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Abstract
Factors associated with the severity with which different challenge models (CMs) compromise growth performance in pigs 
were investigated using hierarchical clustering on principal components (HCPC) analysis. One hundred seventy-eight studies 
reporting growth performance variables (average daily gain [ADG], average daily feed intake [ADFI], gain:feed [GF], and final 
body weight [FBW]) of a Control (Ct) vs. a Challenged (Ch) group of pigs using different CMs (enteric [ENT], environmental 
[ENV], lipopolysaccharide [LPS], respiratory [RES], or sanitary condition [SAN] challenges) were included. Studies were 
grouped by similarity in performance in three clusters (C1, C2, and C3) by HCPC. The effects of CM, cluster, and sex (males 
[M], females [F], mixed [Mi]) were investigated. Linear (LRP) and quadratic (QRP) response plateau models were fitted to assess 
the interrelationships between the change in ADG (∆ADG) and ADFI (∆ADFI) and the duration of challenge. All variables 
increased from C1 through C3, except for GF, which decreased (P < 0.05). LPS was more detrimental to ADG than ENV, RES, 
and SAN models (P < 0.05). Furthermore, LPS also lowered GF more than all the other CMs (P < 0.05). The ∆ADG independent 
of ∆ADFI was significant in LPS and SAN (P < 0.05), showed a trend toward the significance in ENT and RES (P < 0.10), and was 
not significant in ENV (P > 0.10), while the ∆ADG dependent on ∆ADFI was significant in ENT, ENV, and LPS only (P < 0.05). The 
critical value of ∆ADFI influencing the ∆ADG was significant in pigs belonging to C1 (P < 0.05) but not C2 or C3 (P > 0.10). The 
∆ADG independent of duration post-Ch (irreparable portion of growth) was significant in C1 and C2 pigs, whereas the ∆ADFI 
independent of duration post-Ch (irreparable portion of feed intake) was significant in C1 pigs only (P < 0.05). Moreover, the 
time for recovery of ADG and ADFI after Ch was significant in pigs belonging to C1 and C2 (P < 0.05). Control F showed reduced 
ADG compared with Ct-M, and Ch-F showed reduced ADFI compared with Ch-M (P < 0.05). Moreover, the irreparable portion 
of ΔADG was 4.8 higher in F (−187.7; P < 0.05) compared with M (−39.1; P < 0.05). There are significant differences in growth 
performance response to CM based on cluster and sex. Furthermore, bacterial lipopolysaccharide appears to be an appropriate 
noninfectious model for immune stimulation and growth impairment in pigs.
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Introduction
Feed intake and feed efficiency interactively influence body 
weight (BW) gain, which is a simple and indirect measure that 
impacts financial return in pork production. These three indices 
are used to reflect good management strategies, the success of 
an operation, and as a guide to decision-making. However, there 
are a multitude of factors hampering growth performance of 
pigs in commercial herds, creating a gap between potential and 
actual performance (Patience et  al., 2015). Among the factors 
contributing to this variability, immune status likely plays a 
pivotal role (Laanen et  al., 2013). Interestingly, even when not 
exhibiting clinical signs of disease, there is a marked reduction 
in both voluntary feed intake and nutrient utilization efficiency 
in disease-challenged compared with non-challenged animals 
(Le Floc′h et al., 2004).

A number of challenge models (CMs) have been utilized in 
research to investigate the mechanisms of growth impairment 
in disease-challenged pigs, including enteric (ENT) (Wellington 
et  al., 2019, 2020) and respiratory (RES) pathogen challenge 
(Schweer et al., 2017; Dee et al., 2018), environmental stressors 
(ENV) (e.g., heat stress and high stocking densities) (Rauw et al., 
2017; Laskoski et al., 2019), systemic immune stimulation using 
bacterial lipopolysaccharide (LPS) (Lara et al., 2018; Wellington 
et  al., 2018), and sanitary conditions (SAN) (Jayaraman et  al., 
2015; van der Meer et al., 2016). For example, weaned pigs showed 
a 21% and 20% decrease in average daily gain (ADG) and feed 
intake (ADFI), respectively, post-challenge with enterotoxigenic 
Escherichia coli K88 compared with a non-challenged group  

(Pan et al., 2017). Likewise, Schweer et al. (2016) reported a 30% and 
25% reduction in ADG and ADFI, respectively, when comparing 
pigs infected or not with porcine reproductive and respiratory 
syndrome virus (PRRSV). ADG and ADFI were reduced by 2% and 
3% and by 7% and 4% in growing pigs housed in crowder pens 
(Wastell et al., 2018) or in hot environments (Lan and Kim, 2018) 
compared with those housed in adequate space allowance or 
ambient temperature, respectively. Lipopolysaccharide injection 
reduced ADG (−14%) and ADFI (−15%) in weanling pigs compared 
with a group injected with saline (Kang et  al., 2014). Finally, 
deterioration of SAN (e.g., no hygiene protocol applied, lack of 
medication or preventive treatment, and uncleaned pens after a 
previous batch of pigs) has been shown to impair ADG and ADFI 
by 19% and 23%, respectively, when compared with pigs housed 
in clean pens (Jayaraman et al., 2015, 2017).

Since there is no accurate predictor of pig performance 
under this multifactorial scenario, investigating the factors 
that influence the reduction in growth performance assists in 
the development of strategies to mitigate the effects of disease 
challenge in pigs. For example, it has been shown that the SAN 
at weaning is critical for immune development, suggesting that 
timing of exposure to challenge agents may differently impact 
the ability of the animal to respond (Brown et al., 2006). Also, more 
recently, notable chronological immunological development 
differences were observed between healthy female and male 
piglets, which may indicate sex-specific responsiveness to 
disease and dietary interventions (Christoforidou et  al., 2019). 
In this sense, a meta-analytical approach is able to set the basis 
for 1) gathering a greater amount of information, 2) reducing the 
effects of the particularities of single studies, 3) minimizing the 
influence of a reviewer’s personal opinion, and thus 4) leading 
to unbiased conclusions (Leandro, 2008; Vesterinen et al., 2014).

