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Abstract

Systematic review and meta-analysis were conducted to quantify the effects
of processing stages and interventions on the prevalence and concentration of
Campylobacter on broiler carcasses. To comprehensively capture relevant evi-
dence, six databases were searched using the keywords “Campylobacter” and
“broiler chicken.” The literature search yielded 10,450 unique citations, and after
applying predetermined inclusion and exclusion criteria, 72 and 53 relevant cita-
tions were included in meta-analyses for processing stages and interventions,
respectively. As the two primary outcomes, log reduction and prevalence changes
were estimated for each stage or intervention using a random-effects meta-
analysis approach whenever possible. The outcome-level quality assessment was
conducted following the Grading of Recommendations Assessment, Develop-
ment, and Evaluation (GRADE) approach. The analysis revealed that scalding
and chilling majorly reduces the prevalence and concentration of Campylobac-
ter. Immersion chilling reduces the concentration regardless of chemical addi-
tives, but its effect on prevalence is not conclusive. The effects of carcass wash-
ing applications remain uncertain due to the inconsistency and imprecision of
both outcomes. Defeathering and evisceration were identified as stages that can
increase both prevalence and concentration. Both chemical and physical process-
ing interventions provide limited efficacy in concentration and prevalence reduc-
tion. Major limitations of the review were inconsistency and imprecision at the
outcome level and reporting issues and data gaps at the study level. The results
are expected to inform quantitative microbial risk assessment model develop-
ment and support evidence-based decision-making.

KEYWORDS
chemical decontamination, mitigation strategies, physical decontamination, poultry
processing

Compr Rev Food Sci Food Saf. 2021;1-45.

wileyonlinelibrary.com/journal/crf3 © 2021 Institute of Food Technologists®) | 1


https://orcid.org/0000-0003-0174-2252
mailto:bing.wang@unl.edu
https://wileyonlinelibrary.com/journal/crf3
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1541-4337.12860&domain=pdf&date_stamp=2021-11-03

Comprehensive

CONTROLLING CAMPYLOBACTER IN CHICKEN...

i Food Science and Food Safety

1 | INTRODUCTION

Campylobacter is the leading cause of bacterial foodborne
illness both globally and in the United States. WHO (2015)
estimates that there are more than 95 million cases of
campylobacteriosis annually, with an annual disease bur-
den of more than 2 million disability-adjusted life years
(DALY). In the United States, 85,000 (90% CrI: 288,500-
1,637,600) cases of campylobacteriosis are estimated to
occur annually, with an associated disease burden of
22,500 (90% Crl: 10,400-38,600) DALY (Scallan et al., 2015).
Recent source attribution studies indicate that chicken
meat is the dominant source of Campylobacter-related ill-
ness. Based on foodborne outbreaks in the United States,
the IFSAC (2018) estimated that 47.5% (90% CrI: 32.8-64.8)
of campylobacteriosis cases were attributable to chicken
consumption. Moreover, Ravel et al. (2017) estimated that
65%—69% of cases in Canada were attributable to chicken
meat by comparative exposure assessment and genetic fin-
gerprinting approaches. In Europe, it was estimated that
29% of campylobacteriosis cases were attributed to con-
sumption of chicken (Pires et al., 2010). Despite this sig-
nificant impact on public health, a recent survey showed
that risk factors for Campylobacter contamination and the
importance of processing interventions are not properly
recognized by broiler industry professionals (Hwang &
Singer, 2020). Hence, a better understanding of the effec-
tiveness of processing stages and interventions is crucial to
reduce the incidence of foodborne campylobacteriosis as
part of a comprehensive public health strategy.

Efforts to control Campylobacter focus on preventing
infection at the preharvest stage on farms and reducing
contamination during the postharvest stage in processing
facilities through regular processing stages and interven-
tions. Wagenaar et al. (2013) outlined challenges in control-
ling the prevalence and concentration of Campylobacter in
these two stages, including the unpredicted effectiveness
of preharvest interventions due to complex environmental
factors and the lack of evidence-based interventions at the
postharvest level, and advocated a “multilevel approach.”
According to EFSA Panel on Biological Hazards et al.
(2020), preharvest interventions can achieve substantial
reductions in population risks; however, high degree of
uncertainty exists around the estimates. This opinion also
advocates Campylobacter control throughout the whole
production chain, rather than focusing on individual
pre- or postharvest stages. Many suggested preharvest
interventions to focus on maintaining biosecurity, with
the aim of limiting the transmission of Campylobacter
outside the farm. However, the mechanisms of flock
colonization remain largely unclear, and preharvest
interventions are unlikely to be sufficient to control
Campylobacter in the final product. Therefore, processing

stages and interventions are critical for control (Havelaar
et al., 2007).

A number of quantitative microbial risk assessment
(QMRA) models investigating Campylobacter in broiler
meat were reviewed by Nauta et al. (2009) and Chapman
et al. (2016). Most established QMRA models are data-
driven, stochastic models that depend on quantified effi-
cacies of processing stages or interventions. In these mod-
els, input distributions were mainly sourced from a small
set of studies or experimental data. Both reviews report
that the quality of QMRA studies often suffers from lack
of quantitative information and undetermined amounts
of uncertainty around the estimates that are used to con-
struct input distributions for simulations. Furthermore, it
is known that QMRA models must account for variabil-
ity in their input parameters such as intervention effica-
cies or baseline contamination, because the risk estimates
are mostly driven by the tail of their distributions (Duarte
et al., 2016; Nauta et al., 2009). A systematic review and
meta-analysis approach can provide a comprehensive list
of efficacies of processing stages and interventions, com-
bine them into composite estimates, and provide informa-
tion about the overall and individual variability around
those estimates.

The numerous studies of various processing stages and
interventions available in the literature frequently offer
conflicting evidence on the direction and magnitude of the
effects of processing stages or interventions due to differ-
ences in study characteristics such as study design, sample
size, or detection methods. As a result, individual studies
offer relatively low strength for informing evidence-based
risk management. To address the limitations of individ-
ual studies, a systematic review approach is useful, as it
combines available data and takes into account variations
among studies to assess the overall quality of evidence.

A systematic review and meta-analysis provides a
methodical framework for collecting scientific evidence
with minimum bias and maximum transparency and for
identifying knowledge gaps in order to inform sound
decision-making among agri-food stakeholders with the
ultimate aim of public health protection (Sargeant et al.,
2006). In addition to providing direct evidence for deter-
mining critical control points in food processing systems
and assessing intervention efficacies, systematic reviews
provide input estimates for food safety risk assessments
in the most accurate and transparent manner. As a result,
the systematic review methodology is increasingly pop-
ular among risk assessors and is highly recommended
to strengthen the application of risk assessment findings
(Aiassa et al., 2015; EFSA, 2010).

Several narrative and systematic reviews addressing the
issue of Campylobacter contamination along the broiler
supply chain are available. Recent narrative reviews such
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as Thames and Theradiyil Sukumaran (2020), Klein et al.
(2015), Cox and Pavic (2010), and Keener et al. (2004)
have provided up-to-date contextual knowledge and can
serve as starting points to define the scope of a systematic
review. However, narrative reviews often lack sufficient
focus on quantitative information as well as associated
variability and uncertainty measurements, which are par-
ticularly useful for QMRA. The sporadic, nonstructured
evidence retrieval process of nonsystematic reviews also
risks missing important data. Among systematic reviews of
Campylobacter contamination throughout the processing
of broiler carcasses, Golden and Mishra (2020) focused on
the prevalence of Campylobacter and Salmonella in farm
and processing samples. These data may provide valuable
baseline prevalence information for future risk assessment
studies but are less insightful for quantifying the effects of
various processing steps. Bucher et al. (2015) focused only
on the effects of different chilling practices on prevalence
and concentration changes. Guerin et al. (2010) provided
an overview of changes in Campylobacter due to scalding,
defeathering, evisceration, washing, and chilling but only
discussed prevalence.

The objective of this study is to conduct a system-
atic review and meta-analysis to identify and evaluate
the impact of processing stages and interventions imple-
mented during the processing of broiler chicken on the
control of Campylobacter contamination. This systematic
review is part of a broader project comprising QMRA and
cost-effectiveness analysis for prioritizing the implementa-
tion of possible pre- and postharvest interventions. Prelim-
inary results from this study have been successfully used to
develop a QMRA model and proved useful in allowing flex-
ible model design (Dogan et al., 2019). The findings from
this integrated project are expected to inform risk assess-
ment and aid decision-making on intervention adoption
that balances food safety and public health protection and
associated monetary costs.

2 | METHODOLOGY
2.1 | Research question and eligibility
criteria

The following research question for the systematic review
was formulated based on the population-intervention—
comparator-outcome (PICO) framework (Higgins &
Green, 2011): “Is there evidence from the literature that
processing stages and interventions (I) can reduce Campy-
lobacter spp. prevalence and/or concentration (O) on
processed broiler carcasses (P) compared with untreated
carcasses (C)?” The research question was used as a basis
for developing the overall review protocol, eligibility cri-
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teria, data collection, and quality of evidence assessment
processes.

Studies eligible for the review were expected to be
primary research studies (excluding reviews) reporting
Campylobacter concentration or prevalence changes
with appropriate statistical measures in broiler chickens
subjected to processing stages or interventions. In this
review, a study refers to a single published article, whereas
a trial refers to a reported result from a study where a
comparison was made between before and after treatment
or between treated and untreated control samples. One
study may provide data from multiple trials. Information
on processing stages and interventions was collected based
on the conventional broiler processing approach outlined
in Figure 1 and is presented in order of appearance in the
processing line.

2.2 | Information sources

The review team collaborated with University of
Nebraska-Lincoln library experts with professional
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experience in food science and veterinary medicine to
identify potential databases and develop search strategies.
Six digital bibliographic databases, namely, CAB Abstracts
and Global Health (CABI; via Web of Science; 1910-2020),
MEDLINE® (via PubMed; 1950-2020), Web of Science
Core Collection (WOS; via Web of Science; 1900-2020),
Food Science and Technology Abstracts (FSTA; via Web
of Science; 1969-2020), Biological Abstracts (via Web
of Science; 1926-2020), and BIOSIS Citation Index (via
Web of Science; 1926-2020), were considered as main
information sources for this review.

2.3 | Database searches

The search strategy included terms for the identified
outcome “Campylobacter” and population “broiler
chicken” and their variations and synonyms. A prelim-
inary database search (data not shown) revealed that
including specific intervention terms limited the extent of
the retrieved articles. Therefore, the final search strings
were not restricted by any keywords regarding processing
stages or interventions. The search strings were tested
in the Web of Science Core Collection and finalized for
all target databases with modifications (Table A.1 in the
Supporting Information). The search was conducted
with no restrictions on date of publication beyond the
inclusion dates of the databases. Similarly, no restrictions
were placed on language in the initial search, although
publications not in English were excluded during the
screening process due to limited resources for translation.
The initial search was performed in March 2015, and an
update search was conducted in March 2020 to capture
any newly available citations since the initial search.

2.4 | Study selection and relevance
screening

Primary research articles captured by the database
searches were combined and recorded by using the ref-
erence management software Endnote™ X7 (Clarivate,
Philadelphia, PA, USA). The combined records were
deduplicated prior to further selection. Articles were
selected via a two-stage screening process conducted by
two reviewers independently and confirmed by another
reviewer in the event of disagreement. In the first screen,
only the titles and abstracts of the records were reviewed,
and articles were removed at this stage due to irrelevance
to our research question and deviation from the eligibility
criteria. Next, the full texts of the articles that passed the

first screening were retrieved, and articles were removed
if either the full text was unavailable or the publication
language was not English. In the second screen, the full
texts were reviewed, and articles were excluded if (1) no
data on Campylobacter spp. prevalence or concentration
were available; (2) no comparison between treatment
and control groups was made; (3) only graphical data
were presented without numerical values; (4) statistical
analysis or measures of variability were not available; (5)
the intervention effect was reported from an in vitro study;
or (6) the study did not discuss any potential intervention
or processing stage.

