI:lODOLOGY 

As indicated by Sargeant et al. (2005), to pcrfonn a meta­
analysis. three impOrtant facets are to be considered: 
population. intervention or trcatrn~nt and measured 
outcome. The problem stotemcm m this study was the 
estimation of the o''crall effect of chilling on the prevalence 
of St~lmonella on pig c':lrcas...'S during slaughterhouse 
pi'Ocessing. The population w;os speci lied as eviscerated pig 
carcasses after vcterinnrinn inspection in abattoirs. The 
lr<!utme111 is represented by the chilling stage during 
carcass/pork processing. wh ich iucludcs cooling and cold 
storage (18 to 24 h) at - 5 C. Th~ measured outcome is the 
detection of Salmonella on the pig ca1-cass surti1ce. 
Following the systematic review protocol pr<-sented by 
Sargeant et al. (2005), and nllcr assessing all the 
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Ti1blc I: Octurrence of Sa/moneila·Positive Pig Carcasses By Abattoir Before and After Chilling 
as Detected io Eleven Primary Studies 

Primary study Coded 
study 

Coded Nu m her of 
visits 
Nv} 

Booteldorn et a I. (2003) 

Bouvet et al. (2003) 

Culler (2003) 

Davies et 111 (1 999) 
Dugan et al. (20 I 0) 

Minvielle 
(unpublished data) 

Oosterom et al. ( 1985) 

Epling et al ( 1993) 
Algino et al. (2009) 
De Busse•· et al. (2011) 

Arguello et al. (201 1) 

2 

3 

4 
5 

6 

7 

8 

10 

11 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

( I ) Number of visits within each sampled ;)battoir ncK SJlCCitied 

2 
I 
2 
2 
2 

4 

3 
2 
3 
2 
2 
2 

NS 
NS 
NS 
NS 
NS 
2 
2 
2 
2 
2 
3 
3 

information presented in every study, eleven prim1u·y studies 
were considered appropriate for inclusion in the melil­
analysis models (Table!). Next, a parameterisation or 
measure unit of the intervention's effect size needs to be 
determined. The eflect size (0} refers to the degree to which 
the hypO!hetica l phenomenon is present in the population. 
Relative risk (RR) "~ts chosen as the e ffect size 
panuneterization for being less susceptible to differences in 
study pl'Otocols (Gonzales-Barron et al. 2008). The omcome 
data were available on Jlr pig carcasses in the post-chill 
group (treated group) and ne pig carcasses in the pre-chill 
group (control group). The number of successes 
(Sa/m01rel/a-positi ve carcasses) in the post-chill and pre· 
chill grwp are represented by sr and se. respectively. 
Results in Table I are presented bl'Oken down by abanoir 
surveyed (j). and includes the study characteristic or 
moderating Vtlfi(lble of number of sampling visits per 
abattoir (Nv). A fixed-effects, random-effects and a 
multilevel model with the moderating variable Nv ,ve,·e 
ftued. The fixed-effects and random-effects model were 

81 

Pre·chill group 
(Control) 

se u · 
14 55 
2 30 
6 60 
1 62 
I 60 
0 23 
0 30 
2 45 
0 30 
I 30 
1 15 
0 15 
7 25 
I 66 

12 50 
3 29 
2 30 
4 60 
R 60 
4 60 
19 64 
4 71 
4 75 
61 188 
10 112 
0 39 
2 43 

23 51 
5 44 
I 49 

11 8 311 
61 135 

Post-chill group 
(Tre.1ted) 

sr 
9 
3 
3 
3 
0 
4 
2 
2 
0 
0 
0 
0 
3 

2 

1/r 

55 
20 
60 
62 
60 
23 
30 
45 
40 
15 
15 
IS 
25 
61 
47 
23 

I 30 
0 60 
4 60 
16 60 
9 64 
2 71 
I 75 

72 188 

25 112 
0 39 
0 43 
4 51 
I 44 
0 49 
31 3 10 
17 135 

fi tted using the same data set presented in Table I. 
However. as the number of visits per abattoir Nv were not 
available in Oosterom et al. (1985), Epling et al. ( 1993) and 
Algino et al. (2009), the result~ fi·om these three primary 
studi!!l> were removed R>r the multilevel model. 

