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SUMMARY

A scoping study and systematic review-meta-analyses (SR-MAs) were conducted to evaluate
the effectiveness of various interventions for Salmonella in broiler chicken, from grow-out farm
to secondary processing. The resulting information was used to inform a quantitative exposure
assessment (QEA) comparing various control options within the context of broiler chicken
production in Ontario, Canada. Multiple scenarios, including use of two separate on-farm
interventions (CF3 competitive exclusion culture and a 2% lactose water additive), a package
of processing interventions (a sodium hydroxide scald water disinfectant, a chlorinated
post-evisceration spray, a trisodium phosphate pre-chill spray and chlorinated immersion chilling)
a package consisting of these farm and processing interventions and a hypothetical scenario
(reductions in between-flock prevalence and post-transport concentration), were simulated and
compared to a baseline scenario. The package of on-farm and processing interventions was the
most effective in achieving relative reductions (compared to baseline with no interventions) in
the concentration and prevalence of Sal/monella by the end of chilling ranging from 89-94 %

to 99-87 % and 43-88 % to 87:78 %, respectively. Contaminated carcasses entering defeathering,
reductions in concentration due to scalding and post-evisceration washing, and the potential
for cross-contamination during chilling had the largest influence on the model outcomes under
the current assumptions. Scoping study provided a transparent process for mapping out and
selecting promising interventions, while SR-MA was useful for generating more precise and
robust intervention effect estimates for QEA. Realization of the full potential of these methods
was hampered by low methodological soundness and reporting of primary research in this area.
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INTRODUCTION throughout processing [1] and an integrated ‘farm-
to-fork’ approach with various control aspects
on-farm, during catching and transport, at slaughter,
and at retail and consumer levels [2—4]. A shift in
food safety philosophy has occurred over the past few
* Author for correspondence: Dr A. Raji¢, Laboratory for decades [5], partly due to the success demonstrated
Foodborne Zoonoses, Public Health Agency of Canada, 160 in Denmark after the introduction of nationwide
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Two main approaches to mitigate Salmonella in
broiler chickens include control at slaughter and
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broiler chickens and swine [4]. In broiler chickens,
this approach has been credited with a reduction in
the flock-level prevalence of Salmonella from 12:9 %
in 1997, to 1-5% in 2002 and a concurrent decrease
of 78 % in Salmonella infections in people attributed
to domestically produced poultry [3]. The European
Union (EU) soon followed suit issuing EU regu-
lation 646/2007 that specified targeted reductions of
S. Enteritidis and S. Typhimurium in broiler flocks
to <1% by 31 December 2011 [6]. In Canada,
Salmonella control in various food animals has tra-
ditionally followed the processing-intensive approach,
primarily to maintain open borders with the USA
which requires any country exporting meat and
poultry products to produce under an inspection
system that meets its performance criteria [1]. As
such, the Food Safety Enhancement Program (FSEP)
was adopted voluntarily in the 1990s and later became
mandatory in December 2005 in all federally inspected
processing plants [7]. More recently, voluntary on-
farm food-safety programmes were established in
Canada in the main food-animal commodities. The
Chicken Farmers of Canada follow the Safe, Safer,
Safest programme which stresses good production
practices (GPP) and HACCP principles but does not
include a targeted Salmonella monitoring system or
specific intervention strategies to control Salmonella
in broilers [8]. A need for a better understanding of
the effectiveness of various interventions for reducing
Salmonella in broiler chicken at various stages of
production has been recognized internationally [9].

Quantitative microbial risk assessment (QMRA)
is an internationally endorsed framework primarily
used to estimate the risk posed by microbial hazards
to human health, but is also useful for evaluating the
effectiveness of intervention strategies, as well as
identifying critical knowledge gaps in systems of in-
terest [10]. The overall utility of QMRA depends on
the inputs used to inform the framework, which
should be valid, precise and transparent [11-13]. The
synthesis research framework, and methods such as
scoping studies (ScS), systematic review (SR) and
meta-analysis (MA) offer structured and repeatable
methods for collecting, mapping, including/excluding,
appraising and synthesizing evidence related to a
topic of interest [14-16] and can complement and
enhance the robustness of QMRA.

The study presented here was part of a larger
initiative aimed at developing an evidence-based
framework, linking specific synthesis research and
QMRA methods, for evaluation of potential control
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options against Salmonella in broiler chickens from
farm-to-processing within the Ontario, Canada con-
text. The main objective of this study was to develop a
quantitative exposure assessment (QEA —a compo-
nent of the QMRA process) capable of evaluating the
effectiveness of intervention strategies for reducing
Salmonella concentration [(colony-forming units
(c.fu.)/carcass] and prevalence in broiler chickens
from the level of the grow-out farm to the end of
primary processing (chilling). A secondary objective
was to briefly demonstrate the use of research syn-
thesis methods to generate inputs for QEA, and
comment on their suitability for informing various
aspects of QEA.

METHODS
Model description

The model consisted of three modules: (1) the grow-
out farm, (2) transport (3) and primary processing
(Fig. 1), beginning at the grow-out farm with a flock
of broiler chickens externally contaminated with
Salmonella and ending with an estimation of the mean
c.f.u./carcass and prevalence of Salmonella on a group
of 100 carcasses after chilling. The framework for the
model was adapted from a previously published
QMRA that used a mechanistic modelling approach
in its exposure assessment to follow changes in num-
ber of Campylobacter spp. from farm to the consumer
[17]. This approach provided a straightforward means
of understanding the different relationships between
steps in the production system and the model was
readily modifiable to our question.

The model was developed using @Risk 5.0
(Palisade, USA), a Microsoft Excel add-on. Monte
Carlo sampling procedures were used for 10000 iter-
ations per model simulation with the same initial seed
chosen randomly by the software.

Model inputs

As much as possible, data used to inform intervention
and prevalence aspects of the model were obtained
from complementary ScS and SR-MA (Fig. 1). The
methods and respective results are reported in detail
elsewhere and can be made available upon request
from the corresponding author [18, 19]. Briefly, the
ScS was used to identify and organize the global
scientific evidence for interventions and prevalence
estimates of Salmonella in broiler chickens as well as
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SOURCE | —_ | INPUTS | —_ | MODULES | —_ | OUTPUTS
Individual WFP
studies BFP
" Externally
CF3 competitive FARM -
SR-MA
exclusion culture Contaminated? Y/N
SR-MA Lactose
water additive
\ 4
Individual Prior flock Contaminated post-
studies carry-over transport? Y/N
TRANSPORT
Individual Within-flock C.f.u. on exterior
studies spread post-transport
A\ 4
S¢S | [Mndividual - C.f.u. post-
" Scalding "
studies scalding
Individual . C.f.u. post-
studies Defeathering defeathering
Indivigiual Evisceration C._f.u. post-
studies evisceration
\Il PROCESSING Contaminated?
Y/N
Individual Post-evisceration C.f.u. post-
tudies wash evisceration
s \I, wash
C.f.u. post-
SR-MA Pre-chill spray spray
treatment
- C.f.u. post-
SR-MA Chilling chilling

Fig. 1. Sources of information, and inputs used to inform the quantitative exposure assessment model framework describing
the grow-out farm-to-secondary processing pathway of the Ontarian broiler chicken industry. ScS, Scoping study; SR-MA,
systematic review-meta-analysis; WFP, within-flock prevalence; BFP, between-flock prevalence; CF3, continuous flow

culture 3, c.f.u., colony-forming unit.