2.5 |
items

Data extraction process and data

Relevant information from the retrieved articles was man-
ually extracted, stored in Microsoft Excel 2016 (Microsoft
Corp., Redmond, WA, USA) spreadsheets, and then
grouped by intervention or processing stage. Data extrac-
tion forms were developed based on criteria suggested by
Sargeant and O’Connor (2014) in four categories: general
information, population characteristics, intervention pro-
tocols, and details of outcome measurement and results.
General information included unique study and trial
identification numbers, bibliographic information, study
design, type of random allocation, geography, and loca-
tion information. Population characteristics comprised the
type(s) of chickens sampled, treatments, and sampling
units (carcass, parts, or skin). Intervention characteristics
were described by time, temperature, or other process-
ing conditions together with the dose of any antimicro-
bial agents if present. This information was intended to
aid explanation in the event of high heterogeneity for com-
posite effect estimates across trials and studies. Outcomes
were collected from the studies in the form of prevalence
or concentration changes. For prevalence changes, the
numbers of Campylobacter-positive and Campylobacter-
negative sampling units before and after or with and
without a treatment were recorded. For concentration
changes, either the log number of Campylobacter counts
(log1oCFU/unit) before and after or with and without a
treatment or the reported log change values were recorded
in the data extraction sheets. In addition, appropriate sta-
tistical measures (sample size, variance, standard devia-
tion or error) were extracted from the included studies.
Methods of sample collection and detection or enumera-
tion of Campylobacter in samples were also extracted at
this stage in order to assess additional variability or detec-
tion biases due to different methods of detection.



Comprehensive

CONTROLLING CAMPYLOBACTER IN CHICKEN... 5
in flEHﬂ! Emmaﬁ J_
2.6 | Pooled estimates Equation (2):
. . . 2.2
Two main summary measures were produced in this 2= "o )
1-12°

systematic review to address changes in prevalence and
concentration. For prevalence changes (dichotomous out-
come), odds ratios (ORs) were calculated as the pooled
estimates. For concentration changes (continuous out-
come), mean log;, change in the number of Campy-
lobacter was reported. Related confidence intervals (CIs),
standard errors, and heterogeneity measures (72, I?) were
also reported in order to account for variability and hetero-
geneity around the summary measures. When serious het-
erogeneity was detected, pooled effects were reported but
not discussed in detail; instead, the totality of the individ-
ual studies was used as the basis for result interpretation.
For quality assessment purposes, risk ratios for dichoto-
mous outcomes and standardized mean differences were
also calculated for each outcome, but the results are not
reported.

2.7 | Synthesis of results

The results were synthesized by a meta-analysis approach
using the “metafor” package (Viechtbauer, 2010) in R ver-
sion 4.0 (R Core Team, 2020). For each outcome (i.e., OR or
log;,CFU change as a result of a specific processing step or
intervention), a random-effects meta-analysis model built
on trial-level data was developed using inverse-variance
weighting and the restricted maximum likelihood method
for variance estimation. The Haldane-Anscombe correc-
tion was applied by adding 0.5 to the elements of 2 X 2
matrix to estimate ORs when before or after prevalence
is zero. The heterogeneity associated with the summary
outcomes was quantified by calculating inconsistency (I%)
(Higgins & Thompson, 2002) and tested for statistical sig-
nificance using Cochran’s Q-test (Hedges & Olkin, 2014).
To explore the sources of possible heterogeneity, subgroup
analyses were also conducted. Meta-regression was not
attempted for subgroups because it is not recommended
for small meta-analyses, especially when there are fewer
than 10 trials (Higgins et al., 2019).

Results of the meta-analyses were reported in terms of
inverse-variance weighted means, CIs, and heterogeneity
measures. CIs (95%) are calculated based on the uncondi-
tional variance in Equation (1) as suggested by Higgins and
Thompson (2002).

var(y;) = 0% + 2, €)

where y; is the outcome measure, ¢® is within-study

variance, and 7 is between-study variance as described in

Random-effects meta-analysis model assumes that the
observed effects are normally distributed (Viechtbauer,
2010). Therefore, composite outcomes from this review can
be implemented in risk assessments using normal distri-
butions. However, it should be noted that for the meta-
analysis of OR, natural logarithmic transformation is used.
Therefore, log-normal distribution is appropriate to simu-
late ORs obtained from this review. When heterogeneity is
high, the assumption of normal distribution may be vio-
lated; therefore, pert distribution can be used with mean,
minimum, and maximum or 2.5% and 97.5% percentile
can be used (Buczinski & Vandeweerd, 2016; Dogan et al.,
2019).

2.8 | Risk of bias assessment

The risk of bias, also known as study limitations, was
assessed for individual studies based on the Cochrane risk-
of-bias (RoB 2) tool (Sterne et al., 2019). Because RoB 2 was
developed mainly for healthcare interventions, slight mod-
ifications were made to the original protocol to account
for the particularities of food safety studies partly based
on suggestions from Sargeant and O’Connor (2014). Briefly,
risk of bias judgments were made at three levels (low risk,
some concerns, high risk) for the four domains of risk,
that is, selection bias, reporting/attribution bias, detection
bias, and other bias covering any other types of reporting or
methodological issues that might affect the internal valid-
ity of the studies. Subsequently, an overall risk of bias was
assigned based on the domain-level risks. Details of the
risk of bias assessment are provided in Appendix A.3 in
the Supporting Information. To visualize the risk of bias
assessment, traffic light plots showing the risk of bias at
the study level and risk of bias summary plots showing the
risk of bias at the outcome level were produced by using
the “robvis” package (McGuinness & Higgins, 2021) in R.

2.9 | Quality of evidence assessment
(GRADE)

To assess the quality of the collected evidence in terms of
their influence on effect size estimates of major outcomes,
Grading of Recommendations Assessment, Development,
and Evaluation (GRADE) guidelines (Guyatt et al., 2011)
were employed with slight modifications to account for
the particularities of food safety studies. Briefly, risk of
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FIGURE 2 Flow chart of the systematic review process

bias, inconsistence, indirectness, and imprecision were
included as upgrading factors, whereas large effect was
assessed for downgrading. Details of the quality assess-
ment procedures are given in Appendix A.3 in the Support-
ing Information. GRADE scores for individual outcomes
are also presented in summary of findings tables and plots.

3 | RESULTS AND DISCUSSION
3.1 | Study selection and characteristics

An overview of the systematic review process, including
the numbers of included and excluded records with rea-
sons at each step, is outlined in Figure 2. A total of 9,580
unique records were identified in the initial search in
2015, and 870 new unique records were added after the
update search in 2020. Through stepwise screening pro-
cesses, 98 records from the initial search and 15 records
from the update search were included in the meta-analysis.
Among the 113 total records, 72 reported processing stages,
25 reported chemical interventions, and 28 reported physi-
cal interventions applied during broiler processing. Indi-
vidual records are listed in Table 1 with detailed study
characteristics. Among the 72 studies reporting processing
stages, 25 reported prevalence changes only, 27 reported

concentration changes only, and 20 reported both. Most
of the included studies were performed in North America
and Europe, and thus the results are most likely to repre-
sent broiler chicken processing practices in these regions.
Specifically, the analysis included 35 studies from North
America (United States only), 21 from Europe, seven from
Asia, four from South America, four from the Middle East
and North Africa, and one from Australia.

Results were analyzed on a trial basis rather than on
a study basis because a single study may include sev-
eral trials. As a result, 449 unique trials were extracted,
including 289 reporting concentration changes (Total sam-
ple size, n = 29,293) and 160 reporting prevalence changes
(n = 28,881). The extracted data identified 385 before-after
trials and 64 challenge trials. Challenge trials can provide
useful evidence about the applicability of an intervention,
but the external validity of such studies is often questioned
because the reported effect measure may be overestimated.
In addition, challenge trials are primarily conducted in lab-
oratory or pilot plant settings and thus may not be rep-
resentative of commercial processing conditions (Bucher
et al., 2012). Therefore, for this review, outcomes were
mainly grouped depending on the study design, and differ-
ent types of studies were only combined when there was
no meaningful overestimation of the effect. The research
location was also considered as a factor that might affect
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Summary of Processing Stages - Concentration Changes
< Increase Decrease > GRADE
Hard Scalding - BA - : e DDDD
Soft Scalding - BA - I ——e— D000
Scalding NR temperature or additives — BA - : e PPPHP
Scalding (All combined) — BA - : —e— PRDO
Defeathering (All combined) — BA - —eo— 1 SOOO
Defeathering with interventions — BA - I—:Q—I 5000
Defeathering with cloacal plugging - BA- +—e——14 PPPHP
Defeathering with organic acid in cloaca - BA - : o+ NA
Defeathering with chlorine dioxide spray — BA - : —e— SOOO
Evisceration - BA - e OO0
Spray washing - BA - : g SDOO
IOBW - BA - : —o—i SO00
% Brush washing — BA - —to— NA
E’;)) Immersion chilling without additive — ChT - : —eo— NA
cf,,) Immersion chilling without additive — BA - : —o—i NA
§ Immersion chilling with chlorine — BA - I —e— PHPP
a Immersion chilling with Protecta 2 — BA - : —o— NA
Immersion chilling (All combined) - BA - 1 —eo— PDHDD
Air chilling - ChT - :I—O—i DO0O
Air chilling - BA - H—o— 000
Refrigerated storage - Parts = ChT - : 2 2| DOOO
Refrigerated storage — Skin — ChT - : —eo— 000
Refrigerated storage (All combined-Laboratory) — ChT - 1 e 000
Refrigerated storage (up to 7 days) — BA- : —e— 000
Refrigerated storage (up to 14 days) — BA - ! e PPPHP
Refrigerated storage (All combined) — BA - : e SPPO
Frozen storage t<=14 & NR - BA- : —c— e an]
Frozen storage t>14 — BA - 1 2 g NA
Frozen storage (All combined) - BA - : e PPPHP
Frozen storage — ChT - ! L ) SO00O
D L T

log,,CFU reduction

FIGURE 3 Summary of meta-analysis results for concentration changes due to processing stages
BA, before-after trials; ChT, challenge trials.
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Summary of Processing Stages - Prevalence Changes

Decrease

Increase

<%
Hard Scalding - BA -
Soft Scalding — BA-
Scalding NR temperature or additives — BA -
Scalding (All combined) - BA -
Defeathering — BA -
Defeathering — ChT -

Defeathering (All combined) - BA, ChT -

» GRADE
—e— NA
o DDDD
——e—| NA
i SDDD
OO0
° : D000
SOO00O
>0 0@)

Defeathering with cloacal plugging - BA, ChT- |
Evisceration - BA-
Spray washing - BA -
I0BW - BA -

Immersion chilling with additives — BA -

Processing Stage

Immersion chilling without additives — BA -
Immersion chilling (All combined) — BA -

Air chilling — ChT -

Air chilling - BA-

Combi air chilling - BA -

Air chilling (All combined) - BA -

Refrigerated storage (up to 7 days) - BA -
Refrigerated storage (up to 14 days or NR) - BA -
Refrigerated storage (All combined) - BA -

Frozen storage — BA -

0001  0.01

FIGURE 4
BA, before-after trials; ChT, challenge trials.

the strength of the available evidence, and thus laboratory
trials were separated from trials conducted in processing
facilities and pilot plants.

