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concentration and LCFA saturation.

Production performance

Background: Supplementation of feed with long-chain fatty acids (LCFAs) during the grower and finisher phases
has long been discussed as a growth promotion strategy in pigs, but its effects are inconsistent. The purpose of our
study was to comprehensively evaluate its effects on the growth performance based on the average daily gain
(ADG), average daily feed intake (ADFI) and gain: feed (G:F) ratio and to unveil the roles of the basal diet, LCFA

Results: We searched the PubMed and Web of Science databases (articles published from Jan 1%, 2000, to Sep SOth,
2018; restricted to English) and compared LCFA-supplemented diets with control diets. We retrieved 2346 studies, 18
of which (1314 pigs, 26 records) were eligible for our analysis. We used a random-effects model to calculate the
weighted mean differences (WMDs) and 95% confidence intervals (Cls). LCFA supplementation in the grower-finisher
phase improved the ADG (WMD =41.74 g/d, 95% Cl: 881 to 74.66, P=0.013) and G:F ratio (WMD =0.019, 95% Cl: 0.006
to 0.032, P=0.003). For supplementation solely in the finisher phase, we found a similar performance in the ADG
(WMD =39.93 g/d, 95% Cl: 2648 to 53.38, P < 0.001) and G:F ratio (WMD =0.019, 95% Cl: 0.006 to 0.032, P < 0.001) but a
reduction in the ADFI (WMD = —83.863 g/d, 95% Cl: — 156.157 to — 11.569, P = 0.023). Specifically, approximately 5%
LCFA supplementation in the finisher phase had significant effects on the ADG (WMD = 51.385 g/d, 95% Cl: 35.816 to
66.954, P < 0.001), ADFI (WMD = — 102.869 g/d, 95% Cl: — 189.236 to — 16.502, P=0.02) and G:F ratio (WMD = 0.028, 95%
Cl: 0018 to 0.039, P < 0.001), whereas a concentration of approximately 1% exhibited no effects.

Conclusions: Overall, regardless of the basal diet and saturation, LCFA supplementation greatly improves the growth
performance of grower and finisher pigs, primarily by increasing the energy density.

Keywords: Energy density, Finisher pig, Grower pig, Growth performance, Long-chain fatty acid, Meta-analysis,

Background

Antimicrobial growth promoters (AGPs) have been used
in the pig industry for more than 60 years, where they
have made impressive contributions in terms of economic
benefits and healthy farming [1]. Simultaneously, as a
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result of extensive use of sub-therapeutic antimicrobials
[2], pigs have become an important reservoir of
antimicrobial-resistant bacterial strains and genes, which
seriously endanger public health [3, 4]. In addition, rapidly
rising concerns about food safety from consumers are en-
couraging animal nutritionists to develop reliable alterna-
tives for growth promotion.

Supplementation of long-chain fatty acids (LCFAs),
which is the largest category of fatty acids in animal diets
[5], or their compounds into daily rations provides a prac-
tical method for achieving better growth performance
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than diets without additional LCFA supplementation.
More importantly, few adverse effects of fatty acids have
been found, which ensures easier acceptance of LCFAs as
a growth promoter by consumers. According to the Na-
tional Research Council (NRC) [6], supplementation of
grower and finisher feed with fatty acids increases the
growth speed, reduces the feed intake and improves the
gain efficiency. However, in feeding trials, the effects of
LCFA supplementation on growth performance are incon-
sistent. Our review of previous studies reveals that some
influential factors, including the basal diet [corn-soybean
vs. distillers’ dried grains with solubles (DDGS)], LCFA
concentration (high concentration vs. low concentration)
and LCFA saturation (saturated vs. unsaturated), should
be considered when exploring the synergistic effects of
basal diet with LCFAs, the dosage-dependent effect of
such supplementation and the influence of the physico-
chemical properties of LCFAs, respectively.

Because separate studies differ in the factors consid-
ered and inevitably lack an overall investigation [7], we
performed a meta-analysis to reveal the effects of LCFA
supplementation on grower and finisher pigs and to elu-
cidate the influential factors based on the average daily
gain (ADG), average daily feed intake (ADFI) and gain:
feed (G:F) ratio.

Methods

This meta-analysis strictly followed the guidelines of the
Preferred Reporting Items for Systematic Reviews and
Meta-analyses [8].

Search strategy
We collected relevant studies published between Jan 1%,
2000, and Sep 30", 2018, in the PubMed (https://www.

Table 1 Search strategy
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ncbi.nlm.nih.gov/pubmed; accessed Sep 30™, 2018) and
Web of Science (http://webofknowledge.com; accessed
Sep 30", 2018) databases. The date range was chosen
based on the development of feeding facilities and im-
provements in growth performance due to breeding [9].
We restricted the language to English. The search prin-
ciples were as follows: 1) the terms “grower pig” and
“finisher pig” were extended to include “pig”, “swine”,
“boar”, “piglet”, “sow”, “gilt” and “barrow”; 2) the terms
related to fatty acids were searched in the PubMed data-
base beforehand and shown to be “acids, fatty”, “fatty
acids, esterified”, “acids, esterified fatty”, “esterified fatty
acids”, “fatty acids, saturated”, “acids, saturated fatty”,
“saturated fatty acids”, “aliphatic acids” and “acids, ali-
phatic”; and 3) growth performance was equal to pro-
duction performance. The detailed search strategy and
findings are shown in Table 1. We also extended our
search to the articles referenced by the studies identified
for the meta-analysis.