Fixed-effects meta-analysis 

Ln its simplest form, 11 fixed-effects approach can be carried 
out to make a condirional i11/erence only about thej primary 
studies included in the meta·analysis (Hedges and Vevea 
1998). On the other hand, a fixed-effects meta-analysis can 
also he conducted under the assumption that the possible 
differences between study results are only due to sampling 
variance. In any case: 

e. = 0 +1> -, J (I) 



with 0 the observed effect size in the ab.1ttoir j, 0 the 
population effect size, and c1 the residual error due t(> 
sampling variance. lt is assumed that the '-1 have a normal 
distribution with memt zero and a true variance c,'. In our 
pHrticular cat-ie, Lhe ellOCL size 0; refers to the natural 
logarithm of the relative risk (log RR). Apart fi·om the 
values of 0; fl'om each abaLtoir, the standard error of the 
efli:<:t size lf(Oj) are to be ca lculated. 

s In .. 
81= logRR = log T• I (2) 

scfnc 

To estimate the population efli:<:t size 0. the observc'tl size 
cfli:cts 81 should be averaged. Because studies usually difte t· 
in the reliabil ity of estimating the true effect size, for 
instance, due to diffct·ences in study size, a weighted 
avernge is preferred with weights w1 equal to the precision in 
e~timating the population eliect size. Because in this simple 
lixed-efti:<:ts model, it is assumed that the deviation of the 
observed effect sizes from the population ell'ect size is due to 
sampling error a lone, the precision can be delined as the 
inverse of the (estimated) sampling variance. The estimated 
population effect size and its standard crrot· would be, 

(4) 

a(e )= ( 
1 
)o.~ 

Lwi 
1 

(5 ) 

Because 

perfhrmt'tl relru:;pct:Livcly, in many situations studies may 
differ ti'om each othe1· due to differences in me . .asuring 
protocols. in the population from which the sample is 
drawn, and in the kind of dose and treatment that is offered; 
all of these giving rise to heterogeneity. A popular 
homogeneity test is the Q statistic, 

(6) 

When efTect sizes across studies are homogeneous. Q 
follows a chi-square distribution with 0·1) df. If the 
hypOthesis is rejected, there Is evidence that there are 
additional sources of variability other th.an within·study 
sampli ng error. lt is then common practice to examine 
moderator vttr iables~ divide the studies in homogeneous 
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groups to perform separate meta-analysis; or to use a 
random-etTccts model. 

Random-effects meta-analysis 

One way to model the heterogeneity among the b·tm etTects 
measured by the pri mary studies is to treat ir as purelv 
random ( Viechibauer 20 I 0). In contrast to the lixcd-effc.:t~ 
model, random models provide an uncondi1ional il~lerence 
about a larger set of studies from which the j studies 
included in the meta-analysis are assumed to be a t'8ndom 
sample {He<lgcs and Vevea 1998). In a random-effects 
model, each study invcstigntes it~ own lrue eftlect size E>;~ 

(7) 

with El the mean tntc cffc'Ct s ize and ') the deviation of the 
true study cflect size fi·om the mean true ciTcct size. The 
values of l'l are normally distributed random effects with a 
mean or zero and a variance of ! . In th is approach, two 
sources of variation c1re distinguished: sampl ing varintion 
(,f) and variation between true effect sizes (r). By including 
I, 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 ti'Ue effect size and it< 
standard error. The inverse variance weight or precision of 
the primary studies should then be C(JtTectcd (w) by 
addition of the between-study variabi lity term!, 

(8) 

with the variance ! estimated from the Q-stmistic, 

f 2 = Q - (j -l) 

~w1 - ( ~wJ j~:Wi ) 
(9) 

The mean true effect size 0 and its standard error o(0) are 
estimated with equations (4) nnd (5) using instead the 
C.QJTected weighL~ w"1. 

Mullilewl meta-analysis 

A meta-snalysis can be considered a special case of 
multi/eve/ analysis using hierurchical linear models, with 
subjects between studies at the fi rst level and studies at the 
second level. If the betwecn-smdy vat·iance is sh0\\01 to be 
noteworthy, one or more moderators (study characteristics) 
can be added to the model to account for at least part of the 
heterogeneity in the true effects. In our model, the 
moderator Nv (number of sampli ng visits in an abattoir) was 
added, 



J Th i• modcl ~" ''" mOOo •W """ p, ., '"' " '' "" ,, as random effects that distribute normally with a mean of 
zero and a variance of -1. Yet, 1.1 now denotes the amount of 
residual heterogeneity amon.g the true efte-ets, or the 
variability among the tme effects that is not aca:mnwd for 

: ts by the moderators included in the model. To estimate the 
''Y parameters. maximum likelihood estimation (MLE) 
;ts procedures arc the most 6-equently used. In MLE. residuals 
<e on both levels ( v; and r1 of Equation I 0) are assumed to be 
ICS independently distribll!ed. Meta-analysis models were Litted 
>m in R version 2.14.2 (R Development Core Team) using the 
:ts 'metafor' package (Viechtbauer 2010), which provides 

functions for fi tting the models described above. 