to select interventions for further evaluation through
SR-MA. A research team evaluated a resulting list of
interventions (Fig. 2) and based on the overall
amount of primary research available, basic study
design characteristics and contextual suitability of
conducted studies, selected eight relatively broad in-
tervention categories for concurrent and independent
investigation through SR-MA. These were competi-
tive exclusion (CE), other feed and water additives
(except for CE and antimicrobials), vaccination, bio-
security, carcass scalding, post-evisceration washing,
pre-chill spraying/dipping and chilling [18, 19]. Other
interventions were not considered for one or more
reasons. For example, antimicrobials were not con-
sidered due to animal and public health concerns
associated with antimicrobial resistance [20-22].
An insufficient amount of research existed for some
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Fig. 2. Various interventions identified through our scoping
study with the amount of primary research underpinning
each.
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potentially promising interventions (e.g. bacterio-
phage, reprocessing) and large heterogeneity was fre-
quently observed precluding the use of MA [19].
One exception was the biosecurity category selected
for SR-MA because these practices are routinely re-
commended to producers [2, 23], even though few
studies with a large amount of heterogeneity were in-
dentified for this category. Three criteria used to select
interventions for complementary QEA were:

(1) MA could be performed on a specific intervention
treatment (=2 studies reporting the effectiveness
of the same intervention treatment, in similar
chicken populations, measuring the same out-
come, repeatable under commercial conditions,
that could be given as a recommendation to pro-
ducers or processors) resulting in significant
Salmonella reductions.

(2) When MAs were possible for multiple treatments
within the same intervention category, the treat-
ment supported by more studies, the larger effec-
tiveness and a continuous outcome was selected.
For example, within the pre-chill carcass spray/
dip category, a trisodium phosphate (TSP) spray
was chosen for inclusion in the QEA because it
had a continuous outcome, the largest reductions
in Salmonella and the second highest number of
studies underpinning its effects.

(3) Evidence derived from controlled trial studies
carried more weight than from challenge trial
studies.

A final list of the interventions selected for incorpor-
ation into the QEA and the main characteristics of
their respective data are shown in Table 1. Significant
heterogeneity and/or publication bias was consist-
ently observed for most interventions [19] so we de-
cided to report information for these aspects instead
of using them as exclusion criteria. Due to a lack of
concentration (e.g. c.f.u./unit) data at the farm level,
MA estimates based on prevalence data were used
to populate farm intervention inputs, while MA esti-
mates based on concentration data were used to in-
form processing intervention inputs. A significant
lack of intervention studies reporting concentration
outcomes, conducted under commercial (‘real-life’)
conditions was noted during the conduct of the
complementary SR-MAs [19], so concentration data
from pilot plant or laboratory studies were chosen
and acknowledged to carry some uncertainty with
regard to their representation of true effects under
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field conditions. When the impact of an intervention
was measured against Salmonella prevalence, the
pooled MA effect estimate used was the risk dif-
ference (RD), converted from a pooled OR (odds
ratio) [19]:

RD =100 x (ACR— OR X ACR )

1-ACR+OR xACR

where RD =the risk difference (i.e. number of car-
casses per 100 carcasses processed that are unlikely to
become Salmonella contaminated in the treatment
group compared to the untreated group); OR =odds
ratio; and ACR =assumed control/baseline risk.

To convert ORs to RDs an ACR of 21-2 % [24] was
employed since it provided the most up-to-date
estimate of Salmonella prevalence at processing, in
Canada, at the time. Typically, a range of ACRs are
used to explore the impact of alternative baseline risks
on the results [25]; however, the outputs from our
MAss are intended for use as inputs for our QEA, so a
single ACR was used instead. When the impact of an
intervention was measured against Salmonella con-
centration, the pooled MA effect estimate used was
the raw mean difference (MD) [19].

When data were unavailable from complementary
SR-MAs, individual studies captured through our
ScS, or at the authors’ discretion were used to popu-
late prevalence and concentration data inputs.
Priority was given to prevalence estimates obtained
from within Canada and published after 2000. If
necessary, this criterion was relaxed to include data
from the USA.

When populating intervention aspects of the QEA,
probability distributions were constructed from
pooled estimates of effectiveness and their respective
95% confidence intervals (CIs) when heterogeneity
was not significant. When heterogeneity was signifi-
cant outputs generated from MA (reported outcome,
its respective 95% CI and associated weight) were
used to capture the variability and uncertainty in the
data and construct probability distributions for use in
the QEA. An alternative to this may also be to use
pooled estimates of effectiveness and their respective
95% prediction intervals as the prediction interval
will also capture variability in the data [26].

Intervention scenarios

In order to model the impact of interventions em-
ployed on-farm and at processing, 12 model scenarios
were constructed ; six scenarios for carcasses destined
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for the fresh product market and six scenarios for
carcasses destined for the frozen product market:

(1) A baseline scenario without interventions on farm
or during processing (scalding, post-evisceration
spraying, pre-chill spraying and immersion chill-
ing employed potable water).

(2) Incorporating the effect of a competitive exclu-
sion culture [continuous flow culture 3 (CF3)] on-
farm to reduce within-flock prevalence (WFP) by
the end of the grow-out module.

(3) Incorporating the effect of lactose as a water ad-
ditive on-farm to reduce WFP by the end of the
grow-out module.

(4) Incorporating all processing-level interventions
to reduce the concentration of Salmonella on
carcasses at scalding, post-evisceration washing,
pre-chill spraying and chilling.

(5) Incorporating both farm (CF3 only) and proces-
sing interventions to reduce the WFP on-farm as
well as concentration of Salmonella at processing.

(6) Incorporating the effect of a competitive ex-
clusion culture CF3 to reduce WFP by the end
of the grow-out module as well as hypothetical
reductions in between-flock prevalence (BFP),
also known as flock-level prevalence, and c.f.u./
broiler of 50% by the end of the grow-out and
post-transport modules, respectively.

Scenario results were displayed as c.f.u./carcass and
prevalence of Salmonella at the end of chilling. The
relative reduction (RR) in Salmonella concentration
and prevalence in comparison to baseline results was
calculated for each scenario. Within each scenario,
estimates of concentration and prevalence were gen-
erated for populations of broilers originating from
both positive and negative flocks.

MODEL ASSUMPTIONS

A series of assumptions were made to reduce as much
complexity/uncertainty in the model as possible:

e Potential changes in Salmonella contamination or
production practices and their effects are equally
probable in birds belonging to the same flock.

e There is uniform mixing in the population of broiler
chickens within the same flock (i.e. Salmonella
contamination or the effect of an intervention is not
localized to clusters of birds within the flock).

e Birds are not lost to mortality or condemnation
during grow-out, transport or processing.
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e On-farm production practices are similar between
Canada and the USA, such that estimates of WFP
are equivalent.

e Regardless of whether a bird was contaminated
before or during transport, the number of Salmon-
ella c.fu. contaminating a bird’s exterior remains
unchanged.

e A steady-state of contamination/reduction of
Salmonella during processing occurs by the time the
100th bird is processed.

e Direct methods of quantification of Salmonella are
comparable to counts determined by most probable
number (MPN) [27], so quantitative data reporting
MPN are assumed to be equivalent to c.f.u.

e A positive flock is a flock containing one or more
birds contaminated with Salmonella at the end of
the grow-out period. A negative flock is a flock with
no Salmonella-contaminated birds at the end of the
grow-out period.