3.2 | Effectiveness of processing stages

Conventionally, broiler chickens are processed in five stan-
dard stages to ensure the safety and quality of the end prod-
uct as shown in Figure 1. To loosen the skin follicles that
hold the feathers in place, scalding is applied by immersing
whole carcasses in warm water. During scalding, reduc-
tion in contamination can be expected due to microbial
inactivation at high temperatures and removal by water;

o DO
o SOOO
ol SSOO0
SBO0
000
SO0

= SBHO0
NA

HO00

SHOO

| SBHOO

| SHBO

o | % e'e)
|
1

—e—

SDO0O

01 10 100 1000
Odds ratio (log scale)

Summary of meta-analysis results for prevalence changes due to processing stages

however, contaminated scalding water can induce cross-
contamination between carcasses and fecal leakage can
also cause contamination from feces (Osiriphun et al.,
2012). After scalding, defeathering (also known as picking
or plucking) is performed by passing the carcasses through
vibrating rubber fingers. This process may place pressure
on the carcass, causing fecal material to leak and contami-
nate the carcass skin and rubber fingers can cause cross-
contamination from Campylobacter-positive carcasses to
negative ones (Dickens & Whittemore, 1997). Evisceration
refers to the removal of internal organs from inside the car-
cass. Although evisceration methods may vary based on
the scale and modernity of the processing facility, auto-
mated systems are frequently used. These systems increase
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Summary of Chemical Interventions - Concentration Changes

FIGURE 5 Summary of meta-analysis

Increase Decrease

TSP spray - BA - —e—

PAHP spray - BA -

I
I
I —e—
I

results for concentration changes due to
S e) chemical interventions
Se00 BA, before-after trials; ChT, challenge trials;

Y
(@]
2
>
o
m

Citric Acid spray - BA - ———@——— NA CT, controlled trials.
Chlorine dioxide spray - BA -  —€— SPOO
ASC spray - BA - : +—e— DDDD
CPC spray - BA - : —e—— ®&B00
Processing aids spray — BA - 1 —e— G el
ASC spray - ChT - : 17 [Ceee]
Citric acid spray = ChT - ——e— NA
CPC spray - ChT - : [ ® | @©0O00
KOH+LA spray = ChT - 1 —_—————— B©0O00
Lactic acid spray — ChT - ;—0—| NA
PAA spray - ChT - : o+ DO0O
Sodium hypochlorite spray — ChT - 9 SO00
TSP spray - ChT - :: ° 1 SO00
Processing aids spray - ChT - 1 —e— 4000
Potassium hydroxide immersion - CT - : e SDOO
Potassium hydroxide + lauric acid immersion = CT - 1 ——e— [£000)
Glycerol monocaprate immersion - BA - : —— [£000)
Potassium oleate immersion - CT - : —T DDOO
Tripotassium phosphate immersion — CT - 1 —e— DDDD
Tripotassium phosphate+Potasium oleate immersion - CT - : —— BSO00
é Processing aids immersion - BA, CT - 1 —e—i [£/000)
§> ASC immersion - BA - : —— DDDD
g Citric acid immersion - BA - 1 b——o— NA
- TSP immersion - BA - : L hd b BSO00
Processing aids immersion - BA - : ——e— SDPPO
Acetic acid immersion - ChT - 1 —_—— BSO00
Capric acid immersion — ChT - : —e—i SPOO
Caprylic acid immersion - ChT - 1 —e—i NA
Citric acid immersion ~ ChT - : —e—i SO0
Formic acid immersion - ChT - ! —e—i NA
Lactic acid immersion - ChT - : —— [£/000)
Lactic-Citric acid immersion - ChT - : e NA
Malic acid immersion - ChT - 1 —e—i S000
Propionic acid immersion = ChT - : —_— [£000)
Tartaric acid immersion - ChT - 1 —o—i NA
Processing aids organic acid immersion = ChT - : —e— DO0O
Chitosan coating = ChT - 1 —e—i BSO00
Gum arabic coating - ChT - : —e—i S000
Chitosan and k-carrageenan coating = ChT - : —eo— ©O00
Pectin coating - ChT - 1 —— BSO00
Edible film coating - ChT - : o DO0O
Edible film coating with carvacrol - ChT - 1 e S000
Edible film coating with eugenol - ChT - : o SO0
Edible film coating with AITC - ChT - F—t——@———y SO00
Edible film coating with cinnamaldehyde — ChT - : —e——— BHO00
Edible film coating with mustard extract - ChT - ! —e— BSO00
b : : 5

IongFU reduction

production capacity but may rupture the intestine and
cause leakage of fecal material to contaminate carcass exte-
rior and cross-contamination via the equipment, increas-
ing prevalence and concentration (Hue et al., 2010). Con-
sequently, carcasses are washed immediately after eviscer-

ation and prior to chilling. Washing can reduce concen-
tration by physical removal and inactivation of Campy-
lobacter if additives are used (Bashor et al., 2004). Chilling
ensures that the carcass is cooled quickly, which reduces
the possibility of microorganism growth and thus is an
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Summary of Chemical Interventions - Prevalence Changes

Decrease Increase
< " » GRADE
ASC Spray - BA- o : GPBO
CPC Spray -BA- +H—e— : SDDD
c
S TSP Spray - BA - —eo—1 NA
c I
)
c Processing Aids Spray — BA - k ® i . 000
2z |
= TSP Immersion - CT - I & i NA
|
ASC Immersion - BA- ——— I SDDD
|
Processing Aids Immersion - BA, CT- | @ | 1 SDDD
| . . | .
0.001 0.01 0.1 1 10
Odds ratio (log scale)
FIGURE 6 Summary of meta-analysis results for prevalence changes due to chemical interventions
BA, before-after trials; CT, controlled trials.
TABLE 2 Summary of the effects of broiler processing stages on concentration and prevalence changes of Campylobacter
Log,,CFU reduction Odds ratio [mean
Stage® [mean (95% CI)] Range” (95% CI)] Range®
Scalding 1.87 (1.34, 2.41) —-0.29, 4.10 0.18 (0.11, 0.30) 0.03, 0.38
Defeathering —0.88 (—1.23, —0.54) —2.02, 0.22 5.80 (1.15, 29.42) 0.69, 108.41
Evisceration —0.15(—0.33,0.03) —2.75,2.06 1.21(0.98, 1.49) 0.14, 7.22
Washing 0.52(0.38, 0.67) —0.18, 1.56 0.82 (0.65, 1.05) 0.04, 3.21
Immersion chilling 1.84 (1.43,2.17) 0.70, 4.12 0.52 (0.35, 0.75) 0.10, 5.06
Air chilling 0.48 (—0.07,1.03) —1.49, 2.62 0.91 (0.65, 1.28) 0.48,14.54
Refrigeration 0.83(0.60, 1.05) —0.08, 1.67 0.36 (0.18, 0.70) 0.01, 4.03
Freezing 1.29 (1.10, 1.48) —0.24,2.87 0.12 (0.0.3, 0.54) 0.002, 4.38

20nly before-after studies are summarized.

®Minimum and maximum effect sizes across trials included for a specific outcome.

important step in controlling product safety. During chill-
ing, inactivation and removal of cells can occur, reduc-
ing the concentration on the product. However, depend-
ing on the type (air or immersion cooling), chilling fluid
can induce cross-contamination between carcasses, which
may result in an increase in the prevalence (Yang et al.,
2002). In the following subsections, the effectiveness of
each processing stage in reducing prevalence and/or con-
centration is presented in order of their appearance in a
conventional broiler processing line. For each outcome,
the synthesis of the results with pooled effects and for-
est plots, quality of evidence assessment, summary of cur-
rent evidence, and possible limitations are discussed. A
summary of processing stages is provided in Table 2. Sum-
mary of outcome-level meta-analysis results regarding the
effects of processing stages on Campylobacter concentra-

tion and prevalence can be found in Figure 3 and 4, and
Table 3 and 4. For the sake of brevity, limited results are
presented in this review; for other results including for-
est plots, risk of bias summaries, traffic light plots, and
other related information, readers are advised to refer to
the appendices in the Supporting Information.

3.21 | Scalding

Scalding refers to the immersion of broiler carcasses in
warm water prior to feather removal in order to enlarge
the follicles that hold the feathers. This stage is commonly
applied under two different conditions. Soft scalding (51.4—
53.1°C, 120-229 s) uses milder temperatures and longer
time to retain some visible and sensory quality aspects,
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Summary of Physical Interventions - Concentration Changes FIGURE 7 Summary of meta—analysis
Increase Decrease results for concentration changes due to physical
oo > GRADE . .
Steam pasteurization - BA - :I—Q—i DSPOO Interventions
Steam pasteurization — Piot - ChT ] e E®®OO BA, before-after trials; ChT, challenge trials.
Steam pasteurization - Lab - ChT - : —e——— NA
Steam pasteurization - BA, ChT - 1 —e— [0 0e)
PEF - ChT - n; SO0O
High voltage - ChT - : —e—i SO00
Steam + Crust freezing = ChT - 1 i L OO0
Hot water + Crust freezing - ChT - : —e—i HPOO
Crust freezing = ChT - 1 —e—i DPPP
Crust freezing - BA - : ] DDOO
Crust freezing = BA,ChT - 1 —e— NA
Hot water immersion - ChT - : —eo—i SO00
Hot water immersion - BA - 1—0—! [$0/@)
Hot water immersion — BA,ChT - 1 —e— DO00O
Ultrasound + TSP + Capric acid - ChT - : e D000
Ultrasound + TSP + Citric acid - ChT - 1 e SDO0O
Ultrasound + Citric acid + Capric acid - ChT - : —eo—i SPPO
Ultrasound + Capric acid - ChT - 1 e &S00
Ultrasound + Citric acid = ChT - : —e—i SDDO
Ultrasound + TSP = ChT - ! e SDDO
Ultrasound + Distilled water = ChT - : —e—i SDDPO
Ultrasound overall - ChT - : o Sse)
UV - Carcass - ChT - 1. SO00
UV - Skin - ChT- : ] SDDO
5 UV - Parts - ChT - 1 m DHOO
% UV Overall = ChT - : L] SDPO
é Steam + Ultrasound + IOBW + Air chilling - BA - I —e— SO00
- Steam + Ultrasound - BA - : e [0 0e)
Steam + Lactic acid - ChT - : —e—i OO0
Steam + Air chilling - ChT - 1 —e— SDDO
Rapid cooling N2immersion - BA - : —e—i SO00
Rapid cooling N2immersion - ChT - I—e—— HPO0O
Rapid cooling N2immersion — BA, ChT - : —e— ©O00
Rapid cooling N2spray continuous tunnel - BA - ! e+ SO00
Rapid cooling N2spray on carcass batch cabinet - BA - : e HOO0O
Rapid cooling N2spray in air batch cabinet - BA - :I—Q—i SDDD
Rapid cooling N2spray overall - BA - 1 e [0 0e)
MAP 90:10 N2CO2- ChT - I:—O—i OO0
MAP - 80:20 N2CO2- ChT - o 00
MAP - 70:30 N2CO2- ChT - »—:0—1 DOOO
MAP - 60:40 N2CO2- ChT - lei SO00
MAP - 50:50 N2CO2- ChT - n-:-o—u SO00
MAP - 30:70 N2CO2- ChT - :m HO0O
MAP - 10:90 N2CO2- ChT - o OO0
MAP - N2CO2- ChT - :- OO0
MAP - Vacuum - ChT-  +—&——i D000
MAP - 80:20 O2N2- ChT - : o SO0
MAP - 40:30:30 :: CO202N2- ChT - ! e SO00
MAP - 100 N2~ ChT - :m HOCO
MAP - Others = ChT - ot OO0
L L

IongFU reduction

whereas hard scalding (55-58°C, 80-150 s) increases the = 2006; Thomas, 1977). The scalding stage can affect micro-
defeathering efficacy and reduces the processing time by  bial contamination by washing excess dirt from feathers
applying higher temperatures. Soft scalding is used for and/or providing mild thermal inactivation. However,
chicken to be sold fresh or air chilled, whereas hard scald- the contaminated fecal content will remain the same
ing is generally applied to frozen products (James et al., inside the carcass leaving the process without changes
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Summary of Physical Interventions - Prevalence Changes

< Decrease Increase\ GRADE
1
5 |
.2 Rapid cooling N2 immersion - BA- | o | I AO00
3 .
c
3 I ~ I |
£ MAP - BA - . ° i u GO0
. |
0.1 1
Odds ratio (log scale)
FIGURE 8 Summary of meta-analysis results for prevalence changes due to physical interventions

BA, before-after trials.

in fecal contamination; therefore, exterior concentration
can increase further down the processing chain if fecal
leakage contaminates the skin and feathers. Scalding is
evaluated under the two main subgroups of hard and soft
scalding, in addition to trials where temperature is not
reported.

Concentration changes due to scalding were reported by
17 trials reported in six studies, and prevalence changes
were reported by eight trials in five studies, as summa-
rized in the forest plots in Figure B.1 in the Supporting
Information. The meta-analysis indicated an overall mean
reduction of 1.87 log;oCFU (95% CI: 1.34-2.42) due to all
types of scalding. However, significant heterogeneity was
detected among the trials (I = 89%, p < .001), indicat-
ing very serious inconsistency within the dataset. Hard
scalding showed a combined mean effect of 1.85 log;; CFU
(95% CI: 1.60-2.09) with 0% heterogeneity, whereas very
serious heterogeneity was detected for soft scalding and
scalding with additives or unreported temperatures. Due
to the significant heterogeneity across trials, the pooled
mean effects are not discussed in detail. Scalding with
additives or unreported temperatures seemed to cause a
mean log reduction of 3.30 log;, CFU; however, due to
the lack of information about processing conditions, no
definitive conclusions can be made about the effectiveness
of scalding with various additives. All trials for soft scald-
ing except two showed consistent reductions. However, the
conditions for soft scalding should be properly optimized,
as elevated concentrations were detected in some studies
that tested procedures at low scalding temperatures (Oost-
erom et al., 1983; Zweifel et al., 2015).