RESULTS ANO DISCUSSION 

The fixed-effecL~ model provided strong evidence that the 
he chilling sr•ge in pork processing has a decreasing e ffect on 
he ll>e occurrence of Salmo11ella on pig carcasses (p<O.OOI). 
a Alter Laking the inverse of the exponential of the estimated 

.vo overall effect size (0~-0.550 in Table 2), it can be inferred 
on tha{, on average.~ chilling reduces the Samonella incidence 
ng by a factor of - 1.73 (95% Cl: 1.49 - 2.02). Although there 
lis is evidence of heterogeneity by the signi ficant Q statistic 
dy (Table 2), this tixed·effects model still provides valid 
is inferences as long as they are remicted to the set of studies 

its includc'<l in the meta-analysis (Viechtbauer 2010). The 
of forest plot shown in Figure l highlights the variability in 
by effect size estimates and precision between abattoir entries; 

and the marker size illustrates the con tribution of each 
nbattoil' (weight) lo the ovcn\11 effect estitMtc for the fixed­
effects solution. it should be noticed that weights arc not 
only related tO sample si7A but instead to the number of 
successes or failures in proportion to the sample s ize. 
Analyzing the definition of the standard error of the Ln RR 
parameterization (Equati on 3), inverse-variance weights 
will be small when the number of Salmonella-positive 
carcasses (successes) in either group (before or after 
ch illing) is close to zero. For instance, abattou·s 26 and 30, 
with a reduc-ed number· of successes pre-chill and post-chill 
(Table l ) produced very low weights (Figure I ). In contTast, 

weights will be large when the number of successes in both 
groups are high. In an extreme case. where there was no 
tltilure in both groups. the weights would be e<1ual to 
infinily. That explains why abanoirs 24, 31 and 32 with the 
highest sample sizes and the highest proportion of successes 
(Table I) produced the highest wejghts (f igure 1). Yet, 
small studies can still be given a large weight when they 
have relath•ely more successes. For instance, abattoir I with 
a sample s ize (nc=nt=55) smaller· than abanoir 5 
(nc=nt=60) was n~signed a higher weight (Figure I ) since 
its number of successes in proportion to sample size was 
much higher than the lauer !Table I). Thus, the inverse­
variance weighting permits the consideration of small but 
well-designed studies, that Othen\~Se would have been 
disregarded because of their lack of statistical power to show 
a signi ficant di fli:rent tor the outcome of interest, had the 
weighting hecn based on sample size a lone. 

A visual examination of the forest plot (Figure I ) gives an 
idea of the discrepancy among abattoir entries, which is not 
surprising given the several sources of wtri;~bility among 
studies and abattoirs such us sampling site, chilling 
equipment, cros:; contamination of carcasses. level of 
Salmonella intection at slaughterhouses, differences in the 
microbiological protocol, yea1· and cowmy, among others. 
In the random-effect model, the overall etlect size is still 
s ignificant although m a limiting p-va lue (Table 2). 1l1is 
occurred because the addition of the relatively high 
variability at abauoir level to the random variability at 
carcass level, produced !lll increase of the standard error of 
the overall effect size from 0.077 (fixed-effects) to 0.201 
(random·effects; Table 2). The overall cffc>cl size is still 
s ignificant but lower than the one estimated by fixed effects, 
and suggest~ thal at1er chilling the Salmonella prevalence is 
reduced on aven>ge by a factor of-1.62 (0=-0.485 in Table 
2). Accounting for the heterogeneity in the true log relative 
risks between abattoirs (T2=0.548) led to a meta-analysis 
with better fit qualily than the lixed-eftects model. as 
indic-ated by the lower log-likelihood and Bayesian 
Information Criterion (BIC). 

re 
1C 

Table 2: Results of the Abattoir-Level Mcto-Analysis Models for the Risk of Sahno11ella Preva lence on Pig Carcasses After 
Chilling Relative to Before Chilli ng 