Exposure assessment: farm

The aim of the farm module was to estimate BFP and
WFP of Salmonella for a random, Ontarian poultry
flock by the time the live birds are caught for trans-
port. Contamination was modelled at both the flock
and individual bird level based on exterior contami-
nation with Salmonella via faecal material. It was as-
sumed that once a bird becomes contaminated with
Salmonella it remains contaminated. Data from
Canada and the USA were used to estimate BFP and
WEFP, respectively [28—-32]. Beta distributions, which
are typically used to describe our uncertainty about
prevalence estimates [33], were used to capture un-
certainty in the data and stochastically estimate values
for BFP and WFP (Table 2).

To capture the impact of selected on-farm inter-
ventions, pooled estimates of effectiveness calculated
in our complementary SR-MAs [19] were used to in-
form the model of their impact on the estimated WFP
(Table 2).

Exposure assessment: transport

At transport, the unit of interest switched to the
individual bird with changes in Salmonella-positive/-
negative status and number of c.f.u./carcass on the
100th bird belonging to a positive or negative flock
followed separately for the remainder of the mod-
elling pathway. Here the model considered the
spread of Salmonella between contaminated and
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Table 1. Selected interventions [based on systematic review-meta analysis (M A)] and their respective inputs for the quantitative exposure assessment model

No. No. studies/ Study design/ No. random Heterogeneity/
Intervention type/ relevant  trials included in (no. studies/ allocation/ MA estimate publication
Setting®  selected product® studies® MAY trials)® blinding" Outcome (95% CI)® biash
Farm Competitive exclusion
Continuous-flow 4 3/27 ChT (3/27) 0/4 Prevalence RD =45 0%/0-139
culture 3 (CF3) (43 to 46)H
Continuous-flow 4 3/23 ChT (3/23) 0/4 Concentration MD=1-23 98:9%/0-05
culture 3 (CF3) (1-11 to 1-34)!
Commercial product 5 5/66 ChT (5/66) 0/0 Prevalence RD =38 63-5%/<0-0001
FM-B11 (34 to 41)'
Commercial product 4 4/16 ChT (4/16) 0/0 Prevalence RD =44 54:6 %/0-003
Broilact (35 to 47)!
Farm Feed/water additives
2-2-5% lactose applied in the 17 3/4 ChT (3/4) 0/0 Prevalence RD =43 20-9%/0-089
drinking water 10 days after (23 to 48)"
placement
15 mm experimental chlorate product 3 3/4 ChT (3/4) 0/0 Prevalence RD=23 0-0%/0-894
added to water for 48 h after (8 to 34)
placement
15 mm experimental chlorate product 3 3/3 ChT (3/4) 0/0 Concentration MD=0-54 90-4%/0-866
added to water for 48 h after (—0-05 to 1-12)!
placement
Farm Vaccination
Live S. Typhimurium 4 4/5 ChT (4/5) 0/0 Prevalence RD=33 36:0%/0-756
(7 to 45)!
Farm Biosecurity
Hydrogen peroxide on eggs 2 2/5 ChT (2/5) 0/0 Prevalence RD=43 82:4%/n.ak
(24 to 60)!
PMBH! on eggs 2 2/5 ChT (2/5) 0/0 Prevalence RD =57 927 %/n.a.k
(23 to 75)!
Abattoir Scalding
1% Sodium hydroxide based 2 n.ak ChT (1/8) 0/0 Concentration n.akm n.a.k
sanitizer
(RP scald) 3 2/2 CT (2/2) 0/0 Prevalence RD=4 (2 to 6)' 0-0 %/n.a.k

0-5-1-0 % acetic acid

0¢6
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Table 1 (cont.)

No. No. studies/ Study design/  No. random Heterogeneity/
Intervention type/ relevant  trials included in  (no. studies/ allocation/ MA estimate publication
Setting®  selected product® studies® MAY trials)® blinding' Outcome (95% CI)® biash
Abattoir Post-evisceration spray
50 ppm chlorine spray applied at 1 n.ak ChT (1/3) 0/0 Concentration n.a>km n.ak
552 kPa
Abattoir Pre-chill carcass spray or dip
10 % trisodium phosphate spray 8 3/8 ChT (3/8) 0 (0)/0 (0) Concentration MD=1-31 99-9%7/0-351
applied at 206-8 kPa (0-70 to 1-92)"
0-1% cetylpyridinium chloride spray 6 3/6 ChT (3/6) 0 (0)/0 (0) Concentration MD=0-85 99-3%/0-715
applied at 206-8 kPa (0-51 to 1-18)!
1% lactic acid spray applied at 5 2/2 ChT (2/)2) 0 (0)/0 (0) Concentration MD =091 95-8 %/n.a.k
206-8 kPa (0-55 to 1-27)!
10 % trisodium phosphate dip 6 4/11 CT (4/11) 0 (0)/0 (0) Prevalence RD=65 90-1%/0-153
(41 to 75)!
1-2 % lactic acid dip 4 2/14 CT (2/14) 0 (0)/0 (0) Prevalence RD =68 13:5%/0-104
(55 to 75)!
1-2% lactic acid dip 4 2/8 ChT (2/8) 0 (0)/0 (0) Prevalence RD =48 0-0%/0-683
(17 to 67)!
Abattoir Immersion chilling
20 ppm total chlorine 11 2/2 ChT (2/2) 0 (0)/0 (0) Concentration MD=0-49 0-0%/n.a.!
(0-18 to 0-81)!
1-2% acetic acid 4 2/5 ChT (2/5) 0 (0)/0 (0) Concentration MD =0-30 80-1%/0-006

(—002 to 0-63)i

4 Intervention application point.

> For each intervention type up to three datasets were selected to represent intervention profile. The selection was based on a combination of arbitrary, biological and
contextual criteria.

¢ Studies (papers) confirmed relevant during the SR-MA process.

4 Number of relevant studies (trials) for each intervention type or product that were included in random-effect MA.

¢ ChT, Challenge trial; CT, controlled trial.

" Random allocation of intervention/concealment of treatment. Randomized and/or non-randomized clinical or field trials and/or challenge trials.
g RD, Risk difference; MD, mean difference.

" Statistical significance of heterogeneity (=25 %) and publication bias (<0-1) as measured through Egger’s regression asymmetry test.

! Calculated from MA.

J Selected for inclusion in the quantitative exposure assessment.

k Not applicable.

I PMBH, Polyhexamethylenebiguanide hydrochloride.