Five studies with eight trials reporting prevalence
changes during scalding were identified in the review and
are summarized in Figure B.12 in the Supporting Infor-
mation. The scalding stage was estimated to have a com-
bined OR of 0.18 (95% CI: 0.11-0.30), indicating a reduction
of prevalence after scalding. Heterogeneity of the dataset
was relatively low (I> = 30%) and not statistically signifi-

cant (p = .1504). The results for the analysis of prevalence
suggested a consistent decrease in the number of contam-
inated carcasses after scalding.

The quality of evidence assessment for scalding indi-
cated that the combined effect measure provided moder-
ate quality of evidence for concentration changes but high
quality of evidence for prevalence changes. The quality of
evidence for concentration was downgraded for very seri-
ous inconsistency and serious imprecision but upgraded
for very large effect size. Although the formal analysis
pointed to high and moderate quality of evidence, caution
is still needed when using the subgroups because of the
bias that might be induced by the limited number of tri-
als. Furthermore, the most current practice in the indus-
try is to expose carcasses to multiple steps of continuous,
countercurrent flow scalding tanks with variable temper-
atures and exposure times to achieve optimum efficiency
and quality, whereas batch processing was used in the past.
A precise analysis of the scalding process would therefore
require the inclusion of critical factors such as the num-
ber of stages and processing conditions such as tempera-
ture, time, and additives. However, few studies included
in this review comprehensively described these critical
parameters, which limits the generalizability of the results.
Future studies should report critical process parameters
more explicitly.

3.2.2 | Defeathering

Defeathering (also known as picking or plucking) takes
place after scalding, generally by passing carcasses through
vibrating rubber fingers. Seven before-after studies cov-
ering 16 trials were identified for concentration changes
on the exterior of carcasses during defeathering and are
summarized in Figure B.2 in the Supporting Information.
The pooled effect was estimated as —0.88 log;(CFU (95%
CL: —1.23 to —0.54), which corresponds to an increase
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Summary of findings for prevalence changes due to application of chemical interventions

TABLE 6

95% CI

Include
null
No

Q-test
P (%) p-value

Sample
size
353

No. No.

Study

Population design

GRADE

Upper
0.50
0.01
1.96
0.17

Lower
0.24

OR

trials

studies

Setting

Intervention

SDDO
SO

NA

0.35

7484

0.00
18.93
0.00
96.25
0.00
0.00
56.32

BA
BA
BA
BA
CT

Carcass

Processing

ASC spray

No

0.00 0.00

0.48
0.02
1.00
0.01

.3252

1265
60

4

Carcass

Processing

CPC spray

Yes

0.12

0.00
0.02
0.00
0.00

1.0000
.0000

Carcass

Processing

TSP spray

S000
NA

No

1678
100
197

7

Carcass

Processing

Processing aids spray

Yes

51.38
0.03
0.11

1.0000
.5835

Carcass

Laboratory

TSP immersion

SODD
SODD

No

BA

Carcass

Processing

ASC immersion

No

0.01

.0837

297

3

BA,CT

Processing, laboratory ~ Carcass

Processing aids immersion

in concentration due to defeathering. For this outcome,
significant heterogeneity was detected (I> = 94%, p < .001),
indicating very serious inconsistency. Although the
method of defeathering does not vary much in industrial
applications, a subgroup analysis based on geographical
location revealed a noticeable difference in the increase
in concentration during defeathering. The data from each
country may not be adequate to explain differences in
practices between countries, since each subgroup was
composed of multiple trials from a single study. These
differences may also be explained by other factors such as
initial fecal contamination prevalence and concentration
but exploring the relationships between fecal and surface
contamination are outside the scope of this review. Greater
increases were estimated for processing and pilot plant
applications in the United States (—1.94 log;y CFU; 95% CI:
-2.10 to —1.79), which may be explained by differences in
initial fecal contamination among different studies due to
the effect of industrial intensity and different regulations
on controlling contamination in the preharvest stages.

For prevalence changes, seven before—after studies and
two challenge studies conducted at processing plants were
identified (Figure B.13 in the Supporting Information). A
mean OR of 519 (95% CI: 0.82-32.66) was estimated for
before-after trials, indicating a major increase in preva-
lence. However, the CIs for the pooled estimates and for
most of the trials indicated that the direction of the effect
is imprecise. Challenge trials also resulted in estimates of
increased prevalence (10.67; 95% CI: 0.15 to 1052.89). When
the two subgroups were combined, the OR was estimated
as 5.80 (95% CI:1.15-29.42), although the analysis of the two
subgroups both separately and together yielded significant
heterogeneity.

It is possible that defeathering increases the concentra-
tion and prevalence of Campylobacter on the carcass sur-
face due to the pressure applied by the fingers and con-
sequent leakage of contaminated fecal contents. However,
data collected via this systematic review only consider the
exterior contamination before and after each processing
stage; therefore, the actual effect of fecal contamination
during defeathering is challenging to be differentiated and
may contribute greatly to the overall heterogeneity. Two
main approaches have been suggested to prevent contam-
ination due to fecal leakage (Berrang et al., 2018). The first
approach is to eliminate contamination in the gut using
antimicrobial agents, and the second is cloacal plugging
to retain the fecal contents in the gut during defeathering.
Two studies and four before-after trials reported concen-
tration changes during defeathering with different organic
acids (Figure B.3 in the Supporting Information). The com-
bined log reduction estimate indicated that organic acid
injection into the cloaca results in a 1.69 log;; CFU (95%
CI: 1.51-1.86, I> = 0%) reduction on the exterior of defeath-
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TABLE 8
Study No. No.
Intervention  Setting Population design studies trials
Rapid cooling N, Laboratory Skin BA 1 5
immersion
MAP Laboratory Carcass BA 2 1

ered carcasses with an associated GRADE score of high. By
contrast, the meta-analysis of cloacal plugging suggested a
slight increase in concentration (—0.78 log;,CFU; 95% CI:
—1.74 to 0.18); however, the direction of effect is imprecise
because the majority of the trials observed an increase in
concentration, whereas two trials observed a decrease. The
quality of evidence for cloacal plugging is very low, mainly
due to very serious inconsistency and serious imprecision.
Prevalence changes during cloacal plugging were reported
by two before-after studies and one challenge study (Fig-
ure B.14 in the Supporting Information). In all three stud-
ies, major reductions in prevalence were observed with a
combined OR of 0.02 (95% CI: 0.00-0.50); however, the
GRADE score was very low due to some concerns of risk of
bias, very serious inconsistency, and serious indirectness.

The results imply that defeathering is a critical point
in broiler processing that can severely affect the micro-
bial safety of the product. Consequently, it is advisable to
closely monitor defeathering and apply appropriate inter-
ventions. A risk assessment study by Nauta et al. (2007)
predicted that the exterior concentration would increase
during defeathering and that fecal leakage is the major
source of contamination in the end product. Organic acid
injection into the cloaca seems to be a promising approach,
but not enough information is available to implement this
application on a broader scale. Cloacal plugging, on the
other hand, is unpredictable and has limited effectiveness
based on available data. Moreover, no commercial equip-
ment is available for either application, and they may not
be feasible for industry adoption.

3.2.3 | Evisceration

During evisceration, the internal organs of broilers are
removed either manually or by automated systems found
in most industrial settings. Due to differences in bird size
and equipment properties, visceral rupture is a common
issue that might allow intestinal contents to leak out and
contaminate the exterior (Rosenquist et al., 2006). For
this reason, the evisceration step has been studied exten-
sively, and a large number of trials were identified in the
literature.

in Food Science and Food Safety

Summary of findings for prevalence changes due to physical decontamination and treatment combinations

95% CI
Sample Q-test Include
size P (%) p-value OR Lower Upper null GRADE
200 26.27 .1986 0.07 0.02 0.23 No NA
858 7419 <.0001 0.62 0.24 1.62 Yes SO000

For concentration changes, 61 trials from 12 before-
after studies were included in the meta-analysis, result-
ing in a combined mean difference of —0.15 log;; CFU
(95% CI: —0.33 to 0.03). However, significant heterogene-
ity was detected (I> = 85%, p < .001) (Figure B.4 in the
Supporting Information). The pooled effect size and the CI
around it indicate that evisceration has a minimal effect
on concentration; however, the individual trials reported
log reductions as high as 2.06 log;CFU and increases as
high as 2.75 log;,CFU, and thus the true effect of evis-
ceration is inconclusive. The GRADE score for concen-
tration change due to evisceration was low due to very
serious inconsistency and serious imprecision. The rea-
sons for these conflicting results on the effect of eviscer-
ation on concentration are unclear because the included
studies did not provide details about the evisceration pro-
cess or the contamination status of the previously pro-
cessed batch. Similar to defeathering, exterior contamina-
tion after evisceration is also dependent on cecal preva-
lence and concentration of Campylobacter. Although the
exterior contamination was reported significantly associ-
ated to fecal contamination (Seliwiorstow, Baré, Berkvens,
et al., 2016), variations in fecal contamination in collected
studies might contribute significantly to observed hetero-
geneity in this review. Seliwiorstow, Baré, Van Damme,
et al. (2016) evaluated the effect of an up-line, contam-
inated batch by processing Campylobacter-positive and
Campylobacter-negative batches through an evisceration
line in tandem and concluded that up-line contamination
contributes to extensive cross-contamination. Hinton et al.
(2004a) reported decreased concentrations in most trials
but concluded that the observed reduction rates were not
significant; they attributed this variation to the effect of
seasonal changes in processed flocks. Moreover, Rosen-
quist et al. (2006) collected samples in two different pro-
cessing plants and concluded that the effectiveness of evis-
ceration may depend on the properties of the machinery,
which vary by plant. Similarly, Allen et al. (2007) collected
samples during different seasons in different processing
plants and associated the changes in contamination with
the processing plant and the contamination status of the
preceding flocks.

For prevalence changes due to evisceration, 44 trials
from 17 studies were identified (Figure B.15 in the Sup-
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porting Information). The pooled OR was estimated as 1.21
(95% CI: 0.98-1.49), indicating an increase; however, the
individual trials reported opposing effect directions, and
many studies reported no effect. Most of these trials started
with all positive carcasses as the before samples and were
not able to detect any increase in prevalence, resulting in
very large uncertainty around their estimates. No hetero-
geneity was detected within the prevalence dataset, and the
GRADE score was moderate due to serious imprecision.
However, zero heterogeneity might be misleading because
very large CIs were estimated for trials reporting no or lit-
tle change. Caution is therefore needed when using the
pooled estimate even though the heterogeneity and quality
of evidence are seemingly acceptable.

3.24 | Washing

Carcasses are generally washed after evisceration to elim-
inate any excess dirt on the exterior, but in some cases, a
pre-scald brush wash step is also added. Postevisceration
washers can be in the form of regular spray (cabinet) wash-
ers in which only the exterior is washed, inside-outside
bird washers (IOBW), and brush washers. Common crit-
ical parameters for the washing stage are water tempera-
ture, flow rate, and pressure; nozzle type and arrangement;
line speed; and the addition of chemical processing aids
(Keener et al., 2004).

Four studies with 33 before-after trials reporting con-
centration changes due to spray washing were identi-
fied in the literature (Figure B.5 in the Supporting Infor-
mation). The meta-analysis results suggested that spray
washing can reduce the concentration by 0.53 log;CFU
(95% CI: 0.38-0.69); however, significant heterogeneity was
detected (I> = 93%, p < .001). Although the point and
interval estimates indicated a precise direction of effect
(decrease), several trials reported an increase in concen-
tration during spray washing. The GRADE score for spray
washing was also low due to very serious inconsistency.