Model Fixed-effects Random-eftects Multi level 
Parameters 

Intercept (0, IJo) -0.550 (0.077) ... -0.485 (0.20 I) 0.607 (0.61 2) "" 

of # visits in abanoir <P1) ·0.589 (0.273)' 

th Heterogeneity 

lC Q test 107.5 (d f.;J I) ••• 

,. Tj_ 0.548 0.33 1 

S) I' 68.3% 

1C H' 3. 15 

lC QM moderators 4.66 (df.;l)" 

ns QE residual heterog. 34.05 (df-o25) '" 
Goodness-of-fit 

Log-likelihood -78.2882 -49.6887 -41.2337 
BIC 160.0421 106.2453 92. 1240 

Significnncc codes: 0 ·***' 0.001 • ~tot~ • 0.01 ·• • 0.05 ·.' 0. 1 · • Non·significant .~.~. 
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Other measures can be C(JOJputcd to facil itate the 
imerprct~tion of the estimated amount of between.abanoir 
heterogeneity. Tite 12 statbtics or intra·clas~ correlation 
<"Stnnatcs the proportioll of between-study variance from the 
total variance. This ts analogous to using the 11roportion of 
c• plaincd v:mnne<: in standard regression models to indicute 
the import;mcc of specific predictor variables. Hunter nnd 
Schmidt ( 1990) poiute<J out that wi th a large number of 
studies. the 110w~r of the signiticance test is high. and small 
vnrinnccs wi ll bc<ornc s ignificant. However. when the 
number of ~tudics is small, lack of significaucc for t 1 does 
not imply thm the outcome arc homogeneous. So. 
lhcypn>posc a zs• .. rule of thumb; this is. if I he inll'll•clllS$ 
v~rinncc is higher lhnn 256 o of Lhe tolal v:1riancct 1he 
variance between studies can be deemed as large enough to 
uncmpt to model it using available study chnractcri~t ics. In 
our case. the intra-cla.o;.< correlation (tl=68.3° o) undcrscore<J 
the pr<-;cncc of bet\\een-abauoir variance, and that 
constqu~ntly >ome study characten stics could be coded to 
anempt to explain such heterogeneity among the true 

Abattoir 

• 

cflects. llte H2 statist ic is the nuio of the total antOtUu of 
V'Jriability in the observed OUt~'OIOC tO the OOlOllnt of 
sampling variability(lfr..O. then H' • l). In this model, the 
H' ratio was 3.15 (Table 2). In contrast with the fi~ed. 
effectS solution, the overnll effect size - or incid.,ce 
reduction rat io due to chilling (95°o Cl: 1.09 - 2.41 ) _ 
obtained by the random-cnects approoch can be generalised 
beyond the spcci lic set of abunoirs nt hand, and this is also 
sustained by the unlikely presence of' pubhcation bias. This 
will be later discussed. 

The (J<)wcr of mullilcvcl mcta-nnalysis becomes appnrent 
when anempting 10 model the sigui licant d i fferences in the 
aoonoit· outcomes. We hypothesised that as nn abanoir was 
visited more number of times (i.e., sampled more). the effect 
size of chilling on Solmcmella OL"Currcncc became more 
clear and larger: and that ~t least part of the heterogeneity 
f()(md between abanotrs may be due to the influence of the 
number of sampling visiiS (Nv) defined in the experimental 
design of the primary studies. The results of the multilc,..,l 

Log RR [95%a) 

·0.44 · 1.19' 0.31 
0.!~1 ·0.89 . 2.51 

·0.69 ·2.03 ' 0.65 
1.10 ·1.14 ' 3.33 

·1.10 -4.28' 2.08 
2.20 -0.67 ' 5.06 
1.6 1 ·1.39. 4.60 o.oo ·1.92. 1.92 

.0.28 -4.17' 3.61 

.0.44 -3.58. 2.71 
·1.10 -4.22 . 2.03 
0.00 ·3.86 . 3.86 

-0.85 ·2.08 • 0.39 
0.08 ·2.67. 2.83 

· 1.73 ·3.17 , -0.29 
·0.87 ·3.06 • 1.33 
·0.69 -3.04 . 1.65 
·2.20 ·5.1 0 . 0. 70 
·0.69 ·1.84 ' 0.45 

Abattoir 1 
Abattoir 2 
Abattoir 3 
Abattoir 4 
Abattoir 5 
Abattoir 6 
Abattoir 7 
Jlbattoir 8 
Pbattoir9 
Pbatfoir 10 
Pbattoir 11 
Aba ttoir 12 
Pba ttoir 13 
Aba ttoir 14 
Pbattoir 15 
Abattoir 16 
Pbattoir 17 
ltlattoir 18 
Pbattolr 19 
ltlattoir 20 
ltlattoir 21 
ltlattoir 22 
Abattoir 23 
.Abattoir 24 
Abattoir 25 
Abattoir 26 
Pbattoir 27 
Abattoir 28 
Abattoir 29 
Pbattoir 30 
Abattoir 31 
Pbatloir32 