™ Calculated from individual studies.
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Table 2. Description of the variables used to model Salmonella status in broiler chickens at the grow-out farm

Variable Description Units Distribution/equation Source(s)
Farm variables
WFP’ Prevalence of Salmonella in broiler chicken — Beta (399, 2862)* [29-32]
faeces
BFP’ Prevalence of Salmonella in broiler flocks — Beta (93, 65)* [28]
RDy 4 Reduction in risk due to lactose — Pert (22, 43, 48)° [19]
RDcp3 Reduction in risk due to CF3 — Pert (43, 45, 46)° [19]
WEP;, WEP of Salmonella in broiler chickens after — WFP;,,=WFP’' x (100—RD)100 [19]
treatment with CF3 competitive exclusion
culture or a lactose water additive
Transport variables
P(cong,,s)  Probability an uncontaminated bird originating — P(conrans) [19]
from a positive flock becomes externally =[P(cony,) + P(cong,)]
contaminated during transport —[P(cony,) X P(cong,)]
P(cong,,s)’ Probability an uncontaminated bird originating —— P(conyans) =[1 —(1—=BFP)Ve]  [19]
from a negative flock becomes externally X Rgamp
contaminated during transport
P(conyy) Probability of a random uncontaminated bird — P(congp) =1 —(1 — WEFP/)Neonaet [19]
contacting Salmonella-contaminated material
on the transport truck
Neontact Number of contacts an uncontaminated — Pert (1-5, 3, 4-5)® [34, 35]
bird may have with Sal/monella
contaminated material on a transport
truck
P(cong,) Probability of carry-over contamination from — P(cong,) =[1—(1 —BFP)Nr] [19]
Salmonella-positive flocks transported prior to X Rdamp
the current flock
Niock Number of flocks transported prior to the — [Uniform (1, 5)]—1¢ [19]°
current flock
Riamp Term for dampening the probability of carry- — Uniform (0, 0-5)¢ [19]¢
over contamination from a Salmonella-
positive flock transported prior to the current
flock.
C.fU.trans Colony-forming units (c.f.u.) per bird on Cfu/ Cumulatived [27]
contaminated birds post-transport carcass
2 Beta (a, f3).

> Pert (minimum, most likely, maximum).
¢ Uniform (minimum, maximum).

4 Cumulative (minimum, maximum, range of values, cumulative probability of each value in range).

¢ Values chosen based on authors’ discretion.

uncontaminated birds within a positive flock, as well
as the probability of carry-over contamination from
transport crates contaminated by Salmonella-positive
flocks transported prior to the current flock. Birds
from negative flocks are, by definition, uncon-
taminated by Salmonella so it was assumed that the
only possibility for these birds to become contami-
nated during transport was from carry-over con-
tamination of a previously transported flock.
Assignment of Salmonella-positive/-negative flock
and individual bird status was based on the WFP at
the end of the farm module while the BFP estimated
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at the end of the farm module fed into the probability
of a previous flock transported prior to the current
flock being positive/negative (Table 2). Once a bird
had been designated Salmonella positive, the concen-
tration of Salmonella on that bird’s exterior was esti-
mated by fitting an empirical Cumulative distribution
to the concentration data (Table 2) based on data
from another study [27]. Since 100% of the
Salmonella contamination from a prior flock will not
contaminate the subsequent flock being transported
[34, 35] a term to dampen the probability of con-
tamination was incorporated into the probability of
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carry-over contamination from Salmonella-positive
flocks transported prior to the current flock and
stochastically estimated using a Uniform distribution
(Table 2).

Exposure assessment: processing

The processing module began at the scalding pro-
cess and included defeathering, evisceration, post-
evisceration washing, pre-chill spraying and chilling.
In addition to the division between positive and
negative flocks, populations of birds destined for the
fresh or frozen product markets were split and fol-
lowed separately based on the scalding and chilling
treatments received. Birds destined for the fresh
product market were soft-scalded (50 °C for 90 s) and
air chilled while birds destined for the frozen product
market were hard-scalded (56 °C for 45s) and im-
mersion chilled. Changes in the positive/negative sta-
tus of a carcass were followed throughout the
processing module by means of a conditional state-
ment based on the estimated changes in Salmonella
c.f.u./carcass after each processing step.

A lack of quantitative effect estimates from SR-MA
for carcass scalding prevented a measure for the
magnitude of effect of soft scalding on Salmonella
c.f.u./carcass. Instead, the magnitude of effect on a
surrogate organism, Campylobacter spp., was adop-
ted for Salmonella (Table 3) to provide a starting
point for which the difference between soft scalding
and other scalding interventions could be calculated.
The use of surrogate data at this step in the process
means that it is not advisable to judge or make con-
clusions about the absolute effect of scalding as an
intervention against Salmonella using the results from
this model. However, measuring the relative effect of
the other interventions should still be possible because
scalding is equally applied in all the scenarios. Data
describing changes in Salmonella c.f.u./carcass during
carcass defeathering were also unavailable, instead,
data examining theses effects on a marker organism,
Escherichia coli K12, were used [17]. In this case,
the marker organism was used to mechanistically de-
scribe the spread of contamination in the equipment.
As such, as long as the spread of contamination in
the machine is primarily a result of the physical
action of the machine and not so much the nature of
the organism (for instance growth or development
of biofilms in the equipment) then the use of the
marker organism data is not likely to be highly prob-
lematic.
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Only one study [36] reported effects of hard and soft
scalding on concentration precluding MAs for these
interventions, therefore data from the single study
were used to calculate proportional reductions in
Salmonella c.f.u./carcasses instead of pooled estimates
of effect (Table 3). Differences in c.f.u. reductions due
to hard and soft scalding were calculated in relation
to a baseline reduction in Campylobacter spp. c.f.u.
To stochastically model in the proportional re-
duction of Salmonella c.f.u./carcass, custom-made
uncertainty distributions derived from a combination
of Cumulative, Pert and Discrete distributions were
utilized as model inputs to capture both the uncer-
tainty and variability in the data [33] (Table 3).

The defeathering step mechanistically described
cross-contamination during the defeathering process
by accounting for (1) the proportion of Salmonella
removed from a carcass’s exterior as a result of re-
moving contaminated feathers, (2) the potential
transfer of Salmonella from a contaminated carcass
to subsequent carcasses and (3) the decline in the
amount of Salmonella transferred with increasing
distance between a given carcass and the nearest
contaminated carcass down the line. A regression
model describing the amount of contamination a
carcass receives as a function of the distance between
it and the initial contaminated carcass was con-
structed [17] and used to inform the current model
(Table 3).

The evisceration step considered the possibility of
cross-contamination from the interior of Salmonella-
colonized carcasses onto the exterior by modelling
the change in Salmonella c.f.u. as a result of damage
that may have occurred during the evisceration pro-
cess. Data investigating the occurrence of visceral
damage and Salmonella in broiler viscera were ob-
tained through our complementary ScS search [37, 38]
(Table 3) and modelled using a Beta distribution.
Damage to viscera in a Salmonella-colonized bird was
assumed to increase Salmonella c.f.u./carcass. The
amount of Salmonella in 1 g of visceral contents con-
taminating a carcass was stochastically estimated
using a Cumulative distribution derived from the re-
sults of a single study [39] reporting the log;y MPN/g
Salmonella in visceral contents (Table 3).