For prevalence changes during spray washing, 10
before-after trials from four studies were included in the
meta-analysis (Figure B.16 in the Supporting Information).
The model outputs indicated a slight decrease in preva-
lence, but the CI covered both increased and decreased
prevalence (OR = 0.84, 95% CI: 0.62-1.14), and the trials
reported conflicting information about the direction of the
effect. The GRADE score for prevalence changes during
spray washing was moderate due to serious imprecision. In
summary, the meta-analyses of spray washing were uncon-
clusive in terms of the direction of the effect.

Information on IOBW systems was scarcer, as only three
before-after trials from two studies were identified for con-
centration changes. The overall log reduction was esti-

mated as 0.54 log;oCFU (95% CI: 0.24-0.84), suggesting
small changes in concentration before and after an IOBW
step with a quality of evidence score of very low due to
very serious inconsistency and serious imprecision. For
prevalence changes, 10 before-after trials were extracted
from five studies. The overall OR estimate was 0.78 (95%
CI: 0.51-1.18), indicating a decrease in prevalence, but the
direction of the effect was imprecise because the trials
reported conflicting information; in addition, the GRADE
score was low due to serious imprecision.

For brush washing, only two trials from a single study
were identified for concentration changes, and no informa-
tion on prevalence changes could be collected. One of the
trials quantified changes during a pre-scald brush wash-
ing; in the other trial, brush washing was applied after
IOBW, and combining the two types of wash did not seem
to provide an additional protective effect. When used prior
to scalding, brush washing was responsible for a reduc-
tion of 0.06 log;, CFU (95% CI: —0.71 to 0.83), suggesting no
effect on concentration in the given study settings. When
used after IOBW, the point estimate (0.46 log;,CFU) sug-
gested a greater reduction of concentration compared with
pre-scald brush washing, but the wide CI (—0.77 to 1.69)
showed that the direction of the effect may vary by setting.

Overall, the effectiveness of carcass washing on preva-
lence and concentration remains unclear, and the lack of
reporting of process characteristics in the included stud-
ies contributes to the variability and uncertainty in the
meta-analysis estimates. Although washing is considered
an important step in controlling Campylobacter, differ-
ent applications and varying process conditions makes it
harder to compare and summarize (Zweifel et al., 2015).

3.2.5 | Immersion chilling

Chilling is an important step in poultry processing that
aims to cool processed carcasses as rapidly as possible
to ensure minimal microbial growth during storage. Two
approaches of carcass chilling are adopted worldwide:
immersion chilling, in which carcasses are dipped in cold
water, often amended with antimicrobials, and air chill-
ing, in which cold air is blown onto the carcasses. Immer-
sion chilling is the dominant method in the United States,
whereas air chilling is the preferred method of carcass
chilling in Europe, Canada, and Brazil and is gaining popu-
larity in the United States (Carroll & Alvarado, 2008; James
et al., 2006).

Immersion chilling is well-documented in the litera-
ture as a highly effective processing stage in terms of
microbial safety and is often compared to air chilling. In
this review, 23 before-after trials from 18 studies report-
ing concentration changes due to immersion chilling were
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identified (Figure B.6 in the Supporting Information). All
included trials consistently reported log reductions within
a range of 0.70-4.12 log;,CFU, with a combined effect of
1.80 log;(CFU (95% CI: 1.43-2.17). The GRADE score was
very high and was downgraded due to inconsistency but
upgraded for very large effect size.

Heterogeneity for this dataset was significant (I* = 93%,
p < .001) due to possible differences in processing param-
eters that were unreported. Three subgroups based on the
use of additives were identified within the immersion chill-
ing group for concentration changes. Most trials reported
immersion chilling with chlorine; only two trials reported
immersion chilling without any additives, and another
three focused on a commercial antimicrobial herbal extract
named “Protecta2,” the contents of which were not dis-
closed and which was used as a processing aid during
immersion chilling. When immersion chilling was per-
formed without any additives, a significant log reduction of
1.2510g;0CFU (95% CI: 0.96-1.55) was estimated. Compared
with Protecta2, chilling with chlorine resulted in a higher
mean log reduction estimate (1.95 log;,CFU; 95% CI: 1.46-
2.45), indicating that the addition of chlorine might con-
trol the concentration on carcasses more efficiently. How-
ever, significant heterogeneity (I> = 93%, p > .001) was
detected among the trials, with a GRADE score of very
high that was downgraded for very serious inconsistency
but upgraded for very large effect. Despite the inconsistent
results, immersion chilling can clearly reduce the concen-
tration on broiler carcasses and may be potentiated by the
addition of chlorine, reiterating the importance of this pro-
cessing stage in the processing chain.

Similarly, studies reporting prevalence changes due to
immersion chilling with chlorine were more abundant
than those without additives (Figure B.17 in the Support-
ing Information). Overall, a pooled OR of 0.52 (95% CI:
0.35-0.75) was estimated when combining trials report-
ing immersion chilling with and without additives. The
GRADE score for this outcome was low due to some con-
cerns of risk of bias and serious inconsistency. In partic-
ular, the pooled OR for immersion chilling with additives
was estimated as 0.71 (95% CI: 0.28-0.61). Although most
of the trials reported a reduction in prevalence, a few tri-
als indicated increased prevalence even when the chill-
ing water was amended with chlorine. The results of the
meta-analysis also suggest that immersion chilling with-
out any additives may increase prevalence, as a combined
OR of 1.55 (95% CI: 0.81-2.96) was estimated for this out-
come. No heterogeneity was detected for this outcome, but
both increased and decreased prevalences were reported
in the trials, so the direction of the effect was imprecise.
The GRADE score was very low for this outcome due to the
high overall risk of bias and serious imprecision. Increased
prevalence can be explained by cross-contamination of car-
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casses due to the washing effect of the chilling water, and
the results suggest that chlorinating the chilling water can
control the spread of Campylobacter during the immersion
chilling process.

3.2.6 | Airchilling

Air chilling is commonly used as an alternative to immer-
sion chilling and may offer some practical advantages and
product quality improvements. Air chilling can be advan-
tageous in terms of reducing water use and wastewater dis-
charge, minimizing chilling water absorption by the car-
cass, extending shelf life, and improving the retention of
quality parameters such as color and texture (Carroll &
Alvarado, 2008; Huezo, Smith, et al., 2007). Air chilling
is also reported to reduce cross-contamination compared
with immersion chilling, but cross-contamination can still
be an issue, especially when water mist sprays are utilized
to increase chilling efficacy (Mead et al., 2000).

Three challenge trials from two studies and 13 before-
after trials from seven studies for concentration changes
due to air chilling of carcasses were identified and are sum-
marized in Figure B.7 in the Supporting Information. In
general, air chilling was responsible for a slight decrease
in Campylobacter concentration. In particular, the combi-
nation of before-after trials suggested that a 0.48 log; CFU
(95% CI: —0.07 to 1.03) reduction can be expected, although
the direction of the effect is imprecise. The individual tri-
als reported slight decreases in concentration, except for
one trial where a notable increase in concentration was
observed. The authors did not explain this observation
but hinted at the possibility of cross-contamination due
to chilled air being pulled from the processing area (Oos-
terom et al., 1983). Heterogeneity was significant for this
outcome (I = 94%, p < .0001), and the GRADE score indi-
cated very low quality of evidence due to some concerns of
risk of bias, very serious inconsistency, and serious impre-
cision. Three challenge trials yielded similar estimates of
a slight decrease (0.67 log;oCFU; 95% CI: 0.06-1.28) with
a very low GRADE score due to some concerns of risk of
bias, very serious inconsistency, serious indirectness, and
serious imprecision.

With regard to prevalence changes, one challenge trial
from a pilot plant and 10 before-after trials from seven
studies in processing plants were included in the meta-
analysis (Figure B.18 in the Supporting Information). The
before-after trials were further grouped by regular air chill-
ing and combi-inline air chilling, which combines immer-
sion and air chilling. The analysis of the regular air chill-
ing trials resulted in an average OR of 0.90 (95% CI: 0.65-
1.25), indicating a small decrease in prevalence; however,
the direction of the effect was imprecise. No significant het-
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erogeneity was detected for this outcome, and the GRADE
score was estimated as low due to some concerns about risk
of bias and serious imprecision. The two trials on combi-
inline air chilling yielded a similar pooled OR of 0.87 (95%
CL: 0.28-2.68) with significant heterogeneity (I* = 87%,
p = .006) and a GRADE score of very low due to very seri-
ous inconsistency and very serious imprecision. The sin-
gle challenge trial showed no effect. The main limitation
of the collected evidence is the lack of reporting on some
critical parameters, such as temperature and air flow rate,
that might explain the heterogeneity within the compiled
dataset.

The meta-analysis results suggest that, in terms of log
reduction, immersion chilling is more effective than air
chilling, regardless of the use of chlorine in immersion
water. Regarding prevalence, the meta-analyses imply that
air chilling can produce a slight decrease that is superior to
that obtained with immersion chilling without additives;
however, immersion chilling with added chlorine seems to
be a safer option in terms of microbial safety because it pro-
vides a greater reduction in prevalence.

3.2.7 | Refrigeration

Refrigerated storage is crucial for ensuring broiler safety
and quality and is the dominant storage method in broiler
chicken supply chains (USDA, 2020). The effect of refrig-
eration on Campylobacter concentration was reported by
19 before-after trials from three studies and 25 challenge
trials from six studies (Figures B.8 and B.9 in the Support-
ing Information). Separate meta-analyses were conducted
for the before-after trials and challenge trials because the
challenge tests were conducted under laboratory settings
with artificial contamination on chicken parts or skin, pos-
sibly contributing to indirectness of the outcomes. The
meta-analysis of before-after studies yielded a mean log
reduction of 0.83 log;(CFU (95% CI: 0.60-1.05), pointing
to a decrease in concentration during refrigeration. How-
ever, there was significant heterogeneity for this outcome
(P> = 81%, p < .001), and the GRADE score was very
low due to some concerns about risk of bias and seri-
ous inconsistency. To explore the sources of the hetero-
geneity, the trials were split into two subgroups depend-
ing on storage time. Refrigeration for up to 7 days was
estimated to cause a reduction of 0.69 log;,CFU (95% CI:
0.41-0.98), but heterogeneity for this subgroup was still sig-
nificant (I> = 83%, p < .0001). The mean difference was
estimated as 1.12 log;CFU (95% CI: 0.88-1.35) for refrigera-
tion for up to 14 days, and heterogeneity was moderate but
marginally significant (I* = 0.46, p = .0796). The challenge
trials were also split into two subgroups based on the treat-
ment unit. The combined mean difference was estimated

as 0.32 log;,CFU (95% CI: 0.19-0.46) for challenge trials
on chicken parts and 0.82 log;,CFU (95% CI: 0.47-1.18)
for challenge trials on chicken skin. Because these stud-
ies were not conducted in a processing environment with
natural contamination, direct application of these results
in industrial settings needs to be made with caution. How-
ever, trials on chicken parts may be a starting point for
evaluating the safety of packaged chicken products sold in
pieces. Although the heterogeneity and indirectness issues
might hamper the interpretation of the estimates, longer
storage times seem to be more effective in reducing Campy-
lobacter concentrations on broiler carcasses. Nevertheless,
it should be noted that this review only covers Campy-
lobacter, and extended storage might increase the risk of
growth of other pathogenic or spoilage microorganisms.

Regarding prevalence changes due to refrigeration, 21
before-after trials from five studies were included in the
meta-analysis (Figure B.19 in the Supporting Information).
The trials were again split into subgroups by refrigeration
times of up to 7 days or up to 14 days or unreported time.
When the two subgroups were combined, a mean OR of
0.36 (95% CI: 0.18-0.7) was estimated, and subgroup analy-
sis yielded very similar results. Heterogeneity for this out-
come was moderate but statistically significant (I = 42%,
p = .0341), with a low GRADE score due to some con-
cerns with risk of bias and serious inconsistency. Overall,
areduction in prevalence is likely to occur during refriger-
ated storage, and storage time does not have a meaningful
effect on this reduction.

3.2.8 | Freezing
Freezing of broiler parts and carcasses is offered as an
alternative to refrigeration in order to ensure food safety
and quality for prolonged periods. For the meta-analysis of
changes in concentration, 28 before-after trials on whole
carcasses from four studies were included (Figure B.10 in
the Supporting Information). The mean log reduction due
to freezing was estimated as 1.29 log;(CFU (95% CI: 1.10-
1.48) with high heterogeneity (I> = 69%, p < .001). Stor-
age time and temperature are the two main parameters in
freezing applications, and most of the studies were con-
ducted at —20°C but variable times. For this reason, the
trials were grouped according to storage times for storage
periods of up to 14 days and from 1 to 7 months. How-
ever, grouping did not explain the overall heterogeneity,
and there was no meaningful difference between the sub-
groups, indicating that extending the storage time does not
have a positive effect on log reduction.