,........, 

1 .39 0.35 . 2.42 
-0.75 ·1.46, -0.03 
·0.69 ·2.36 • 0.97 
· 1.39 -3.55' 0.78 
0.1 7 ·0.11. 0.44 
0.92 0.2~ . 1.60 
0.00 ·3.9 ' 3.90 

·1.6 1 -4.6 ' 1.40 
-1.75 -2.74. -0.76 
· 1.61 -3.72 . 0.50 
·1.10 -4.28 ' 2.08 
-1.33 · 1.70. -0.97 

FE M:ldel 
RE Wodel 

· 7.13 -3.57 

,.. ..... 

.().Q1 3.54 

Log Rela tive Risk 

-1 .29 -1.77 . -0.81 

-0.55 1:8·70 ,-0.401 
-0.48 .88 . -0.09 

7.1 

figure I: Porest l'lot of ihe Risk ofSalmnnella J>revalcncc on l'ig Cut·ct•sses After Chilling relat ive tO Before Chilling. Primary 
Study' Est imates and Overall Fixed nnd Rnndom Effects arc shown with 95% Confidence Intervals 
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Figure 2: Effect of the Number of&lmpling Visits in a 
Slltdy Experimental Design on the Estimation of the EITect 

ofChilli ng on Sulmo~tello Incidence on Pig Cni"Cl~>SCS 

model (Table 2) showed that, apparently, our estimate of the 
cflcct size of chilling is subject to the number of times 1111 

abattoir is vi~i tcd. This is supported by the significant 
coefficient Pt and the s ignificant QM test for the moderating 
varinble. In the multilevel model. the estimntcd amount of 
restdual heterogeneity is t~=0.33 1 , suggest ing 1hnc 39.6~,, 
(0.548-0.331 )10.548) of the tOial amount of heterogeneity 
between nbnnoirs can be accounted 101' by including the 
·number of sampling visus' in the model. The QE stato>tic 
indi~te< that the residual heterogeneity is no longer 
sogmficMt. However. we can assume that the number of 
sampling visttS per abattoir may be accounting for some of 
the betwcen-abanoir variability, and that other non·cod•'d 
study characteristics may be :.Jso noteworthy. 

The value of the coellicient p, indicates that M increase in 
one sampling visit i11 abattoir corresponds to n chaugc of. 
0.589 units in terms of the aveo11ge Jog relmive risk (Table 
2). Hccausc the :tbat toir outcome depends on the number oi' 
S>Uttpl ing visits. reporting ao1 overall effect size does not 
convey the relevant information . To facilitate the 
intCillTCtution of the moderator, predicted avcrase Jog 
relative risks 101' different number of sampling visits can be 
reported. Figure 2 shows a pl01 of the log RR as n function 
of the nnmbcr of sampling visits. The observed RR arc 
drawn proportional to tbe weights, and predictions are 
shown with corresponding 95~. confidence interval bounds. 
ResultS ;ugsc~t that when an :lixmoir is sampled only once, 
~he obser~mion of an effect (either increasing or decreasing) 
IS mcons1stcnt. and therefore, on average no cOCct is 
observecl (notice that on average the Log RR is zero whc11 
one Mmpli ng visit is performed). Seemingly, the de<:reasing 
effect of chilling on the Salmonella prevale11cc becomes 
noticeable (ond sigu i fk~ml) with at lc:-1sl two smnpliny 
visits. These interesting results may be explained by the fnct 
thac, nhhough Snlma11dla viabi lity has been proven, m least 
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m 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 Solmmrella is also :aR'Ccted by other equally 
omportam factors. related tO chilling ~-ystems. abanoir 
logistics, cross-contamination. abattoir hygiene, etc. In 
addi~ion, Salmonella cells ore not homogeneously 
tltstnbuted on c-arcasses, which will greatly add to the 
rmcerrointy in the measured outcomes (t.c .. although a pre· 
chi ll carcass may contain So/mane/la cells, swabbing a 
Salmonella-free arc.a wi ll lead to a negative o·esult). On the 
other hand, the pre-chill and post-chill measurements were 
most of the iimcs perfimned on differen t carcasses. which 
adds extra randomness to lhe mca~ured outcome. Tillls, it is 
then expected that. with so muny factors affecting the 
efficacy (and the measurement itself of the efficacy) of the 
chilling operation. results from only one abattoir visit made 
up of an average of 30 pig carcasses. will not be sufficient to 
consistently elucidate any effect. Results from the multi level 
meta-aoalysis indicated thnt a significant reduction ratio 
(- 1.77) of chilling on the Salmom:l/o incidence on pig 
carcasses was observed with nt least two sampling visits 
consisting of a total of 50 cnrcnoses on average. A greater 
Salmo~tella incidence reduction ratio (- 3.20) was noticed 
wirh data from three sampling visits (Fisure 2). This meta­
analysis model howevco· is noL SUPI>Osed to be extrapolated 
for lbur or more sampling visits. as the number of sampl ing 
001ssions is not 1:1 cominuous variable bul a caLcgorical one. 