The objective of the present study was to investigate, using 
a multivariate approach, whether and to which extent inherent 
factors, including sex, BW, and feed intake at the beginning of 
the experiments, would influence growth performance response 
of pigs to different CMs.

Materials and Methods

Literature search, selection criteria, and database

Academic databases and search engines including Google 
Scholar, PubMed, CAB Abstracts, SciELO, and Science Direct were 
systematically searched. Additionally, reference lists in selected 
papers were screened for identification of related studies. 
Finally, results from unpublished theses were included if 
meeting the selection criteria. The search results were imported 
into a citation manager. Duplicates were removed. After title 
and abstract screening, full-text examination was conducted 
by two independent researchers. The specific keywords used for 
the systematic search are provided in Supplementary Table 1.

The following criteria were used to include data from a 
given study to the database: dissertation, thesis, or full article 
from peer-reviewed journals; published between 1985 and 2019 
inclusive; evaluation of results from a control (Ct) vs. a challenged 
(Ch) group; description of the randomization process; evaluation 
of ENT, ENV, LPS, RES, or SAN as a CM; and animals studied were 
postweaned pigs. Enteric pathogen challenges corresponded 
to infection of pigs with E.  coli, Lawsonia intracellularis, porcine 
deltacoronavirus, porcine rotavirus, Salmonella Typhimurium, 
and porcine epidemic diarrhea virus. Pigs were inoculated orally 
or intragastrically. Infection was conducted with one to four 
inoculations and doses varied from 1.0 × 105 to 1.0 × 1012 CFU/mL 

Abbreviations

∆ADFI	 change in ADFI
∆ADG	 change in ADG
ADFI	 average daily feed intake
ADG	 average daily gain
AIC	 Akaike’s information criterion
BIC	 Schwarz’s Bayesian information 

criterion
BW	 body weight
C (1–3)	 cluster (1–3)
Ch	 challenged group
CM	 challenge models
Ct	 control group
ENT	 enteric pathogen challenge
ENV	 environmental stressors
F	 female pigs
FBW	 final BW
GF	 gain:feed
HCPC	 hierarchical clustering on principal 

components
IBW	 initial BW
LPS	 bacterial lipopolysaccharide 

challenge
LRP	 linear response plateau
M	 male pigs
Mi	 mixed-sex pigs
PCA	 principal component analysis
PRRSV	 porcine reproductive and respiratory 

syndrome virus
QRP	 quadratic response plateau
RES	 respiratory pathogen challenge
RMSE	 root mean square error
SAN	 sanitary condition challenge
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for bacterial infections and from 1.0  × 103 to 5.0  × 107 TCID50/
mL for viral infections. Environmental stressors corresponded 
to pigs housed in high ambient temperatures (i.e., above 
thermoneutral zone for that age of pig) or in pens with limited 
space allowance (i.e., increased density for that age of pig). For 
studies evaluating the effects of high ambient temperature, 
pigs were housed at 14 to 28 vs. 28 to 38  °C, and, for studies 
evaluating space allowance, pigs were housed at 0.16 to 1.18 vs. 
0.08 to 0.81 m2/pig. LPS corresponded to stimulate an immune 
response using bacterial LPS from E.  coli. Pigs were injected 
intramuscularly, intraperitoneally, or intravenously. Immune 
stimulation was induced with one to seven inoculations, and 
doses varied from 1 to 200  μg/kg BW. RES corresponded to 
infection of pigs with Actinobacillus pleuropneumoniae, Mycoplasma 
hyopneumoniae, Pasteurella multocida, porcine circovirus type 
2, PRRSV, porcine respiratory coronavirus, pseudorabies live 
vaccine, and Salmonella choleraesuis. Pigs were inoculated 
intramuscularly, intranasally, or intratracheally. Infection was 
conducted with one to two inoculations and doses varied from 
1.0 × 105 to 3.0 × 1010 CFU/mL for bacterial infections, from 13 to 
200 μg of P. multocida toxin (Pm-T)/mL for P. multocida infection, 
and from 1.0  × 105 to 1.1  × 1011 TCID50/mL for viral infections. 
SAN corresponded to pigs housed in pens with poor hygiene 
conditions. The protocols generally consisted of keeping pigs 
in pens that were not cleaned or disinfected after a previous 
occupation by a different batch of pigs or in pens in which 
manure from a different batch of pigs had been added resulting 
in a mild, continuous stimulation of the immune system (Le 
Floc′h et al., 2006, 2009; van der Meer et al., 2016). When multiple 
challenges were evaluated in a given study, but separately, 
data were included separately for each challenge. In three 
studies evaluating RES, additional inoculations were performed 
(e.g., PRRSV and M. hyopneumoniae, Roberts and Almond, 2003; 
M. hyopneumoniae and porcine circovirus type 2, Roberts et al., 
2004; Kim et al., 2011; and PRRSV and porcine circovirus type 2, 
Park et al., 2014). As they did not produce discrepant response 
in performance variables compared with the other RES studies 
that they were maintained in the database.

Design criteria included CMs (ENT, ENV, LPS, RES, or SAN), sex 
(males [M], females [F], or mixed sex [Mi]), duration of challenge, 
group (Ct vs. Ch), and initial BW (IBW). The database comprised 
a total of 178 studies. Table 1 presents the general characteristics 
of studies within each CM, and Supplementary Table 2 presents 
the main experimental details of each study included in the 
analysis.

Response information

The dependent variables extracted for meta-analysis were final 
BW (FBW), ADG, ADFI, and gain:feed (GF). The ADG, ADFI, and GF 
were reported after (LPS, ENT, and RES) or during (ENV and SAN) 
exposure to the CM.