Complementary SR-MA provided estimates of
logyy c.f.u. reductions in Salmonella on broiler car-
casses when given a post-evisceration wash with po-
table water [19], while an individual study provided
data for a post-evisceration wash with chlorine [40].
Due to significant heterogeneity, the use of a pooled
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Table 3. Description of the variables used to model Salmonella status in broiler chickens during processing

Variable

Description

Units

Distribution/value/equation

Source(s)

SS

Sschem

HS

Hschem

Dred

red

Prev,;s
Viscone
PEWaer
PEWcy,
PCyater
PCrsp
Chill,;,
Chillyater
Chillcy,

[CIZ] base

[Cly]ing

Log reduction in Campylobacter spp. due
to soft scalding

Additional log reduction achieved when
using a chemical during soft scalding
compared to soft scalding with no
chemical

Additional log reduction achieved when
using hard scalding with no chemical
over soft scalding with no chemical

Additional log reduction achieved when
using chemical hard scald compared to
soft scald no chemical

Change in c.f.u./carcass resulting from
the defeathering process

Defeathering regression equation
parameter describing the proportion of
contamination on a contaminated bird
that gets removed with the defeathering
process

Defeathering regression equation
parameter describing the amount of
contamination spread to subsequent
birds from the first contaminated bird
entering the defeathering machine

Defeathering regression equation value
describing the decreasing starting
proportion of Salmonella transferred

Probability Salmonella contaminated
viscera contaminate carcasses

Concentration of Salmonella
contaminating broiler visceral contents

Reduction in logy, c.f.u./carcass due to
post-evisceration wash with water

Reduction in log, c.f.u./carcass due to
post-evisceration wash with chlorine

Reduction in logy, c.f.u./carcass due to
pre-chill spraying wash with water

Reduction in logy, c.f.u./carcass due to
pre-chill spraying wash with TSP

Reduction in logy, c.f.u./carcass due to air
chilling

Reduction in logy, c.f.u./carcass due to
immersion chilling with water

Reduction in logy, c.f.u./carcass due to
immersion chilling with chlorine

Chlorine concentration input for
modelling cross-contamination during
immersion chilling with water baseline
scenario

Chlorine concentration input for
modelling cross-contamination during
immersion chilling with chlorine
scenario
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logy, c.f.u./carcass

log, c.f.u./carcass

logy, c.f.u./carcass

logy, c.f.u./carcass

log, c.f.u./carcass

MPN/carcass

logy, c.f.u./carcass
log, c.f.u./carcass
log, c.f.u./carcass
logy, c.f.u./carcass
log, c.f.u./carcass
log, c.f.u./carcass

logy, c.f.u./carcass

ppm

ppm

Cumulative®

SS + Custom distribution®

SS + Custom distribution®

SS + Custom distribution®

C.fU.carcass +

[C-f~u-previous carcass
X 10(3 x log(carcass position) +h)]

x red
0-0072

—194

—1-89

Beta (134, 510)°
Cumulative®

Custom distribution®
Cumulative®

Pert (002, 0-08, 0-13)°
Discrete distribution?
Uniform (0, 0-90)f
Discrete distribution?
Pert (0-17, 0-49, 0-81)¢

0

20

[51-53]

(36]

[37, 38]

[19]11
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Variable  Description Units Distribution/value/equation Source(s)
PRI, Pre-chill prevalence of Salmonella input — Stochastically estimated —
for modelling cross-contamination during model iterations®
during immersion chilling positive flocks
scenario
PRI, Pre-chill prevalence of Salmonella input — Stochastically estimated —
for modelling cross-contamination during model iterations®
during immersion chilling negative
flocks scenario
Lage Age of chill water (—1 when water ageis — 1 [19]"
0—4 h; 1 when water age is 5-16 h)
Y — y=—3-5099-0-0336 [42]
x Cl140-0583
X PRI+0-8866 X I, 5
P(cont) Probability of Sa/monella contaminating  — P=1/(1+eY) [42]
a carcass during immersion chilling
X-cont C.f.u. added due to X-contamination C.f.u./carcass Uniform (0, 5:01)f [43]

during immersion chilling distribution

2 Cumulative (minimum, maximum, range of values, cumulative probability of each value in range).
> Custom distribution consisting of outputs from a Cumulative and Pert distributions informing inputs of a Discrete dis-

tribution.
¢ Beta (a, f).

4 Discrete (range of values, probability of each value’s occurrence).

¢ Pert (minimum, most likely, maximum).
T Uniform (minimum, maximum).

¢ Each iteration of the model produces a different outcome.

" Values chosen based on authors’ discretion.

MA effect estimate to relate the effectiveness of water
spraying was precluded ; instead estimates reported in
individual studies were fitted to Pert distributions to
describe our uncertainty about the fixed values [33]
and weighted according to those assigned to individ-
ual studies in the MA. Together with the weights, the
list of potential logy, c.f.u./carcass reductions was
used to capture our uncertainty about the frequency
of the fixed values with a Discrete distribution [33]
(Table 3). The single study [40] investigating a post-
evisceration wash with chlorine, reporting a concen-
tration outcome, was used to calculate proportional
reductions in Salmonella c.f.u./carcass instead of
pooled estimates of effect (Table 3).

Complementary MA results indicated that the
subset of data investigating the log,, c.f.u./carcass re-
ductions of a pre-chill spray with potable water did
not have significant heterogeneity so a pooled MA
estimate was used to derive a Pert distribution for use
in the model (Table 3). An alternative pre-chill spray
with TSP was selected for investigation in the model
and incorporated using the same Pert and Discrete
distribution combination as indicated above for the
post-evisceration wash with potable water (Table 3).

https://doi.org/10.1017/50950268811001373 Published online by Cambridge University Press

The chilling module of the model considered the
reduction in Salmonella c.f.u./carcass on broiler car-
casses, and the possibility of cross-contamination if
immersion chilling was used instead of air chilling.
A single study [41] investigating the change in con-
centration due to air chilling was identified through
our complementary SR-MAs and a Uniform distri-
bution, which is used when very little data are avail-
able [33], used to describe the uncertainty in this data
(Table 3). MA relating the effectiveness of immersion
chilling in water on the concentration of Salmonella
on broiler carcasses was precluded due to significant
heterogeneity. Again, a Discrete distribution, popu-
lated by outputs from a Pert distribution as men-
tioned previously, was used to model the change in
c.fu./carcass as a result of immersion chilling with
potable water (Table 3). Conversely, heterogeneity
was not significant for MA conducted on immersion
chilling treatments with chlorine so a Pert distribution
was used to model the change in c.f.u./carcass as
a result of immersion chilling with chlorine (Table 3).
The potential for cross-contamination during immer-
sion chilling operations was investigated previously
[42] and a model predicting the occurrence of
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Table 4. Estimated mean c.f.u./carcass and prevalence of Salmonella in broiler carcasses after chilling originating
from a positive flock, destined for the fresh product market after implementing selected interventions along the

broiler production chain

C.f.u./carcass

Prevalence

Relative reduction
compared to baseline

Relative reduction
compared to baseline

Strategy Intervention modification® Mean (%) Mean (%)
Baseline 59039-49 88-03
CF3 45 % reduction in WFP 50502-50  14-46 82-16 6-67
Lactose 41 % reduction in WFP 51190-58  13-29 82-74 6-01
Package of processing  RP soft scald: 3-98 log 100-50  99-83 23-01 73-86
interventions reduction
Cl, post-evisceration wash:
1-52 log reduction
TSP pre-chill spray: 1-37
log reduction
Air chilling: 0-45 log
reduction
Package of farm and 45% reduction in WFP 8513 99-86 1891  78:52
processing RP soft scald: 3-98 log
interventions reduction
Cl, post-evisceration wash:
1-52 log reduction
TSP pre-chill spray: 1-37
log reduction
Air chilling: 0-45 log
reduction
Hypothetical scenario 50 % reduction in BFP 2145 9996 22:02 7499

45 % reduction in WFP
50 % reduction c.f.u./
carcass post-transport

2 WFP, Within-flock prevalence; RP scalding, soft scalding with a 1% sodium hydroxide-based sanitizer; TSP, trisodium

phosphate.

cross-contamination based on chlorine concentration,
chill water age and the pre-chill prevalence of
Salmonella was derived and used in the current model
to derive the probability of cross-contamination from
immersion chilling (Table 3). A single study retrieved
by our complementary SR-MA indicated an increase
of 0-7 logy, c.f.u./carcass could be acquired by a single
carcass as a result of cross-contamination [43]. Our
uncertainty in this estimate was modelled using a
Uniform distribution (Table 3).