The effect of freezing was also studied in challenge tri-
als under laboratory conditions on different chicken parts
such as wings, breast meat, or skin. Thirty-two challenge
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trials from three studies were identified in the literature
and included in the meta-analysis (Figure B.11 in the Sup-
porting Information). These trials resulted in a combined
log reduction estimate of 1.20 log;,CFU (95% CI: 1.08-
1.32) with very high heterogeneity (I> = 98%, p < .001).
Challenge tests conducted in the laboratory with treatment
units other than carcasses are considered indirect evidence
within the scope of this review. However, the estimates
from both before-after and challenge trials indicate that
challenge tests on freezing may be able to capture accurate
information.

Eleven before-after trials from five studies providing
information about prevalence changes due to freezing of
carcasses were identified (Figure B.20 in the Supporting
Information). The mean OR estimate from these trials
was 0.12 (95% CI: 0.03-0.54), with significant heterogene-
ity (I = 83%, p < .0001). The GRADE score was low due to
very serious inconsistency. Although a few trials indicated
an increase in prevalence and the quality of evidence was
low, an overall trend toward a reduction in prevalence was
detected.

3.3 | Chemical interventions

The addition of antimicrobial chemicals during broiler
chicken processing has been suggested to enhance the effi-
cacy of microbial contamination control. Chemical inter-
ventions are most commonly applied by immersing the
carcasses in solutions of chemical processing aids or spray-
ing solutions directly onto carcasses. Another application
is to coat broiler products, most commonly parts to be
sold, using edible films that may be fortified with commer-
cial antimicrobials. Chemical interventions mostly inac-
tivate the cells, but the application can also remove the
cells from the carcass surface, leading to a reduction
in the concentration. Depending on the type of applica-
tion, cross-contamination between the carcasses can also
occur, especially when immersed into processing aid solu-
tions. Chemicals for food industry use are required to be
approved by local regulatory agencies and some of the
chemicals identified in this review are still at proof-of-
concept stage without approval for use. Hence, the results
presented here include preliminary experiments for the
evaluation and screening of novel chemicals. Summary of
outcome-level meta-analysis results regarding the effects
of chemical interventions on Campylobacter concentration
and prevalence can be found in Figure 5 and 6, and Table
5 and 6. Other results including forest plots, risk of bias
summaries, traffic light plots, and other related informa-
tion, readers are advised to refer to the appendices in the
Supporting Information.
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3.3.1 | Chemical processing aids

Carcass decontamination by chemical processing aids
(also known as sanitizers, disinfectants, sterilants, antisep-
tics, biocides, antimicrobials, or decontaminating agents;
EFSA, 2008) is commonly used by the broiler industry to
eliminate fecal contaminants from carcasses. The use of
processing aids is widely allowed in the United States and
is regulated by the Food and Drug Administration (FDA)
and U.S. Department of Agriculture (USDA). In the Euro-
pean Union, the use of processing aids is still debated; how-
ever, a number of processing aids have been shown by the
EFSA (2005, 2008, 2014) to be safe in terms of toxicity,
environmental concerns, and potential to induce antimi-
crobial resistance. Processing aids are either applied as
spray or immersion treatments with solutions of chemicals
such as chlorine dioxide, acidified sodium chlorite (ASC),
trisodium phosphate (TSP), and peracetic acid (PAA). The
effectiveness of the treatment may depend on several fac-
tors such as concentration, order of application in the
processing line, method of application (spray vs. immer-
sion), and organic matter in dipping solutions. In this
review, different applications were grouped according to
spray or immersion treatments. The evaluated spray treat-
ments were applied either after evisceration or during final
washing, whereas immersion treatments were evaluated
at points after defeathering, after evisceration, or after
chilling.

Evidence for the effectiveness of spray applications in
reducing concentration was collected from before-after
and challenge studies conducted in pilot or processing
plants and laboratories. Four studies with 20 before-after
trials conducted in pilot or processing plants reported the
effects of various chemicals. When combined, an aver-
age log reduction of 1.05 log;(CFU (95% CI: 0.75-1.37)
was estimated with very high heterogeneity (I> = 99.5%,
p < .001), as shown in Figure C.1 in the Supporting Infor-
mation. The GRADE score for this outcome was low due
to some concerns of overall risk of bias and very seri-
ous inconsistency. Among the different chemicals, CPC,
ASC, and TSP produced the highest possible log reduc-
tion estimates, with values of 1.38 log;(CFU (95% CI: 0.72—
2.04),1.26 log;, CFU (95% CI: 0.94-1.57), and 1.26 log;, CFU
(95% CI: 0.58-1.93), respectively. For ASP and TSP, the
GRADE scores were low, and heterogeneities were sig-
nificant. For ASC, moderate but insignificant heterogene-
ity was observed, and the GRADE score was very high.
An additional 20 challenge trials from four studies study-
ing the effects of spray treatments in laboratory or pilot
plant settings were retrieved (Figure C.2 in the Supporting
Information). The estimated composite effects showed that
spray treatments might cause an average log reduction of
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1.26 log;(CFU (95% CI: 0.73-1.79). However, heterogeneity
was very high (I? = 99%, p < .001), and the GRADE score
was low due to some concerns of risk of bias and very seri-
ous inconsistency and indirectness. Among the different
treatments, CPC and a mixture of potassium hydroxide and
lauric acid offered the highest log reduction estimates of
2.16 log;,CFU (95% CI: 0.72-3.60) and 2.01 log;oCFU (95%
CI: 0.93-3.09), respectively.

Prevalence changes due to spray applications of pro-
cessing aids were reported by seven trials in four studies
for ASC, CPC, and TSP as shown in Figure C.12 in the
Supporting Information. The composite OR for the three
treatments was estimated as 0.2 (95% CI: 0.004-0.17) with
considerable heterogeneity (I> = 96%, p < .0001) and a low
GRADE score due to very serious inconsistency and some
risk of bias concerns. Spray application of CPC was the
most promising in terms of prevalence reduction, with a
summary OR of 0.0032 (95% CI: 0.0016-0.0062). Despite
some concerns of risk of bias, the quality of evidence was
high due to very large effect size estimations. Furthermore,
the heterogeneity among the trials was not significant
(I = 19%, p = .3252), indicating that the included trials
were consistent. For CPC, two trials resulted in a combined
OR of 0.35 (95% CI: 0.24-0.50) with zero heterogeneity
and a moderate GRADE score due to some concerns of
risk of bias. Only one trial reported TSP spray applica-
tion, with an OR of 0.48 (95% CI: 0.12-1.96), indicating
a decrease in prevalence; however, the CI included the
null value (OR = 1), so the direction of the effect is
imprecise.

Processing aids applied by immersing carcasses were
reported by before-after, controlled, and challenge trials
in processing plants and research laboratories. Six before-
after trials from four studies conducted at processing plants
reported log reductions due to immersion treatment in
ASC, citric acid, and TSP (Figure C.3 in the Supporting
Information). The pooled OR of all three groups was esti-
mated as 1.93 log;,CFU (95% CI:1.07-2.79), indicating that
the intervention would be effective for reducing Campy-
lobacter; however, significant heterogeneity (> = 95%,
p < .001) was detected. The GRADE score for this out-
come was moderate and was downgraded for very serious
inconsistency and serious imprecision but upgraded for
very large effect size. Although subgrouping into chemi-
cal agents did not explain the heterogeneity in the dataset,
the stratified analysis suggested that immersion treatment
with ASC was the most effective processing aid for immer-
sion, with an average log reduction estimate of 2.07 (95%
CL: 1.30-2.83), followed by TSP (1.97 log;,CFU; 95% CI:
0.18-3.77). In addition to before-after trials conducted in
processing plant settings, the majority of information was
collected from challenge studies conducted under labora-
tory conditions using broiler skin or cuts as the sampling

units rather than carcasses, which contributed to a higher
level of indirectness of the collected evidence. The results
of 12 before-after and 27 controlled trials from four labo-
ratory studies are summarized in Figure C.4 in the Sup-
porting Information and yielded an overall log reduction
of 2.29 log;(CFU (95% CI: 1.99-2.59). The GRADE score
for this outcome was very low due to some concerns with
risk of bias and very serious inconsistency and indirect-
ness. Among the different treatments, TSP and a mixture
of potassium hydroxide with lauric acid produced the high-
est log reduction estimates, with values of 2.92 log;,CFU
(95% CI: 2.13-3.70) and 2.87 log;oCFU (95% CI: 2.15-3.59),
respectively.

Three before-after studies in processing plants reported
prevalence changes due to immersion in ASC (Figure
C.13 in the Supporting Information). All trials reported
decreases in prevalence with a pooled OR of 0.01 (95% CI:
0.00-0.03; I = 0%, p = .58). One laboratory trial reported
no effect of TSP immersion on prevalence (Slavik et al.,
1994), as all 50 units were positive before and after the treat-
ment.

Challenge tests of a variety of chemical treatments
and their combinations were identified in the literature
search. The analysis was separated into three groups:
organic acids, other chemicals, and combination treat-
ments. Immersion applications of organic acids were
reported by 30 challenge trials from eight studies as sum-
marized in Figure C.5 in the Supporting Information. On
average, organic acid immersions were reported to be
responsible for reductions of 1.62 log;,CFU (95% CI: 1.33-
1.91) on skin or cut samples of chicken. The GRADE score
for this outcome was very low due to risk of bias and very
serious inconsistency and indirectness. Among the differ-
ent treatments, capric acid offered the highest effective-
ness, with a 2.18 log;(CFU (95% CI: 1.84-2.52) reduction.
With respect to processing aids other than organic acids,
12 different chemicals were identified in 11 studies with 67
challenge trials. The overall log reduction for this group
was 1.47 log;,CFU (95% CI: 1.24-1.70), and heterogeneity
was significant (P> =91%, p <.001), as shown in Figure C.6
in the Supporting Information.

Because challenge tests conducted in the laboratory are
quicker and more cost-effective than before-after trials
in processing plants, a variety of treatments were eval-
uated in these settings, including unconventional treat-
ments such as electrolyzed water, benzalkonium chloride,
and grapefruit extracts. For processing aids included in
before-after trials, such as ASC, CPC, and TSP, the effec-
tiveness estimates reported by challenge tests were simi-
lar, implying that challenge studies can provide results that
remain accurate under actual processing conditions.

A few studies also reported challenge tests of the effec-
tiveness of combinations of processing aids (Figure C.7
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in the Supporting Information). Thirteen challenge tri-
als from three studies were identified in the literature
search. On average, the log reduction was estimated as 2.81
log;oCFU (95% CI: 2.09-3.53) with significant heterogene-
ity (I> = 98%, p < .001), possibly due to the use of dif-
ferent types of chemicals in combination. A very extreme
combination of acidic calcium sulfate, lactic acid, ethanol,
sodium dodecyl sulfate, and propylene glycol resulted in
the highest log reduction estimate (4.91 log;,CFU; 95% CI:
4.61-5.21). When combined, some processing aids included
in previously mentioned groups did not offer a cumula-
tive increase in log reduction compared with the use of
a single processing aid. For example, the combined effect
of ASC and TSP was estimated as 1.88 log;,CFU reduc-
tion, whereas the mean log reduction values for ASC and
TSP applied individually were estimated as 1.25 and 1.23
log,,CFU, respectively. These findings indicate that combi-
nations of processing aids may not always yield cumulative
increases in effectiveness.