General model and clustering

We carried out a hierarchical clustering on principal components 
(HCPC) analysis (Lê et al., 2008), which grouped studies in three 
clusters (C1, C2, and C3). This approach is a type of exploratory 
analysis capable of organizing observed similarities in 
homogeneous studies using Ward’s method, applying squared 
Euclidean distance as the similarity measure. The statistical 
technique starts with building a hierarchical tree; then, the sum 
of within-cluster inertia is calculated for each partition, with the 
suggested partition being the one with the higher relative loss 
of inertia. In the present study, we used only the performance 

variables (IBW, FBW, ADG, ADFI, and GF) from the Ct group of 
each study to perform the cluster analysis as the differences 
between experimental designs could be reflected in different 
responses to CM. For this purpose, the HCPC function of the 
FactoMineR package (Lê et al., 2008) was used.

Table 2 presents the summary of the output parameters 
by cluster. Figure 1a and b shows the three groups (clusters) 
formed by cluster analysis and the dendrogram of hierarchical 
clustering, respectively. The data were analyzed using a linear 
mixed model (St-Pierre, 2001), with the random effect of studies 
and the fixed effects of cluster (C1, C2, and C3), group (Ct vs. Ch), 
CM (ENT, ENV, LPS, RES, and SAN), and sex (M, F, and Mi). Thus, 
the general model used was: 

Yijklmn = Ri + Gj +Dk + Cl + Sn + (Gj × Cl) + (Gj × Sn) + eijklmn

where Ri  =  random effect of studies (i  =  1, ..., 152 studies), 
Gj = group (j = Ct vs. Ch), Dk = CM (k = ENT, ENV, LPS, RES, and 
SAN), Cl  =  clusters formed (l  =  C1, C2, and C3), Sn  =  sex (M, F, 
and Mi), and eijklmn  =  the unexplained residual error N(0,σ2). 
The cluster and sex interactions with groups (Ct and Ch) were 
evaluated.

Estimates of fixed and random effects were obtained using 
the restricted maximum likelihood method, and parameter 
estimates were obtained using the lmer function of the 
lme4 package (Bates et  al., 2015). The need to model error 
heteroscedasticity was evaluated based on Akaike’s information 
criterion and Schwarz’s Bayesian information criterion, and the 
need to include covariates in the model was tested using the 
same criteria. The significance level was set at P ≤ 0.05 and a 
trend toward significance considered at 0.05 < P < 0.10.

Reduction in growth rate as a function of feed intake 
and temporal evaluation of ADG and ADFI

Linear (LRP; 1) and quadratic (QRP; 2) response plateau regression 
models were applied to investigate the effects of CM, cluster, and 
sex on the relationship between the change in ADG (∆ADG) and 
the change in ADFI (∆ADFI), and the analysis of temporal ∆ADG 
and ∆ADFI post-Ch according to the methodology adapted from 
Pastorelli et al. (2012):

Y = α+ β ∗ (X− γ) ∗ (X <= γ)� (1)

Y =(α+ β ∗ X+ γ ∗ x2) ∗ (X <= −0.5 ∗ β/γ)+
(α+−β2/(4 ∗ γ)) ∗ (X > −0.5 ∗ β/γ)

� (2)

where Y is the response variable estimated (ΔADG for 
evaluation of relation with ΔADFI, or ΔADG and ΔADFI for 
temporal changes analysis), α is the plateau value, β is the 
slope (difference between intercept and plateau), and γ is 
the time necessary to reach the plateau for temporal change 
analysis or the maximum ΔADFI above which there is no 
ΔADG. The maximum values of Y in equation 1 were equal to 
α and in equation 2 were calculated as α + − β2 / (4  * γ). The 
critical points X in equation 1 were equal to γ and in equation 2 
were calculated as −0.5 * β / γ. The intersection between Y and X 
values is the breakpoint of the models. The significance of the 
parameters was tested using an F-test and were set at P < 0.05 
and a trend toward significance when 0.05  < P  <  0.10. The 
normality of residuals was tested using Shapiro–Wilk test, and 
outliers were verified based on the evaluation of Studentized 
residuals in which absolute values exceed three leverage 
values, and cook’s distance (Sauvant et al., 2008). All statistical 

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
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analyses were conducted using R software program (R Core 
Team, 2020), and graphics were generated with the ggplot2 
package (Wickham, 2016). Finally, the partitioning of the ∆ADG 
independent of ADFI or dependent on ADFI was also calculated 
for each CM, cluster, and sex (Figure 2). In this approach, it is 
possible to identify the reduction in ADG at the same ADFI, 
indicating an increase in maintenance requirement, and the 
reduction in ADG dependent on ADFI, indicating a decrease in 
feed efficiency (Pastorelli et  al., 2012). Regression parameters 
for plateau models provided in Supplementary File 2 describing 
the interrelationship between ΔADG and ΔADFI within each 
cluster, sex, and CM were used for calculation. Briefly, the 
intercept of LRP (α) and QRP (α + − β2 / (4  * γ)) reflects the 
reduction in ADG not related to the reduction in ADFI, which 
can be interpreted as indicator for maintenance and the 
remaining portion of the model is regarded as associated to the 
change in feed efficiency (ADFI dependent). All the codes used 
in the present meta-analysis are included in Supplementary 
File 1.

Results

General model effects

Table 3 presents the estimated parameters of linear mixed 
models for performance variables of pigs used in the meta-
analysis. The intercept values were significant for ADG, ADFI, 

GF, and FBW (P < 0.05). Regardless of CM, there was a reduction 
in ADG and GF, and a trend for reduction of FBW in Ch pigs 
compared with Ct pigs (P < 0.05). There was no difference in ADFI 
between Ch and Ct pigs (P > 0.10).