SENSITIVITY ANALYSIS

A sensitivity analysis was conducted to determine
the relative impact of various model parameters on
the concentration and prevalence of Salmonella at the
end of chilling by ranking Spearman correlation
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coefficients between each of the model inputs and the
final model outputs.

RESULTS

Farm interventions (CE culture CF3 and lactose water
additive) scenario

Tables 4-7 summarize the effects of the different farm
intervention strategies on the mean c.f.u./carcass and
prevalence of Salmonella from birds originating from
positive or negative flocks, destined for either fresh or
frozen product markets. Farm-level interventions
were only useful for birds originating from positive
flocks and had a limited impact on c.f.u./carcass and
prevalence of Salmonella by the end of chilling.
Relative reductions in Salmonella prevalence ranged
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Table 5. Estimated mean c.f.u./carcass and prevalence of Salmonella in broiler carcasses after chilling originating
from a negative flock, destined for the fresh product market after implementing selected interventions along the
broiler production chain

C.f.u./carcass Prevalence

Relative reduction
compared to baseline

Relative reduction
compared to baseline

Strategy Intervention modification® Mean (%) Mean (%)
Baseline 21375 30-36
CF3 45 % reduction in WFP 21375 0 30-36 0
Lactose 41 % reduction in WFP 213-75 0 30-36 0
Package of processing ~ RP soft scald: 3-98 log 0-81 99-62 371 8778
interventions reduction
Cl, post-evisceration wash:
1-52 log reduction
TSP pre-chill spray: 1:37 log
reduction
Air chilling: 0-45 log
reduction
Package of farm and 45% reduction in WFP 99-62 371 8778
processing RP soft scald: 3-98 log
interventions reduction
Cl, post-evisceration wash:
152 log reduction
TSP pre-chill spray: 1-37 log
reduction
Air chilling: 0-45 log
reduction
Hypothetical scenario 50 % reduction in BFP 99-70 973 6795

45 % reduction in WFP
50 % reduction in c.f.u./
carcass post-transport

2 WFP, Within-flock prevalence; RP scalding, soft scalding with a 1% sodium hydroxide-based sanitizer; TSP, trisodium

phosphate; BFP, between-flock prevalence.

from 6:01% to 8-28% while RRs in c.f.u./carcass
ranged from 13:29% to 26-86% (Tables 4 and 6).
Very little difference in effectiveness was observed
between the lactose and CF3 farm interventions with
average reductions in WFP of 41% and 45%, re-
spectively.

Processing interventions scenario

Processing-level interventions had much larger
impacts than farm-level interventions on reducing
Salmonella c.fu./carcass and prevalence. Birds des-
tined for the fresh product market showed up to
99-83 % RRs in Salmonella c.f.u./carcass while RRs in
prevalence ranged from 73-86 % to 87-78 % (Tables 4
and 5). A similar trend in reductions was observed
for birds destined for the frozen product market
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with extremely high RRs in c.f.u./carcass of 99-84 %
and 89-94 % for positive and negative flocks, respect-
ively and RRs in prevalence of 44-46—43-88% in
positive and negative flocks, respectively (Tables 6
and 7).

Farm and processing interventions scenario

Slightly higher RRs in Sa/monella c.f.u./carcass and
prevalence for the package of farm and processing
interventions, compared to processing interventions
alone, were estimated. Relative reductions in c.f.u./
carcass ranged from 99-86 % to 99-87 % while RRs in
prevalence ranged from 52-:89% to 78:52% in birds
originating from positive flocks (Tables 4 and 6).
Birds originating from negative flocks did not receive
any added benefit from a package of farm and
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Table 6. Estimated mean c.f.u./carcass and prevalence of Salmonella in broiler carcasses after chilling originating
from a positive flock, destined for the frozen product market after implementing selected interventions along the
broiler production chain

C.f.u./carcass

Prevalence

Relative reduction
compared to baseline

Relative reduction
compared to baseline

Strategy Intervention modification® Mean (%) Mean (%)
Baseline 1094-32 62-04
CF3 45 % reduction in WFP 800-40 2686 56-90 8-28
Lactose 41% reduction in WFP 810-90 2590 57-50 7-32
Package of processing  RP hard scald: 3-98 log 1-76  99-84 3446  44-46
interventions reduction
Cl, post-evisceration wash:
1-52 log reduction
TSP pre-chill spray: 1-37 log
reduction
Cl, immersion chilling: 0-45
log reduction
Package of farm and 45 % reduction in WFP 1-44  99-87 29-23  52-89
processing RP hard scald: 3-98 log
interventions reduction
Cl, post-evisceration wash:
1-52 log reduction
TSP pre-chill spray: 1-37 log
reduction
Cl, immersion chilling: 0-45
log reduction
Hypothetical scenario 50 % reduction in BFP 394  99-64 21-42 6547

45% reduction in WFP
50 % reduction in c.f.u./
carcass post-transport

4 WFP, Within-flock prevalence; RP scalding, soft scalding with a 1% sodium hydroxide-based sanitizer; TSP, trisodium

phosphate; BFP, between-flock prevalence.

processing interventions compared to processing in-
terventions alone (Tables 5 and 7).

Hypothetical farm and transport interventions
scenario

Very large RRs in Salmonella c.f.u./carcass and pre-
valence were observed when we incorporated reduc-
tions in BFP and c.f.u./carcass post-transport in
combination with reductions in WFP from the CF3
intervention. Slightly higher RRs in c.f.u./carcass
(99:96 % and 99-70 %) were observed for populations
of birds destined for the fresh product market orig-
inating from positive and negative flocks in this scen-
ario compared to those in the processing intervention
and farm and processing intervention scenarios
(Tables 4 and 5), although RRs in prevalence were not
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as impressive (74:99 % and 67-95 %) for positive and
negative flocks, respectively. The opposite was ob-
served in populations of birds destined for the frozen
product market. Relative reductions in c.f.u./carcass
(99:64% and 78-11%) were lower, for positive and
negative flocks respectively, in this scenario compared
to those in the processing intervention and farm and
processing intervention scenarios (Tables 6 and 7),
although RRs in prevalence were larger (65-47 % and
75-62 %) for positive and negative flocks, respectively.