In summary, chemical processing aids can reduce lev-
els of contamination on broiler carcasses. However, their
effectiveness depends on many factors, such as initial
contamination, amount of organic matter in the immer-
sion system, and other processing parameters. Overall,
the effects of these aids on Campylobacter are limited to
approximately 1-2 log;(CFU reductions, although a 2 log
reduction in the final product is estimated to decrease the
incident of campylobacteriosis by 30 times (Rosenquist
et al., 2003); the effectiveness of processing aids can be
lower depending on the order of application within the
processing chain (e.g., postchilling or prechilling) (Dogan
et al., 2019). Therefore, processing aids might not always
be sufficient to reduce the risk of foodborne disease, espe-
cially when pretreatment contamination levels are very
high. Processing aids can be effective but it should also
be noted that processing aids should be the part of an
integral food safety system and should not be regarded as
alternatives to good hygiene practices (EFSA, 2005; Loretz
et al., 2010). Furthermore, the increased use of antimicro-
bial chemicals as processing aids has raised concerns about
the development of antimicrobial resistance (EFSA, 2008;
Mavri & Smole MoZina, 2013). Although the emergence of
antimicrobial resistance due to interventions is outside the
scope of this review, it is advisable to monitor the possibil-
ity of resistance before implementing interventions involv-
ing antimicrobial aids on a large scale in production facil-
ities.

3.3.2 | Edible film coatings

Although processing aids are widely used in broiler pro-
duction, consumers often have negative perceptions of
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chemical use due to health concerns. Therefore, naturally
extracted, plant-based edible coatings containing natural
antimicrobials are gaining popularity as novel methods to
improve shelf life and product quality (Shrestha, Wagle,
Upadhyay, Arsi, Donoghue, et al., 2019). Applications of
polysaccharide-based edible coatings such as chitosan or
pectin have been reported, and their antimicrobial activ-
ity can be further enhanced by fortification with addi-
tional antimicrobial compounds. For this reason, edible
films were analyzed in two groups: films only and films
containing antimicrobials. Due to the availability of a large
number of trials, films containing carvacrol and eugenol
were also grouped separately. All trials reported for these
outcomes were laboratory challenge trials, as these inter-
ventions are still in the developmental stage. Applica-
tions of natural polysaccharides, chitosan, gum arabic, x-
carrageenan, and pectin coatings followed by refrigera-
tion were evaluated in 44 challenge trials in three stud-
ies in the laboratory using chicken parts as shown in Fig-
ure C.8 in the Supporting Information. On average, edi-
ble coatings without added antimicrobials were estimated
to reduce Campylobacter contamination by 1.30 log;CFU
(95% CI: 1.11-1.48); however, heterogeneity was very high
(I = 98%, p < .001), and the GRADE score was very low
due to risk of bias and very serious inconsistency and
indirectness. Point estimates of efficacy for chitosan, gum
arabic, and pectin were similar, with values of 1.31, 1.27,
and 1.53 log;oCFU, respectively, and the lowest efficacy
was reported for combined coating with chitosan and -
carrageenan (0.65 log;oCFU). Subgroup analysis failed to
reduce heterogeneity, indicating that the use of different
agents in the coatings is not the major source of the great
disparity among studies.

Edible film coatings with added antimicrobials to
enhance antimicrobial activity have also been reported in
the literature. The effect of pectin and chitosan coatings
fortified with eugenol was reported in 60 trials from a
single study (Figure C.9 in the Supporting Information).
The overall change in concentration was estimated as 2.36
log;oCFU (95% CI: 2.20-2.52), and the heterogeneity was
significant (I> = 88%, p < .001). Chitosan and gum ara-
bic films containing carvacrol were evaluated in 69 chal-
lenge trials from two studies (Figure C.10 in the Support-
ing Information). The pooled effect was estimated as 2.00
log;oCFU (95% CI: 1.85-2.16) with significant heterogene-
ity (I = 97%, p < .001). Other reported challenge trials
include addition of cinnamaldehyde, allyl isothiocyanate,
and mustard extract in 29 trials from two studies, as shown
in Figure C.11 in the Supporting Information. These three
subgroups were estimated to provide a 1.28 log;,CFU (95%
CI: 0.81-1.77) reduction on chicken parts after various
times of refrigeration. Within this group, allyl isothio-
cyanate offered the highest log reduction (1.95 log;,CFU;
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95% CI: 0.92-2.98), and cinnamaldehyde offered the lowest
(0.6110g;oCFU; —0.35 to 1.58); a few trials reported the pos-
sibility of increased levels of contamination with the addi-
tion of cinnamaldehyde.

Edible film coatings seem to have potential as natural
alternatives to industrial chemical disinfectants, as loga-
rithmic reductions similar to those obtained using chem-
ical processing aids were observed. However, the calcu-
lated efficacy of film coatings should be interpreted with
caution. All edible film coating trials included in this
review included refrigeration for certain periods. As pre-
viously mentioned in Section 3.2.7, refrigeration alone can
decrease contamination in the product by an average of
0.83log;oCFU. Therefore, a major portion of the decontam-
ination effect due to edible film coatings may actually be
attributable to refrigeration. Edible film coatings have been
suggested as a novel method to preserve the quality and
safety of a range of food products, but the actual efficacy
of large-scale implementations remains uncertain due to a
lack of knowledge in the currently available literature.

3.4 | Physical decontamination
treatments and treatment combinations

Physical decontamination methods refer to interventions
that aim to reduce contamination on broiler carcasses or
meat products by means of temperature changes or elec-
trochemical, electromagnetic, or mechanical disruptions
of pathogenic cells. Most physical interventions are cur-
rently in the development phase, with only limited appli-
cations in industry. Accordingly, most of the trials in this
group were conducted under laboratory conditions, used
broiler parts or skin sections as treatment units, and were
performed in challenge trial settings. Consequently, data
on concentration changes are abundant, but only lim-
ited information could be collected on prevalence changes.
Summary of outcome-level meta-analysis results regarding
the effects of physical interventions on Campylobacter con-
centration and prevalence can be found in Figure 7 and
8, and Table 7 and 8. Other results including forest plots,
risk of bias summaries, traffic light plots, and other related
information, readers are advised to refer to the appendices
in the Supporting Information.

3.41 | Steam pasteurization and its
combinations

Steam pasteurization has been suggested as a novel
method of surface decontamination of broiler carcasses
and parts that involves applying saturated steam for short
periods of time. Two before-after and 16 challenge trials

from four studies are summarized in Figure D.1 in the Sup-
porting Information. The pooled concentration change for
all trials was estimated as 2.23 log;oCFU (95% CI: 1.65-
2.80), and the heterogeneity was very high (P = 96%,
D <.001). Subgrouping based on study type did not improve
the heterogeneity. The GRADE score for this outcome
was very low due to some concerns of risk of bias and
very serious inconsistency and indirectness. The log reduc-
tion estimates from challenge trials were noticeably higher
than those from before-after trials, possibly due to more
controllable experimental conditions and higher initial
inoculum concentrations in the former; however, some of
the trials did not report the initial contamination levels.
Although steam pasteurization offers rapid and effective
decontamination of broiler samples, careful process opti-
mization is advised because overheating may cause partial
or complete cooking or underheating may compromise the
expected log reduction (James et al., 2000, 2007; Kure et al.,
2020).

Steam pasteurization is often studied in combination
with other interventions and processing stages to increase
the decontamination efficacy. Combined effects were
reported in five before-after and six challenge trials in four
studies as shown in Figure D.2 in the Supporting Informa-
tion. Although a forest plot was produced to include all
different combinations, a pooled estimate was not calcu-
lated because the treatments were too different to com-
bine. Among these combinations, steam and lactic acid
treatment on chicken skin showed the highest efficacy
(4.96 1og;CFU; 95% CI: 4.46-5.46) with zero heterogene-
ity. Compared with previous estimates for steam pasteur-
ization or lactic acid application alone, the observed val-
ues reflected a cumulative effect of the two treatments.
Although this combination appeared to be highly effective,
the number of trials and the sample size were too small
to be conclusive. Other combinations were not noticeably
different from the estimates for steam or the coupled treat-
ment when applied alone.

3.42 | Pulsed electric field

The literature search identified only one study reporting
the effect of pulsed electric field (PEF) treatment on con-
centration in 10 challenge trials on skinless breast meat
under laboratory conditions (Figure D.3 in the Supporting
Information). The pooled effect of these trials showed
that PEF treatment had no effect on Campylobacter
concentration on skinless breast meat samples, with a
pooled log reduction —0.07 log;(CFU (95% CI: —0.16 to
0.02, > = 22%, p = .3256). The GRADE score for this
outcome was very low due to risk of bias and very serious
indirectness.
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3.43 | High-voltage treatment and its
combinations

High-voltage treatment was studied by Zhuang et al. (2019)
in three challenge trials with different doses of treatment
on skinless chicken breasts (Figure D.3 in the Supporting
Information). The pooled log reduction estimate was 1.31
log;oCFU (95% CI: 0.94-1.69), and the heterogeneity was
very low (I> = 0%, p = .55). The GRADE score for this out-
come was very low because of some concerns of risk of bias
and very serious indirectness and imprecision due to lim-
ited sample size.

3.44 | Crust freezing

Crust freezing refers to the process of freezing the skin of a
carcass quickly without freezing the meat under the skin.
Only one before-after trial in a processing plant (Boysen &
Rosenquist, 2009) was identified and reported a log reduc-
tion of 0.42 log;,CFU (95% CI: 0.36-0.48). The remaining
six trials from the single study in this dataset reported chal-
lenge trials in pilot plant settings with solo crust freezing
or crust freezing combined with steam or hot water immer-
sion, with two trials in each group (Figure D.4 in the Sup-
porting Information). The overall pooled estimate for log
reduction was estimated as 2.00 log;,CFU (95% CI: 1.29-
2.72), and the GRADE score was very low. The effectiveness
was noticeably lower in the single before-after trial than in
the challenge trials, suggesting that although crust freez-
ing seems effective under highly controlled conditions,
the feasibility of large-scale implementation is still in
question.

3.4.5 | Hot water immersion

Hot water immersion for short time (up to 40 s) at 70-80°C
was reported by seven challenge trials and four before-
after trials in the laboratory by two studies as summa-
rized in Figure D.5 in the Supporting Information. The
pooled log reduction estimate for the challenge trials was
1.23 log;oCFU (95% CI: 0.94-1.52) with significant hetero-
geneity (I = 58%, p = .028). By comparison, the before-
after trials reported lower efficacy (0.45 log;,CFU; 95%
CI: —0.04 to 0.95) with moderate heterogeneity (I> = 41%,
p = .17). Therefore, even if hot water immersion seems
to be moderately effective when challenging samples with
high inoculation levels, its effectiveness might be lim-
ited under natural contamination conditions at processing
plants.
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3.4.6 |
aids

Ultrasound with various processing

All trials regarding log reduction by ultrasound treatment
coupled with chemical processing aids were reported by
Koolman et al. (2014b) in 42 challenge trials in laboratory
settings. The data were divided into seven groups accord-
ing to the chemical processing aid used: TSP with capric
acid, TSP with citric acid, citric acid with capric acid, capric
acid, citric acid, TSP, and distilled water as a control, as
shown in Figure D.6 in the Supporting Information. Over-
all, the effect of ultrasound with various processing aids
was estimated as a 2.41 log;CFU (95% CI: 2.11-2.70) reduc-
tion with significant heterogeneity (I> = 89%, p < .001). The
highest reduction was observed for the TSP and capric acid
combination, 3.92 log;,CFU (95% CI: 3.31-4.53, P = 45%,
p = .1087), whereas the lowest reduction was observed for
distilled water, 0.86 log;,CFU (95% CI: 0.64-1.09). There-
fore, in this study, the change in concentration was pri-
marily attributable to the chemicals used rather than the
ultrasound treatment itself.

3.4.7 | Ultraviolet

Ultraviolet (UV) treatment trials were grouped into three
categories according to the treated sample unit as shown
in Figure D.7 in the Supporting Information: whole car-
cass, skin, and skinless breasts. A total of 18 challenge tri-
als from two laboratory studies were included in the meta-
analysis. The pooled effect for the UV treatment was esti-
mated as 0.55 log;oCFU (95% CI: 0.46-0.64) with signifi-
cant heterogeneity (I = 85%, p < .001). The GRADE score
for this outcome was very low due to risk of bias and very
serious inconsistency and indirectness. The decontamina-
tion effect was minimal in all three subgroups. Subgroup-
ing based on sample type helped address the heterogene-
ity, as zero heterogeneity was estimated for the subgroups
of UV treatment of whole carcasses and skinless breast fil-
lets. The lowest log reduction was observed for the UV
treatment of whole carcasses (0.34 log;(CFU; 95% CI: 0.28-
0.40), implying that UV treatment may not be an effective
solution for Campylobacter in broiler products and that its
effectiveness is reduced even further if whole carcasses are
treated in commercial settings.