An important problem in mcta·analysis is tlte so-called file 
drawer problem or publication bia.s. The ddtd !6r a mcla· 
analysis are the result' from previously published studies. 
Studies that find significant results may have a larger 
probability to be published. A> u result, a sample of 
published studies can be biased in the direction of reporting 
large effects. An approoch to mvestigate publication bias is 
by means of a funnel plot which is a plot of the effect sizes 
versus their standard errors. If the sample of available 
studies is 'well behaved ' , th is plot should have the shape of 
a tunnel. The ouwomL-s from sma ller studies (nonnally of 
higher standard errors) nre more variable but estimate the 
same underlying J>Opnlmion purnmcter. If large etlects are 
lbund predominantly in sm:~llcr swdies, this indicates lhe 
possibility of publication bins, and the possibility of many 
others insisn ifican1 small sllldics remain ing wtpublished 
{Hox and De Leeuw 2003). 111 the case of multilevel models 
with moderating variables, the funnel plot should not be 
based on the observed outcomes (i.e.. effect sizes versus 
~landard errors) because pan of the variability in the plot 
could be due to the explanatory s tudy charucteristics. Tims. 
it is more appropriate to use a fitnnel plot after removing the 
covariate effects. Figure 3 show5 a funnel plot of the effect 
s ize residuals against their corrc,ponding standard errors, 
and does not suggest evidence ot' publit«tion bias. 

CONCLUSION 

floth the lixed-elfecrs and rnndom-cnccts moc.lcl confirmed 
the effect of ch illing in dcco·cnsing S(llmone/1" incidence; 
allhough lhe random·cffccts model wns preferred to acc<·mnl 



for rhc high variabiliry observed among rhe 32 abanoirs 
surveyed in lhe 13 primary studies. As a funnel plor 
suggested no evidence of publication bias, it can be safely 
generalised that the ch illi ng effect reduces rhe incidence of 
Salmonei!CI by a factor of 1.62 (95% C l: 1.09 - 2.4 1) in 
relarion 10 the occurrence in pre-chill pig carcasses. The 
heierogeneiry in effect size between surveyed abatloirs 
(T'"'il.S48), investigaled by means of a mullilcvcl model, 
reveakd Lhat rhc ' number of sampling visils' performed in 
an abanoir is a study characteristic rhal has a major 
innuencc on the estimated chilling ef:fe<:.t. Thi.s moderating 
variable (covarianl) explained 40% of the berween-abanoir 
variabi lily, and revealed rhat only one sampling visil -
consisting of an average of 30 carcasses was not sufficient 
to consistently elucidate any chilling effect; most likely 
because of the many faciors influenci ng both the efficacy of 
the chilling operarion ( i.e .. chilling systems. abattoir 
logist ics) proximity between carcasses, cros:;-contamination, 
elc.) and rhe measuremcnr ilself ( i.e., heterog.en~ous 
distriburion of bacterial cells on carcasses; uncertainties 
associated wirh tlte different carcasses sampled before and 
aflcr ch illing; and willt the microbial tesr protocol). The 
beneficial elfect or chilling became only evidenr in a 
consistent way wi1h at least two sampling visit:; per abattoir; 
th is is with higher sample sizes that could surmount the 
ditTerent sources of variabi lity and uncertain ty a !feeling the 
efliciency of the chilling operation. Mera-analysis 
applicarions such as the one conducted in rhis study arc of 
importance in the development of risk assessment models; 
in the design of fi1ture sttltistically-sound ·incidence surveys 
in nbanuirs, and ultimately in the compilation and beuer 
understanding of the differing ourcomes found by primary 
stndies. 
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