Cluster effects

In general, IBW, FBW, ADG, and ADFI increased and GF decreased 
from C1 to C3 (P < 0.05; Table 3) as confirmed by means reported 
in Table 2. Pigs from C2 had greater reduction in FBW (P < 0.05) 
and tended to have greater reduction in ADG (P  <  0.10) while 
showing lower reduction in GF (P < 0.05) compared with C1 pigs. 
Pigs from C3 had greater reduction in ADG, ADFI, GF, and FBW 
(P < 0.05) compared with C1 pigs (Table 3). Figure 3a shows the 
effects of clusters on the relationship between ΔADG and ΔADFI 
in pigs, with regression parameters reported in Supplementary 
File 2. All clusters were best adjusted by QRP. The plateau in 
ΔADG was significant for all the clusters (C1: −9.74, C2: −8.22, 
and C3: 10.00; P < 0.05), whereas the slope (ΔADG × ΔADFI) was 
not significant for any cluster (C1: 0.36, C2: 0.52, and C3: 0.45; 
P > 0.10). The critical value in ΔADFI was significant only in C1 
pigs (−0.03; P < 0.05). Figure 3b and c shows the effect of cluster 
on the relationship between ΔADG or ΔADFI and the duration 
of challenge in pigs, with regression parameters reported in 
Supplementary File 2. All clusters were best adjusted by LRP for 
ADG and ADFI. The plateau in ΔADG was significant only for C1 
and C2 (C1: −14.49 and C2: −16.26; P < 0.05), whereas the slope 
(3.75; ΔADG × duration) and the critical value in duration (15.15) 

Table 2.  Descriptive statistics of traits reported by the studies used in the meta-analysis split by clusters1

Item C1 C2 C3

IBW, kg 7.62 ± 2.53 (3.80; 21.90) 19.01 ± 7.38 (4.63; 38.00) 46.22 ± 21.04 (8.00; 104.00) 
FBW, kg 15.96 ± 6.50 (5.02; 35.10) 36.92 ± 10.03 (14.61; 65.93) 76.61 ± 23.67 (26.43; 144.48) 
ADG, kg/d 0.38 ± 0.12 (0.09; 0.64) 0.68 ± 0.13 (0.46; 1.10) 0.95 ± 0.14 (0.68; 1.29)
ADFI, kg/d 0.60 ± 0.19 (0.20; 1.13) 1.32 ± 0.29 (0.93; 1.99) 2.50 ± 0.56 (1.74; 3.99)
GF, kg/kg 0.68 ± 0.11 (0.33; 1.08) 0.56 ± 0.08 (0.30; 0.73) 0.37 ± 0.11 (0.00; 0.52)

1Data are expressed as mean ± SEM. The interval presented in parentheses corresponds to the data range.

Figure 1.  Biplot (a) of variables and studies used in the meta-analysis represented for the first (Dim1) and second dimensions (Dim2). Each data plot represents a study, 

and each cluster is depicted by a given shape. Ellipses represent the concentration of each cluster in normal probability, whereas its centroid is represented by a bigger 

symbol with the same shape as the studies in the same cluster. Dendrogram (b) obtained by hierarchical classification showing the relatedness of studies belonging to 

C1 (light grey box), C2 (dark grey box), and C3 (black box). Cluster formation was determined according to the loss of inertia (top right), which became stable after C3. 

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
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were significant only for C1 (P < 0.05). Moreover, the plateau in 
ΔADFI was significant only for C1 (−6.93; P < 0.05), whereas the 
slope (ΔADFI × duration) was significant only for C1 (1.54) and 
C2 (0.64) (P < 0.05).

Sex effects

Unchallenged F had lower ADG compared with Ct-M (P < 0.05; 
Table 3). Challenged F showed reduced ADFI compared with 
Ch-M, regardless of the CM (P < 0.05; Table 3). Figure 4a shows 

Figure 2.  Partitioning of the reduction in growth in Ch compared with Ct pigs by clusters (C1, C2, and C3) (a); sex (M, F, and Mi) (b); and CMs (ENT, ENV, LPS, RES, or SAN) 

(c), stratified in component associated with maintenance requirement or/and component associated with maintenance requirement.



Copyedited by: SU

Rodrigues et al.  |  7

the effects of sex on the relationship between ΔADG and ΔADFI 
in pigs, with regression parameters reported in Supplementary 
File 2. Male and Mi were best adjusted by LRP, and F was best 
adjusted by QRP. The plateau in ΔADG (M: −10.90 and Mi: 
−10.11), the slope (M: 1.86 and Mi: 2.75; ΔADG × ΔADFI), and 
the critical value in ΔADFI (M: −16.82 and Mi: −15.34) were 

significant for M and Mi (P  <  0.05), and the critical value in 
ΔADFI (plateau in ΔADG) was significant only for M (−16.8232) 
and Mi (−15.349) (P < 0.05). Figure 4b shows the effects of sex 
on the relationship between ΔADG and duration of challenge 
in pigs, with regression parameters reported in Supplementary 
File 2. All sexes were best adjusted by QRP. The plateau in ΔADG 

Table 3.  Estimated parameters of linear mixed models for performance variables of pigs used in the meta-analysis

Variable1

 ADG, kg/d ADFI, kg/d GF, kg/kg FBW, kg

Parameter2     
  Intercept 0.35 ± 0.03*** 0.50 ± 0.10*** 0.76 ± 0.04*** 15.10 ± 3.34***
  Challenge −0.08 ± 0.03** −0.05 ± 0.05 −0.15 ± 0.05** −1.01 ± 0.57†