Sensitivity analysis

Figures 3 and 4 present the results of a sensitivity
analysis in the baseline population of broilers destined
for fresh and frozen product markets originating from
positive or negative flocks. For fresh product markets
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Table 7. Estimated mean c.f.u./carcass and prevalence of Salmonella in broiler carcasses after chilling originating
from a negative flock, destined for the frozen product market after implementing selected interventions along the

broiler production chain

Strategy

Intervention
modification®

C.f.u./carcass

Prevalence

Mean

Relative reduction
compared to baseline
(%)

Relative reduction
compared to baseline

(%) Mean

Baseline
CF3
Lactose

Package of processing
interventions

Package of farm and
processing
interventions

45% reduction in WFP
41 % reduction in WFP

RP hard scald: 3-98 log
reduction

Cl,, post-evisceration
wash: 1-52 log
reduction

TSP pre-chill spray: 1-37

log reduction
Cl, immersion chilling:
0-45 log reduction
45% reduction in WFP
RP hard scald: 3-98 log
reduction

1-69
1-69
1-69
0-17

0-17

Cl,, post-evisceration
wash: 1-52 log
reduction

TSP pre-chill spray: 1-37
log reduction

Cl, immersion chilling:
0-45 log reduction

50 % reduction in BFP

45 % reduction in WFP

50 % reduction in c.f.u./
carcass post-transport

Hypothetical scenario 0-37

39-63
0 39-63 0
0 39-63 0

89-94 22:24  43-88

89-94 22:24  43-88

7811 9:66 7562

& WFP, Within-flock prevalence; RP scalding, soft scalding with a 1% sodium hydroxide-based sanitizer; TSP, trisodium

phosphate; BFP, between-flock prevalence.

from a positive or negative flock, the most influential
parameters on the c.f.u./carcass of Salmonella at the
end of chilling were the scalding reduction, whether
birds entered the defeathering machine contaminated
with Salmonella and the reduction due to the post-
evisceration wash (Fig. 3). For birds destined for the
frozen product market, in addition to the reduction
due to scalding, contamination changes in c.f.u./
carcass during chilling also had a major influence on
the final c.f.u./carcass of Salmonella at the end of
chilling.

Similar influential parameters on the prevalence of
Salmonella at the end of chilling were observed for
broilers destined for fresh products originating from
positive or negative flocks (Fig. 4) with the reductions
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due to scalding, contamination entering the de-
feathering machine and a post-evisceration wash
again having a large influence. For birds destined for
the frozen product market, the impact of chilling was
very influential for both positive and negative flocks
(Fig. 4).

DISCUSSION

As expected, the combination of on-farm and pro-
cessing interventions was more effective than single
interventions with respect to RRs in both Salmonella
c.f.u./carcass and prevalence by the end of primary
processing. Although this scenario did not incor-
porate our hypothetical reductions in BFP and
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(a) Reduction due o scalding (b) Reduction from post-evisceration wash
Reduction from post-evisceration wash Contaminated bird enters defeatherer
Contaminated bird enters defeatherer Contamination during evisceration
e.fu. on bird entering defeatherer Reduction due to scalding
Reduction due to air chilling Transportenvironment contaminated
Contaminated bird enters transport Contaminated bird enters defeatherer
s c.fu. on bird entering defeatherer & Contaminated bird enters defeatherar
a G d bird enters defeatk A Gut rupture during evisceration
E Contaminated bird enters defeatherer é cfu. on bird entering defeatherer
% cfu. on bird entering defeatherar 'ué Conta ated bird enters d herer
= Contaminated bird enters defeatherer = Contaminated bird enters defeatherer
Contaminated bird enters defeatherer Contaminated bird enters defeatherer
Contaminated bird enters defeatherer Contaminated bird enters defeatherer
c.fu. on bird entering defeatherer Contaminated bird enters defeatherer
Contaminated bird enters defeatherer Contaminated bird enters defeatherer
Contaminated bird enters defeatherer Contaminated bird enters defeatherer
T M oM = o = oM oM
2 % 3 3 3 2 2 2
Mean c.f.u./ml Satmonelia post-chill
(0) ; (9 i
Reduction due to immersion chilling C % during chill
Increase in c.fu. during chilling Reduction due to scalding
Reduction due to scalding c.fu. added during chilling
Reduction due to post-evisceration wash C d bird enters d
Contamination occurs during chilling = i bird enters defeath
[« d bird enters defeatt r [« d bird enters defeath
c.fu.on bird entering defeatherer - C d bird enters ¢
5 ¢ d bird enters defeath S ¢ d bird enters defeath
:':- < fu.on bird entering defeatherer :':- [ i bird enters d.
- [« d bird enters defeatt 5 [« i bird enters def
EO L= i bird enters defeath EO L= i bird enters def
G d bird enters defeatt [« d bird enters defeath
[« d bird enters defeatt [« d bird enters defeat!
G d bird enters defeath: G d bird enters defeath:
G i bird enters def L= i bird enters def
c.fu, on bird entering defeatherer [« d bird enters defeatt
b T S f"" e = o f‘l." bl T - CI' b 2.4 'l‘ T “:" g iy o @
F ¢ 9 & & & & & & o & & & & ©o & & & & a
Mean c.f.u./ml Salimonella post-chill Mean c.f.u./ml Salmonella post-chill

Fig. 3. Tornado charts of broilers destined for fresh [panels (a) and (b)] and frozen [panels (¢) and (d)] product markets
originating from positive (a, ¢) and negative (b, d) flocks with Salmonella concentration (c.f.u./carcass) at the end of chilling

as the output of interest.

c.f.u./carcass post-transport, substantial reductions in
Salmonella by the end of primary processing were still
achieved.

The addition of on-farm interventions to reduce the
WEFP of Salmonella prior to transport resulted in a
limited reduction in Salmonella c.f.u./carcass and
prevalence on broiler carcasses by the end of chilling;
however, these results were derived using the only
data available that reported effects at the within-flock
level and did not test the effect of reductions in c¢.f.u./
broiler pre-transport. When we incorporated hypo-
thetical interventions on farm that could reduce BFP
and c.f.u./broiler post-transport by 50 % each, RRs in
Salmonella c.f.u./carcass and prevalence were com-
parable or higher, in some populations of broilers,
than with processing interventions alone, or both
farm and processing interventions, thus highlighting
the potential importance of Salmonella control prior
to processing. A lack of data reporting naturally
occurring concentrations of Salmonella in broiler
chickens on-farm and prior to transport precluded use
of the model to estimate changes in c.f.u./broiler prior
to transport and may have resulted in the limited
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effectiveness of farm interventions. Since the model
could not estimate c.f.u./broiler pre-transport, any
bird estimated to be positive after the transport
module was assigned a level of contamination as pre-
viously reported [27]. Because the c.f.u./carcass of
contamination (concentration) reported by Kotula &
Pandya [27] were so high, the reductions in WFP
estimated on-farm had little impact on the final
c.f.u./carcass and prevalence of Salmonella after
chilling. As seen by comparing the final c.f.u./carcass
and prevalence of Salmonella after chilling between
birds originating from positive and negative flocks,
or between scenarios where WFP and WFP, BFP and
c.f.u./carcass post-transport were reduced, substantial
reductions of about 2 logy, c.f.u./carcass and 22-58 %
prevalence can potentially be achieved with sufficient
reductions of Salmonella on-farm. Data limitations
restricted the model from fully evaluating the effects
of implementation of farm-level interventions on
Salmonella c.f.u./carcass and prevalence by the end
of primary processing. Future research should focus
on determining naturally occurring concentrations
of Salmonella in broiler chickens on-farm and on
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Fig. 4. Tornado charts of broilers destined for fresh [panels (¢) and ()] and frozen [panels (¢) and (d)] product markets
originating from positive («, ¢) and negative (b, d) flocks with Salmonella prevalence at the end of chilling as the output of

interest.

determining the effects of on-farm interventions at the
flock level so more informed modelling can be com-
pleted in the future.