3.4.8 | Rapid cooling (super-chilling)

Rapid cooling, also known as super-chilling, involves
quickly freezing the skin of the product while keeping
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the meat unfrozen. This process can reduce the number
of Campylobacter on the skin due to cell injury during
the freeze-thaw cycle and oxidative stress (Burfoot et al.,
2016). Similar to processing aids, rapid cooling is applied
by immersion or spraying of coolants such as liquid nitro-
gen. Rapid cooling by immersion of chicken skin or parts
was reported by two studies in five before-after and four
challenge trials as shown in Figure D.8 in the Support-
ing Information. Before-after trials in the laboratory with
breast skin as the treatment unit were estimated to cause a
0.68 log;(CFU (95% CI: 0.20-1.15) reduction; however, het-
erogeneity was highly significant (I> = 97%, p < .0001), and
the GRADE score was very low due to high risk of bias, very
serious inconsistency, and very serious indirectness. The
pooled effect of the remaining challenge tests on chicken
wings was 1.06 log;oCFU (95% CI: 0.38-1.32), also with
highly significant heterogeneity (I = 99%, p < .0001) and
avery low GRADE score due to very serious inconsistency,
very serious indirectness, and serious imprecision. The dis-
crepancy between the results of before-after and challenge
trials implies that the effectiveness of super-chilling may
be overestimated because of differences between natural
and induced contamination in initial levels of contamina-
tion and strain characteristics. Burfoot et al. (2016) also
reported prevalence changes for liquid N, immersion of
breast skin samples in five before—after trials as shown in
Figure D.13 in the Supporting Information. The majority
of the trials indicated a considerable reduction in preva-
lence, as the OR estimates were less than one. The pooled
OR estimate was 0.07 (95% CI: 0.02-0.23), with significant
heterogeneity (I = 80%, p < .0001) and a very low GRADE
score due to high risk of bias and very serious indirectness.
Although the log reduction was not substantial, under real
processing conditions it might be sufficient to reduce con-
tamination to undetectable levels on the majority of units
due to the relatively low contamination on carcasses that
have reached the chilling step. In general, rapid cooling by
immersion may contribute an additional log reduction but
cannot be solely relied upon as an effective decontamina-
tion measure.

Spray rapid cooling treatment was reported in 28 before-
after trials by Burfoot et al. (2016) in three subgroups using
liquid N, in a patented rapid surface chilling system in the
form of a continuous tunnel or batch cabinets as shown
in Figure D.9 in the Supporting Information. The overall
log reduction estimate was 0.69 log;,CFU (95% CI: 0.50-
0.89), with significant heterogeneity (I> = 86%, p < .00L).
The GRADE score for this outcome was very low due to
high risk of bias and very serious inconsistency. Continu-
ous treatment in the tunnel system was noticeably more
effective than batch cabinets in reducing contamination
levels.

3.49 | Modified atmosphere packaging
Modified atmosphere packaging (MAP) has been sug-
gested to control the growth of microorganisms and main-
tain freshness by changing the gas compositions in pack-
aging and has been widely applied to numerous food prod-
ucts. A few studies have reported the effect of MAP on
Campylobacter contamination during the refrigerated stor-
age of chicken products. In this review, concentration
changes during MAP storage were categorized into two
groups; the first group included MAP applications with dif-
ferent ratios of N, and CO,, and the second group included
storage under vacuum and different ratios of N,, O,, and
CO,. Packaging with different ratios of N, and CO, and
refrigeration for up to 17 days were reported by 63 chal-
lenge trials in two studies as shown in Figure D.10 in the
Supporting Information. The overall log reduction offered
by these trials was minimal (0.15 log;,CFU; 95% CI: 0.09-
0.21), and the heterogeneity within this dataset was very
low (I? = 8%, p = .999), with a very low GRADE score due
to some concerns of risk of bias and very serious indirect-
ness. Other gas combinations were reported by 38 chal-
lenge trials in three studies as shown in Figure D.11 in the
Supporting Information. Similarly, the pooled log reduc-
tion estimate was minimal (0.30 log;oCFU; 95% CI: 0.06—
0.54), with significant heterogeneity (I> = 92%, p < .001),
and the GRADE score was very low due to some concerns
of risk of bias, serious imprecision, and very serious incon-
sistency and indirectness. The most effective combination
was 80:20 O,:N,, with a pooled estimate of 0.61 log;,CFU
(95% CI: 0.34-0.89), and the least effective was vacuum
packing of chicken samples, with several trials by Olaimat
et al. (2014) showing increased levels of contamination.

Byrd et al. (2011) reported nine before-after trials inves-
tigating the effects of different combinations of gases in
MAP during refrigeration (Figure D.12 in the Support-
ing Information). The pooled log reduction estimate was
0.31 (95% CI: -0.11 to 0.75) with moderate heterogene-
ity (I> = 56%, p = .017). The highest pooled log reduc-
tion was estimated for MAP with 100% O, (0.69; 95% CI.:
—0.10 to 1.47); however, only one of three trials showed a
log reduction, whereas the other two indicated increased
concentrations.

Two studies also reported prevalence changes during
MAP storage with 11 before-after trials as summarized in
Figure D.14 in the Supporting Information. The pooled
OR was estimated as 0.62 (95% CI: 0.24-1.62), with signif-
icant heterogeneity (I = 74%, p < .0001). Some of the tri-
als reported increases in prevalence, and the 95% Cls for
majority of the trials and the pooled estimate indicated
“no effect,” likely due to their small sample sizes. Conse-
quently, the direction of the effect was imprecise.
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The reported increases in contamination levels and the
effect of refrigeration in the absence of MAP imply that
MAP may not affect bacterial contamination on carcasses
compared with no intervention. Hence, its use is not rec-
ommended unless further research reports benefits.

3.5 | Overall quality of the studies and
additional results

All of the included studies were published in reputable
journals and passed rigorous assessment of their scientific
merits. However, in general, some reporting issues should
be taken into consideration for food science and technol-
ogy research.

Risk of bias analysis (Appendix A in the Support-
ing Information) may suggest better reporting practices.
The most common problem in reporting was random-
ization. In randomized controlled trials in human and
animal medicine, the randomization process is typically
reported, but most of the studies included in this review
were published in food science-related journals and did
not report randomization. For such studies, randomiza-
tion was recorded as “convenience”-based selection. It is
impossible to evaluate selection bias in the absence of
information about how the samples were selected and
whether the selection of samples was independent of
the subsequent treatment allocation. In addition, infor-
mation on intended outcomes and attrition was gener-
ally not reported, casting doubt on the assessment of
biases in reporting or attrition. We urge investigators to be
more transparent about these issues in food science and
technology studies. Another important problem was the
absence of background information that might be helpful
for explaining heterogeneity, such as processing conditions
and status of batches of broilers prior to processing. By con-
trast, the majority of studies were highly transparent and
clear about their methodologies for sample preparation
and microbiological measurement, including the detection
and enrichment methods used.

Systematic reviews are useful tools for identifying
reporting issues at the study level as well as overall con-
text. In human medicine, the importance of complete and
accurate reporting has long been documented, and sev-
eral guidelines have been established for strengthening
reporting, such as the Consolidated Standards of Report-
ing Trials (CONSORT) statement (Schulz et al., 2010) and
the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) checklist (Knottnerus & Tug-
well, 2008). Most recently, the REFLECT statement was
developed as an extension of the CONSORT statement for
application in veterinary medicine by accommodating dif-
ferences between randomized clinical trials with human
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subjects versus livestock animals (O’Connor et al., 2010).
Similarly, the findings of this review and other systematic
reviews in relevant fields can build guidelines that improve
reporting in food science and technology studies.

At the outcome level, the included studies cover the
full chain of broiler production. However, the number of
trials covering concentration changes was much greater
than the number of trials assessing prevalence changes,
which limits the interpretation of prevalence changes.
Both concentration and prevalence are crucial for track-
ing microbial change throughout the chain and for feeding
QMRA models for systematic food safety decision-making.
In each processing step, microbial changes can be viewed
as the effects of one or more of six basic phenomena (i.e.,
growth, inactivation, mixing, partitioning, removal, and
cross-contamination) as suggested by Nauta et al. (2005),
and neither concentration nor prevalence fully represents
the impact of these phenomena. Furthermore, although
most of the included studies reported concentration only
on Campylobacter-positive samples, a portion of them did
not report if the negative samples were included in the
measurements or not, which may cause bias in the com-
posite estimates. Future studies should report both out-
comes by conducting more processing or pilot plant stud-
ies with natural contamination on carcasses, rather than
focusing only on concentrations of Campylobacter and
other important microorganisms.

Some limitations also exist based on the common
methodology for systematic reviews and meta-analyses.
Current methods and quality assessment procedures were
mainly developed with the healthcare setting in mind,
and food safety studies frequently differ significantly from
healthcare studies in terms of randomization, allocation,
and sample sizes. At the data analysis level, heterogeneity
is the most common indicator of the usability or applica-
bility of the results in decision-making or future studies.
IntHout et al. (2015) pointed out that heterogeneity could
be larger between small studies compared with larger stud-
ies. Many of the studies included in the present review
were small, so their inclusion might induce high hetero-
geneity and consequently negatively affect the confidence
of the effect size estimates. Moreover, studies with small
sample sizes might mask potential inconsistencies, which
can be confounded by measures of imprecision. Impreci-
sion was determined when high variance occurred; how-
ever, the results across studies may seem consistent due
to overlapping, wide CIs. In the current GRADE scheme,
heterogeneity and imprecision are often evaluated inde-
pendently, which overlooks the relationship between these
two measures. Hence, the risk of falsely identifying hetero-
geneous datasets as nonheterogeneous should not be over-
looked when discussing and implementing meta-analysis
studies where the imprecision is very severe.
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4 | CONCLUSIONS

The present systematic review provides a comprehen-
sive summary and critical analysis of current knowl-
edge in the literature on changes in the concentration
and prevalence of Campylobacter in broiler chicken along
the full processing chain attributable to various pro-
cessing stages and microbial intervention strategies. In
general, the results indicate that processing stages can
either reduce or increase Campylobacter contamination
on broiler carcasses. Scalding and chilling can reduce
both prevalence and concentration. However, it is advis-
able to augment their control efficacy by integrating the
application of processing aids to control possible cross-
contamination between carcasses and contamination from
feces. Although preferred for some quality aspects, air
chilling may not provide as much control as immer-
sion chilling; therefore, combining air chilling with other
control measures such as processing aids may ensure
further reduction in prevalence and concentration. As
downstream steps, refrigeration and freezing will prevent
growth and provide reduction in both concentration and
prevalence. By contrast, evisceration and defeathering are
likely to increase prevalence or concentration, and these
stages should be closely monitored and targeted by inter-
ventions if necessary. Chemical and physical interventions
can reduce broiler contamination by up to 1-2 logs and are
mostly effective in reducing prevalence. However, discrep-
ancies between before-after and challenge trials indicate
that the effectiveness of these interventions might be lim-
ited under commercial conditions.

This review provides composite estimates for process-
ing stages and interventions, and a comprehensive list
of observed effects in individual studies that can be used
for future studies. Although risk management can gain
valuable information from the results, it should be noted
that the cumulative effects of processing stages and inter-
ventions, and risk estimates can only be estimated by fol-
lowing a QMRA. Risk management should also consider
the processing chain as a whole, as the individual effects
of stages and interventions are highly variable and depen-
dent on the characteristics of each processor; therefore,
an integrated approach for food safety should be followed
to minimize the risk of campylobacteriosis through the
consumption and handling of broiler chicken products.

The included studies provided limited information
about study design, pre- and postharvest conditions, and
possible confounders, which highlights the need for the
development of best practices in reporting scientific data
in food science and technology studies. At the outcome
level, unexplained heterogeneity was the main limiting
factor. To overcome this issue, better reporting of pro-

cessing conditions and other factors in future studies is
suggested.

The findings of this systematic review and meta-analysis
are expected to be useful for evidence-based decision-
making by government and industry risk managers and
risk assessors. Although newly adopted for food safety
practices, systematic evidence collection can provide
unbiased and transparent estimations for processing
stages and interventions for more accurate and reliable
decisions on food safety management and public health
protection.
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