  C2 0.35 ± 0.03*** 0.85 ± 0.09*** −0.16 ± 0.4*** 20.66 ± 3.44***
  C3 0.59 ± 0.04*** 2.03 ± 0.11*** −0.29 ± 0.05*** 62.36 ± 3.93***
  F −0.12 ± 0.05* −0.20 ± 0.13 −0.07 ± 0.06 0.63 ± 4.79
  Mi 0.01 ± 0.03 −0.03 ± 0.09 −0.03 ± 0.04 −0.55 ± 3.21
  Challenge:C2 −0.06 ± 0.03† −0.08 ± 0.06 0.11 ± 0.05* −1.81 ± 1.63**
  Challenge:C3 −0.11 ± 0.04** −0.42 ± 0.06*** 0.13 ± 0.06* −3.58 ± 0.69***
  Challenge:F −0.06 ± 0.05 −0.21 ± 0.08* −0.03 ± 0.07 −0.51 ± 0.85
  Challenge:Mi −0.02 ± 0.03 0.01 ± 0.05 −0.01 ± 0.05 −0.17 ± 0.60
Summary of fit
  No. of observations 218 208 202 218
  No. of studies 103 98 95 102
  RMSE3 0.08 0.13 0.13 1.44
  R 0.75 0.79 0.33 0.73
  r2 0.86 0.95 0.49 0.99
  AIC −237.06 108.01 −98.97 1,429.97
  BIC −182.91 161.41 −46.04 1,484.12

1Symbols (†, *,**,***) represent significant differences with, P < 0.10, P < 0.05, P < 0.01, and P < 0.001, respectively.
2Main (Intercept, Challenge, C2, C3, Gilts, and Mi) and interaction (Challenge:C2, Challenge:C3, Challenge:Gilts, and Challenge:Mi) units 
correspond to the same units as their respective variable units. Values are least square mean ± SE.
3AIC, Akaike information criterion; BIC, Bayesian information criterion; R, coefficient of correlation; r2, coefficient of determination; RMSE, root 
mean square error.

Figure 3.  Effect of clusters (C1, C2, and C3) on (a) the relationship between ΔADG and ΔADFI, (b) the relationship between the change in ΔADG, or (c) feed intake (ΔADFI) 

and the duration of challenge, in pigs. Responses are expressed as the difference between Ch and Ct pigs. Lines represent the LRP or the QRP adjustments. Refer to 

Supplementary File 2 for parameters of model adjustment and significances. 

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
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was significant for all the sex (M: −39.15, F: −187.78, and Mi: 
−151.69; P < 0.05), whereas the slope (17.15; ΔADG × duration) 
and the critical value in duration (−0.54; plateau in ΔADG) were 
significant only for Mi (P < 0.05).

CM effects

Table 4 presents the comparison between CM on the changes 
in growth performance variables of pigs. LPS reduced ADG to a 
higher extent than ENV, RES, and SAN (P < 0.05). Furthermore, 
LPS resulted in a higher degree of reduction in GF compared 
with all the other CMs (P < 0.05). Figure 5 shows the effects of 
CM on the relationship between ΔADG and ΔADFI in pigs, with 
regression parameters reported in Supplementary File 2. All CMs 
were best adjusted by LRP, except for RES, which was adjusted by 
QRP. The plateau in ΔADG was negative for all CM and significant 
for LPS (−12.37) and SAN (−9.78) (P < 0.05), showed a trend toward 
the significance for ENT (−11.00) and RES (−11.56) (P < 0.10), and 
was not significant for ENV (−8.06) (P > 0.10). The slopes (ΔADG × 
ΔADFI) were significant for ENT (1.84), ENV (0.95), and LPS (3.27) 
(P < 0.05) and were not significant for RES (0.16) and SAN (0.30) 
(P > 0.10).

Discussion
The objective of this meta-analysis was to investigate the 
effects of different challenges on the change in growth 
performance variables in postweaned pigs and to identify 
factors that affect the response to CM. To achieve this, a total 
of 178 studies published between 1985 and 2019 assessing the 
effects of one of five CMs (ENT, ENV, LPS, RES, or SAN) were 
gathered. Using HCPC, studies were grouped by similarity in 
three clusters with increasing IBW, FBW, ADG, and ADFI and 
decreasing GF from C1 through C3. Linear regression plateau 
and QRP models were fitted to investigate the effects of CM, 
cluster, sex, and duration of challenge on the reduction of 
growth performance variables. To our knowledge, this is the 
first attempt to use the HCPC model to quantify and explore 
growth suppression caused by multiple immune CMs in pigs. 
The benefit of using principal component analysis (PCA) 
for cluster formation is that correlations can be removed 
in a variable set, thereby reducing collinearity. The PCA 

performed produces orthogonal, completely uncorrelated 
axes as outputs, which can be used subsequently for 
clustering, in the place of their original variables. In this 
sense, the PCA is applied to the correlation and not the 
covariance matrix, which prevents distortion by the different 
variables (Dormann et al., 2013). More recently, a very similar 
HCPC approach was used to cluster pig studies according to 
performance variables and investigate the effects of dietary 
intervention (Pompeu et al., 2017).

The reduction in ADG, GF, and FBW revealed by our 
analysis is consistent with the literature, as both stressful 
conditions and immune system stimulation generally reduce 
the efficiency of nutrient utilization (Le Floc′h et  al., 2004). 
In general, subclinical levels of disease have been shown to 
reduce lean tissue growth by 20% to 35% and feed efficiency 
by 10% to 20% in growing pigs (Williams et al., 1997a, 1997b; Le 
Floc′h et al., 2009). This is partly explained by a redistribution 
of nutrients from diet and body reserves toward the support 
of immune system after exposure to pathogens, toxins, and 
virulence factors among other stressors (Reeds et  al., 1994). 
The lack of effect of Ch on ADFI suggests that the major 
component of reduced growth in challenged pigs is due to the 
changes in nutrient utilization efficiency rather than decreased 
feed intake (Rakhshandeh et  al., 2012). This is in contrast to 
recent results from a meta-analysis investigating the growth 
response to disease challenge in pigs, which showed both an 
effect on nutrient utilization and feed intake on the reduction 
in growth (Pastorelli et al., 2012). Due to an imbalance between 
studies within each factor, we could not test for significant 
interactions between CM, cluster, and sex and, therefore, only 
main effects are discussed here.