In our processing intervention only scenario, inter-
ventions implemented as a package resulted in larger
reductions of Salmonella c.f.u./carcass and prevalence
by the end of chilling compared to our baseline scen-
ario. This may be due to the effects of processing
interventions being directly linked and additive.
However, it should be noted that the observed re-
ductions may be exaggerated given that data used to
populate the model were not from field trials and the
magnitude of effect of the scalding and defeathering
operations were informed using surrogate data.

Sensitivity analyses are highly dependent on the
range of values used as model inputs so results should
be interpreted within the context of the model. Our
analysis indicated that the scalding reduction, con-
tamination during defeathering, the reductions
during post-evisceration washing and the potential
for cross-contamination during chilling were highly
influential on the final c.f.u./carcass and prevalence
of Salmonella by the end of chilling. It is important
to note that the scalding reductions and degree
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of cross-contamination during defeathering were
based on surrogate data from Campylobacter and
Escherichia coli, so these parameters do not necess-
arily represent the absolute effect of scalding or
defeathering on Salmonella. A more reasonable rep-
resentation of these parameters might be the level
of contamination at the farm or any other inter-
vention that reduces Salmonella contamination prior
to entry into the processing plant. As evidenced by
our hypothetical scenario, any intervention prior to
processing that achieved the reductions estimated
for scalding would be almost as effective provided
other things did not happen after that step to negate
their effect, for example, the equivalent log reduction
at the farm would be just as influential as scalding,
provided there was no subsequent increase during
transport.

Due to a lack of data, a number of assumptions
were made to complete the model, therefore it should
be emphasized that the utility of the model does not
lie in its ability to fully characterize the industry situ-
ation, but rather in improving our understanding of
the different interactions between different steps of
production within the Canadian broiler production
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system in general, and to estimate the effect of
promising interventions regardless of their current use
in industry. For example, the process risk modelling
approach [44, 45] to create exposure assessments for
risk modelling relies on the outputs generated from
one module to inform the inputs of subsequent mod-
ules which enables a deeper understanding of the in-
teractions among the process/modules in a system.
Using the model, we compared scenarios based on the
implementation of different intervention strategies
with a baseline scenario. Using this approach, any
added uncertainty due to assumptions about inter-
vention effectiveness (i.e. the use of surrogate organ-
isms for the scalding and defeathering processes)
would be applied equally across all scenarios and
therefore should not detract from the model’s utility
for evaluating different intervention strategies. Inter-
pretations were therefore made on a relative basis and
in consideration of the model assumptions instead of
on an absolute basis.

Another consideration is that the interventions
chosen for incorporation into this QEA are based on
the available primary research and our ability to syn-
thesize it using our SR-MA methods. During the
conduct of our complementary SR-MAs a lack of
commercially conducted studies was noted [18, 19] so
studies investigating experimental interventions con-
ducted under laboratory or pilot plant conditions
with promising results were chosen for incorporation
into the QEA instead.

We observed some challenges regarding the appli-
cation of ScS and SR-MA within the context of
QMRA. The main one concerned the consistently
observed problems encountered in methodological
soundness and/or reporting completeness of primary
research articles used for generating various types of
data needed for formal synthesis. The large number
of unique combinations of study design-outcome
measurement-intervention treatments often precluded
more robust MA, contributed to significant hetero-
geneity when MA was appropriate, or to significant
publication bias limiting the reliability of a pooled
estimate of effectiveness. An additional challenge
was the considerable manpower, expertise and time
demands of this integrated synthesis research-risk
assessment approach. The time required to undertake
the process depends greatly on the complexity of the
issue (question), availability of experienced man-
power and expertise (e.g. library resources) and the
extent of involvement from stakeholders in the
implementation process.
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Overall, we found that synthesis research methods
such as ScS and SR-MA clearly highlighted the sour-
ces and lack of evidence available to inform our QEA
and could provide end-users with a better under-
standing of the decision-making process for data
inclusion/exclusion and offer a broader context from
which conclusions and recommendations could be
made. As such, we believe these methods should be
considered for inclusion within the existing QMRA
frameworks of agencies at national and international
levels. The European Food Safety Authority (EFSA)
has already adopted a Guide for SRs that will be used
for their risk assessments [46]. Scoping studies are
similar to narrative reviews in that they both collect,
synthesize and interpret existing literature to address
broad, complex issues but differ in that they focus on
describing the breadth and nature of an existing body
of evidence, rather than address or answer a specific
issue or question. In addition, they include a wide
range of research and non-research materials, such as
qualitative and quantitative peer-reviewed research as
well as formal and informal commentaries [47]. As
such, ScS rarely include a methodological assessment
of the included literature so are better suited as pre-
liminary investigations for developing more focused
research questions that can be addressed using more
in-depth research methods. Even though a clear con-
sensus on the ScS framework has yet to be reached,
we believe that this format was very useful for map-
ping the key aspects underpinning the broad, complex
research area of Salmonella contamination of broilers,
and could be more widely applicable to other complex
food safety problems [48, 49]. Others have described
ScS as a ‘semi-quantitative methodology for objec-
tively and systematically defining, retrieving, evalu-
ating and summarizing evidence across an entire
research field. It combines systematic and scoping re-
viewing methods to describe a broad field of interest
in terms of volume, nature and characteristics of rel-
evant knowledge’ [50]. Scoping studies differ from
SRs in that the former are primarily used to address
broader, more complex questions, can incorporate
various types of literature from formal scientific pub-
lications to informal commentaries, and methodolo-
gical assessment of included studies is conducted to a
limited extent or not at all [47]. As such, these meth-
ods are also complementary to more formal in-depth
SR-MAs, which could be conducted on various
focused questions of higher priority, resulting in
in-depth methodological soundness assessment and
formal quantitative synthesis, whenever possible and
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appropriate, through MA [26]. Together, these meth-
ods were also very effective at clearly outlining the
problems within the existing literature and high-
lighted areas of focus where improvements to the
global knowledge base of Salmonella in broiler
chickens can be made.

CONCLUSION

The use of SR-MA outputs as model inputs provided
a structured, transparent and repeatable means of
obtaining and synthesizing data for use in a QEA as
part of a QMRA. Despite the extensive search em-
ployed as part of the larger ScS study, there was a lack
of quantitative data describing the changes in
Salmonella c.f.u./carcass at the farm and during the
scalding and defeathering processes. This, however,
did not detract from the model’s utility as a tool for
evaluating different intervention strategies against
Salmonella in broiler chickens from the grow-out
farm to secondary processing. A combination of both
farm and processing interventions was estimated to
have the largest reduction in Salmonella c.f.u./carcass
and prevalence by the end of chilling. The contami-
nation entering the defeathering machine and scald-
ing, post-evisceration washing and chilling steps of
production had a large impact on the final estimated
c.f.u./carcass and prevalence of Salmonella after
chilling, under the current model assumptions, but
may differ given a better understanding of the quan-
titative changes in Salmonella on-farm and during
transport and defeathering.
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