CM effects

The greater reduction in ADG and GF observed in LPS is 
consistent with the reported substantial cytokine production 
and consequent sepsis and septic shock associated with this CM 
(Opal et al., 1999; Alfieri et al., 2012; Wu et al., 2016). Circulating 
levels of interleukin (IL)-6 are known to drastically increase after 
LPS injection, which has a direct relationship with the febrile 
changes of body temperature (LeMay et  al., 1990; Roth et  al., 
1993). In pigs, the model has been used to trigger inflammation 
(Johnson and von Borell, 1994) leading to BW loss (Jiang et al., 2009; 

Figure 4.  Effect of sex (M, F, and Mi) on (a) the relationship between ΔADG and ΔADFI and (b) the relationship between ΔADG and the duration of challenge, in pigs. 

Responses are expressed as the difference between Ch and Ct pigs. Lines represent the LRP or the QRP adjustments. Refer to Supplementary File 2 for parameters of 

model adjustment and significances.

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
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Kang et al., 2014). Recent studies showed altered requirements 
of various amino acids during LPS challenge in pigs for growth 
functions (Rakhshandeh et  al., 2010; de Ridder et  al., 2012; 
Litvak et al., 2013; Wellington et al., 2018), suggesting that the 
negative effects of LPS challenge are more related to a change in 

maintenance requirements/nutrient utilization efficiency than a 
reduction in feed intake. It is possible that the reduced response 
in ADG with ENV compared with LPS is due to lack of response 
in nutrient utilization, with pigs largely responding to high 
environmental temperature through reduction in feed intake 
and altering feeding behavior (e.g., reducing meal frequency 
and duration; Rauw et al., 2020). The severity of LPS compared 
with RES as a CM is supported by previous meta-analytical 
findings from Pastorelli et al. (2012) who reported total recovery 
in RES-challenged pigs, possibly through compensatory growth 
(Kyriazakis and Emmans, 1992; Lovatto et al., 2000). Furthermore, 
in response to LPS challenge, pigs experience direct injection 
of a toxin, whereas, in experimental models of RES, the main 
findings are usually associated with neutrophilia and damage 
to cilia (e.g., Blanchard et al., 1992; Gauger et al., 2011). Also, it 
has been shown that the response associated with infection of 
pigs with pathogens, such as M. hyopneumoniae, leads to a more 
tissue-specific response (Thanawongnuwech and Thacker, 2003; 
Leal Zimmer et  al., 2019). Furthermore, SAN is generally used 
to simulate low-level environmental pathogen exposure and is, 
therefore, characterized by a continuous and mild stimulation of 
the immune system. As a result, there is evidence that housing 
pigs in poor sanitary conditions (e.g., dirty pens) does not always 
result in reduction in ADG (Gentry, 2001). The efficacy of SAN 
as a CM may be dependent on a number of factors, such as the 
pathogens present and pathogen load, source of manure, and 
other health protocols used. Likewise, differences in response to 
LPS may be expected depending on the period after which LPS is 
administered (e.g., short- vs. long-term studies), as LPS tolerance 
has been observed in pigs following multiple injections, limiting 
the impact of LPS on performance parameters. Interestingly, no 
differences between CM were observed for the changes in ADFI 

Table 4.  Comparison between CMs on the changes in growth performance parameters of pigs

CMs1

Item ENT ENV LPS RES SAN

ADG, kg/d
  ENT —     
  ENV −0.03 ± 0.04 —    
  LPS 0.06 ± 0.04 0.09 ± 0.04* —   
  RES −0.06 ± 0.04 −0.03 ± 0.03 −0.12 ± 0.04** —  
  SAN −0.04 ± 0.04 0.01 ± 0.04 −0.10 ± 0.04* 0.02 ± 0.03 —
ADFI, kg/d
  ENT —     
  ENV −0.01 ± 0.11 —    
  LPS −0.06 ± 0.12 −0.05 ± 0.13 —   
  RES −0.01 ± 0.09 −0.01 ± 0.08 0.05 ± 0.13 —  
  SAN 0.02 ± 0.11 0.02 ± 0.11 0.08 ± 0.13 0.02 ± 0.11 —
GF, kg/kg
  ENT —     
  ENV 0.07 ± 0.05 —    
  LPS 0.19 ± 0.05** 0.11 ± 0.06* —   
  RES 0.02 ± 0.05 −0.05 ± 0.04 −0.17 ± 0.06* —  
  SAN 0.02 ± 0.04 −0.06 ± 0.05 −0.17 ± 0.05* −0.01 ± 0.05  
FBW, kg
  ENT —     
  ENV −0.94 ± 2.06 —    
  LPS 3.14 ± 4.30 4.09 ± 4.33 —   
  RES −0.88 ± 1.80 0.07 ± 1.11 −4.02 ± 4.23 —  
  SAN −3.58 ± 3.92 −2.63 ± 3.92 −6.72 ± 2.70 −2.70 ± 3.88 —

1Symbols (*,**) represent significant differences with 0.05 < P < 0.10, P < 0.05, and P < 0.01, respectively. Values represent the change (Ct − Ch) in 
each parameter caused by the CM in the left column subtracted from the change caused by the CM in the upper row ± SE. 

Figure 5.  Effect of CMs (ENT, ENV, LPS, RES, or SAN) on the relationship between 

ΔADG and ΔADFI in pigs. Responses are expressed as results of the challenged pigs 

relative to that of a control group. Lines represent the LRP or the QRP adjustments. 

Refer to Supplementary File 2 for parameters of model adjustment and significances.

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skab035#supplementary-data
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(P > 0.10) suggesting that all models were equally detrimental to 
feed intake. This contrasts with the findings from Pastorelli et al. 
(2012) showing the strongest response in ADFI for respiratory 
diseases and digestive bacterial infections in pigs; however, 
numerical differences were not tested statistically in that 
study. It should be highlighted that the present meta-analysis 
contrasted an acute CM (LPS) with more chronic stressors (ENT, 
ENV, RES, and SAN). Lipopolysaccharide is a one-time injection, 
while pathogen and environmental challenges occur over time 
(e.g., after exposure, it takes hours–days for clinical signs to 
develop in a cascade of action–reactions). We were unable to fit 
reasonable models (e.g., LRP or QRP) to the relationship between 
ΔADG or ΔADFI and the duration of experiments for the 
different CMs, which would give an insight into the adaptation 
post-challenge initiation and consequently detect differences 
between acute and chronic models. Moreover, the present meta-
analysis presents an inherent inability to test for the interaction 
between CM and clusters. These investigations merit further 
attention in future approaches.

 The plateau in ΔADG may be interpreted as the reduction 
in ADG independent of the reduction in ADFI, indicating 
alterations in maintenance requirements. The slope indicates 
the reduction in ADG dependent on the reduction in ADFI, 
indicating alterations in feed efficiency. It can be inferred 
from our analysis that LPS and ENT have equal components of 
alterations in maintenance requirements and feed efficiency. 
Interestingly, Pastorelli et  al. (2012) reported no contribution 
of increased maintenance requirements to reduced growth 
performance with LPS challenge in a meta-analytical approach. 
The increased protein degradation rate and decreased protein 
utilization for body protein retention triggered by LPS may 
further depress feed efficiency in pigs (Daiwen et  al., 2008). 
There is strong evidence of altered requirements of multiple 
amino acids for growth in LPS-challenged pigs (Rakhshandeh 
et al., 2010; de Ridder et al., 2012; Litvak et al., 2013; Wellington 
et  al., 2018), which highlights that maintenance requirements 
and/or nutrient utilization efficiency may be affected by this CM. 
It is well-documented that there is reduced barrier function and 
impaired digestive function with gastrointestinal disease, which 
likely decreases nutrient utilization efficiency with ENT models 
(Kim et al., 2012). Also, for RES and SAN, changes in maintenance 
requirements seem to play a larger role than alterations in 
feed efficiency on the performance response. Indeed, there is 
evidence for increased amino acid requirement in both RES- 
and SAN-challenged pigs (Le Floc′h et  al., 2009; Jayaraman 
et al., 2015; Schweer et al., 2019). Finally, in ENV pigs, the major 
component was related to changes in feed efficiency rather than 
maintenance requirements, which agrees with meta-analytical 
approach by Renaudeau et al. (2011), showing that the primary 
cause of decreased ADG associated with heat stress is due to a 
decrease in feed intake. Likewise, Laskoski et al. (2019) reported 
a positive quadratic effect of decreased number of pigs per 
feeder hole on feed efficiency, and this was consistent with an 
increased in ADFI as stocking density decreased.

Cluster effects

HCPC analysis clustered studies into groups (i.e., C1, C2, 
and C3) based on similarity in IBW, FBW, ADG, ADFI, and 
GF. The average IBW of pigs in C1, C2, and C3 was 7.62, 
19.01, and 46.22 kg, respectively, which is representative of 
postweaned, nursery, and grower pigs, respectively. Figure 1 
shows the variable axis and the spatial distribution of each 
study related to the first and second principal components 

with a cumulative inertia of 84.1%. The centroid position of 
each cluster in these two components allows for comparison 
between them. Moreover, the angle between variable axes 
reveals how they are related to each other. The smaller 
the angle between two variables is, the more positively 
correlated they are, which may be concluded from the 
relation between IBW, FBW, and ADFI. Also, it can be inferred 
from this database that the heavier the pig is at the beginning 
of the experiment (i.e., higher IBW), the smaller the GF is, as 
revealed by their opposite directions (negatively correlated). 
These are expected findings as pigs have increased growth 
rate and voluntary feed intake and become less efficient 
over time (Quiniou et al., 2000; Lawlor et al., 2002). Of note, 
the only data manipulation during the clustering process 
was selecting data from the Ct group within each study 
as explained above. The statistical software is allowed to 
identify where the loss of inertia becomes stable, that is, 
where there is no detectable difference between clusters 
(Figure 1b). We detected a clear difference (loss of inertia) 
between the first two clusters (need for clustering) and a 
narrower, but still present, difference between the second 
and third clusters. From the fourth cluster onwards, the 
difference was not significant (loss of inertia became stable), 
which explains why three clusters were formed from our 
database. Interestingly, the clusters automatically generated 
were representative of weaned, nursery, and grower pigs 
despite no interference in the clustering process.

Our analysis showed that, regardless of the stage of 
production (cluster), the major component of reduction in 
ADG was due to changes in nutrient requirements (Figure 2). 
Interestingly, the critical value in ΔADFI was only significant 
for pigs belonging to C1, which means that feed intake level 
around weaning may be an important component for recovery 
of detrimental effects of stressors in lighter, postweaned pigs 
(Spreeuwenberg et  al., 2001; Verdonk et  al., 2007). This is in 
agreement with evidence that diminished feed intake is a major 
contributor to poor performance after weaning and that nutrient 
supply (e.g., increased intake) may be pivotal for restoring 
performance (Spreeuwenberg et al., 2001). Furthermore, this is 
possibly a result of the limited feed intake capacity in newly 
weaned pigs (i.e., impact of gut fill) and inability to meet growth 
potential due to limits in feed intake (Dong and Pluske, 2007). 
Several concurrent stressors are known to impair voluntary feed 
intake around weaning, including changing from a milk-based 
to a cereal-based diet (Williams, 2003), depletion of passive 
immunity from the sows’ secretions (King and Pluske, 2003, 
Gallois et  al., 2009), and mixing with unfamiliar littermates 
(Moeser et al., 2007).

The relationships between ΔADG, ΔADFI, and the duration of 
challenge revealed important differences between clusters on 
the responsiveness to challenge. The plateau in ΔADG or ΔADFI 
indicates the immediate reduction in each parameter; the slope 
indicates the significance of the relationship between each 
parameter and the duration postchallenge (i.e., ΔADG × duration; 
ΔADFI × duration); and the critical value in duration indicates 
the time required after which no further attenuation in ΔADFI 
or ΔADG is achieved. Our database shows that an irreparable 
portion of growth and feed intake depression was observed 
only in lighter pigs (i.e., C1 and C2). Moreover, the significance in 
ΔADG × duration reveals a more immediate decrease in growth 
postchallenge in C1 pigs, which was not observed in C2 or C3. 
Likewise, for ADFI, the significance in ΔADFI × duration shows 
a more immediate reduction in feed intake postchallenge in C1 
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and C2 pigs but not in C3 pigs. Interestingly, the critical value 
in duration (plateau in ΔADG) was significant for pigs belonging 
to C1 and C2 only. Our model showed 15.1, 22.7, and 55.2 as 
the days required after which no further improvement in ADG 
was observed. Moreover, the critical value in duration (plateau 
in ΔADFI) was significant for pigs belonging to C1 and C2, and 
not in C3 pigs. Taken together, our results suggest that younger 
pigs (i.e., C1 and C2) experience a more sudden and dramatic 
decrease in ADG and ADFI, whereas older pigs (i.e., C3) require a 
longer period for full recovery of ADG and ADFI.

Sex effects

The lower ADG in Ct-F compared with Ct-M confirms 
previous evidence of 6% to 7% lower growth rate of 
gilts vs. barrows from weaning until finishing phase 
(Comstock et al., 1944; Boler et al., 2014; Puls et al., 2014). 
Interestingly, our analysis revealed that Ch-F showed 
reduced ADFI compared with Ch-M, regardless of the CM, 
which corroborates earlier evidence showing that systemic 
immune stimulation in barrows and gilts led to increased 
serum tumor necrosis factor-α, IL-6, and haptoglobin levels 
in the latter compared with the former, which may have 
a direct effect on reducing feed intake (Williams et  al., 
2009). Furthermore, inflammatory cytokines are known 
to compromise animal growth through the stimulation of 
skeletal muscle proteolysis and adipose tissue lipolysis 
(Janeway et  al., 2001). Furthermore, despite being not 
significant in the model, F experienced a 2-fold greater 
decrease in ADG independent of ADFI compared with 
M, and the change in ΔADFI beyond which there was no 
improvement in ΔADG (i.e., critical value in Δ ADFI) was 
340-fold narrower in F than in M, which is consistent 
with a greater overall reduction in ADFI of Ch-F compared 
with Ch-M.

We reported a plateau in ΔADG 4.8 higher in F compared 
with M, meaning that a greater proportion of the irreparable 
decrease in growth may be expected in challenged gilts. Our 
findings suggest that M may be more efficient in recovering 
ADFI, shortening the ADG recovery time, and enabling a higher 
plateau in ADG than in females. Recently, Christoforidou et al. 
(2019) reported that 28-d-old female pigs showed greater 
potential for local immune regulation (e.g., less antigen-
presenting cells and greater regulatory T-cell numbers) 
compared with males. Moreover, females produced a greater 
systemic antibody response to injected ovalbumin and dietary 
soy and synthesized more immunoglobulin A in mesenteric 
lymph nodes. Likewise, Williams et  al. (2009) inoculated 
barrows and gilts with LPS and reported that the magnitude 
of pro-inflammatory cytokine response, the magnitude of 
the norepinephrine response, and the production of serum 
amyloid A were sex dependent. Despite being speculative, the 
evidence showing that female pigs have a more robust local 
immune system and a stronger systemic immune response 
could reflect increased nutrient requirements, meriting further 
investigation. Future studies using CM in pigs should carefully 
consider including sex as a factor of dimorphism in immune 
development, considering that sex-specific differences 
in innate immune- and stress-related hormones may be 
associated with different growth responses to challenge. It is 
known that differences in growth performance and nutrient 
requirements between boars, barrows, and gilts generally 
become more pronounced as they reach heavier weights 
(Quiniou et al., 2010). Thus, it may be expected that a marked 
interactive effect of clusters (production stage) and sex would 
occur on the changes in performance variables between Ch 

and Ct pigs, even though our database and model did not allow 
for the analysis of this interaction.

Conclusions and Implications
In the present meta-analysis, we were able to further characterize 
the differences in performance parameters of immune-
challenged pigs as influenced by CM, sex, and production stage 
(cluster). The HCPC approach represents a valuable tool for the 
swine industry where representative variables are identified 
and explored in large, highly correlated datasets of production 
system. Moreover, clustering techniques are useful for decision-
making in the industry, where the ability for daily monitoring 
of a large number of datasets is limited. Finally, in the future, 
the determination of nutrient requirements for diseased pigs 
will largely rely on the estimations of the changes in ADG and 
ADFI, as well as the time required to reach the plateau in these 
variables after exposure to challenge, which brings further 
importance to the present meta-analysis.

In summary, regardless of CM, pigs exposed to immune 
stimulation had reduced growth performance over the entire 
BW range of 7 to 77 kg. LPS and ENT seem to result in the most 
dramatic response in growth, which is most likely the result of 
the systemic stimulation of the immune system by the former 
and the direct damage to the gastrointestinal tract by the latter. 
Female pigs showed greater negative response in performance 
when compared with male pigs, which corroborates earlier 
findings of sexual dimorphism regarding immune system 
development. Further research on CMs should focus on including 
sex as a major factor of influence when evaluating pig response. 
Finally, our multivariate approach reveals that postweaned 
piglets until 15 kg BW were more affected by a challenge than 
pigs from 19 to 36 and 46 to 76 kg stage of production. Specifically, 
younger pigs experienced a more sudden and dramatic decrease 
in ADG and ADFI, whereas older pigs appeared to have a longer 
period for recovery of these variables reaching a higher plateau. 
Although we could not test for the interaction between CM, sex, 
and cluster, the individual effects clearly show that the factors 
captured in this meta-analysis influence response of growth in 
challenged pigs.
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