Selection criteria and procedure

Studies were eligible for inclusion in our meta-analysis
under the conditions that 1) the growth performance pa-
rameters (ADG, ADFI and G:F ratio) were reported, 2)
LCFAs, LCFA esters, LCFA-rich compounds or LCFA
salts were added to the feed throughout the experimental
period, 3) the trials were initiated at the growing or finish-
ing phase and terminated at the finishing phase, 4) the
ADFI and G:F ratio were calculated by the gross weight of
the feed, 5) the genetic background was a commercial
breed (e.g., Duroc x Landrace x Yorkshire) and 6) the de-
tailed fatty acid composition and protein density were in-
cluded, with no difference in the protein level. The
exclusion criteria were as follows: 1) the major content of

Search Query Items
found
PubMed
#1 Search: (((((pig) OR swine) OR boar) OR piglet) OR gilt) sow) OR barrow)); Filters: Publication date from 2000/01/01 to 138,595
2018/09/30
#2 Search: ((((((((fatty acid) OR Acids, Fatty) OR Fatty Acids, Esterified) OR Acids, Esterified Fatty) OR Esterified Fatty Acids) 278,866
OR Fatty Acids, Saturated) OR Acids, Saturated Fatty) OR Saturated Fatty Acids) OR Aliphatic Acids) OR Acids,
Aliphatic)); Filters: Publication date from 2000/01/01 to 2018/09/30
#3 Search: (growth performance) or (production performance); Filters: Publication date from 2000/01/01 to 2018/09/30 88,993
#1 AND #2 377
AND #3
Web of Science
#1 TS = (pig OR piglet OR sow OR gilt OR barrow OR boar OR swine) 453,157
#2 TS = (fatty acid OR Acids, Fatty OR Fatty Acids, Esterified OR Acids, Esterified Fatty OR Esterified Fatty Acids OR Fatty 489,479
Acids, Saturated OR Acids, Saturated Fatty OR Saturated Fatty Acids OR Aliphatic Acids OR Acids, Aliphatic)
#3 TS = (growth performance OR production performance) 2,068
#1 AND #2 1,969

AND #3
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the supplement was not LCFAs (e.g., grape seed cake and
rice bran); 2) the study lacked a controlled diet without
additional fatty acid supplementation; and 3) the basal diet
was not corn-soybean or DDGS (e.g., barley diet). Based
on these standards, we selectively screened eligible studies
for inclusion in the analysis (Fig. 1a).

The information extracted from the included studies
was as follows: author information (first author, year); gen-
etic background; sum number of pigs included in the con-
trol and treatment groups; mean initial body weight; mean
final body weight; initial phase (grower or finisher); sup-
plemental substance; energy difference; basal diet (corn-
soybean or DDGS); concentration (low or high); satur-
ation (saturated or unsaturated); and growth performance
(ADG, ADFI and G:F ratio) of the treatment and control
groups. One study could have more than one record de-
pending on the treatments and growth phases of the pigs.

The study selection procedure was as follows: 1) two
investigators (Z. Li and B. Xu) independently screened
the titles and abstracts of the acquired studies and iden-
tified relevant studies for full-text reading; 2) disagree-
ments during independent study selection were referred
to the third investigator (Y. Wang) for an ultimate reso-
lution; and 3) after the eligible studies were verified ac-
cording to our criteria, one investigator (Z. Li) extracted
the data and information from each study, followed by
inspection by the other investigator (B. Xu).
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Study quality assessment

Two investigators (Z. Li and B. Xu) performed inde-
pendent study quality assessment according to the cri-
teria provided in the Consolidated Standards of
Reporting Trials statement [8] and the Cochrane Collab-
oration’s tool for assessing risk of bias [10]. The assess-
ment aspects included sequence generation, allocation
concealment, blinding of participants and personnel, in-
complete outcome data, selective reporting and other
bias. The divergences were resolved by the third investi-
gator (Y. Wang) (Fig. 1b).

Within-group SD estimate

Within-group standard deviations (SDs) or standard er-
rors (SEs) are required for a meta-analysis. However, in
the included articles, these data usually were missing,
and the provided SE of the mean could not be used to
calculate the within-group SD. In such cases, first we
contacted the authors via email to request the within-
group SDs. If raw statistics were not available from the
authors, the within-group SDs of growth performance
were estimated using 8-15% of the mean value, which
was based on the raw statistics of our institute, sugges-
tions from peers in both industry and college settings
and relevant data presented by the NRC [6]. Technically,
the SD is derived from the random errors in trials and
follows a random distribution. Thus, the SD should not

(@)

2346 studies identified through database
searching

| 408 duplicates excluded according to
the titles and abstracts
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| 1870 studies excluded on the basis of
"| titles and abstract

68 potentially relevant studies retrieved for
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13 studies lack of required data

29 studies using inappropriate
additive

4 multi-group studies lack of control
» basal diet

«2 studies using uncommon market
pigs
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18 potentially relevant studies retrieved for
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Fig. 1 Study selection process and quality assessment. a Study selection process. b Study quality assessment
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be calculated as a single mean ratio. To be prudent, we
randomized the SDs of each group and repeated the
meta-analysis 10 times to confirm the stability of our re-
sults. If we had observed a statistically significant differ-
ence, then the meta-analysis would have been regarded
as impossible for this topic and ceased. The data used
for the subsequent analyses and presentation originated
from one of the 10 random processes.

Statistical analysis
The statistical analysis was performed with Stata 12.0
(Stata Corp., USA).

Meta-analysis

We calculated the pooled estimates of the mean differ-
ences between the treatment and control groups using a
random-effects model [11]. We also used Cochran’s Q
statistic (significance level of P<0.1) and the I* statistic
to quantitatively measure the heterogeneity in our ana-
lysis. The grading of heterogeneity was as follows: no
heterogeneity, I”<25%; low heterogeneity, 25% < I’ <
50%; moderate heterogeneity, 50% < I* < 75%; and high
heterogeneity, I* > 75% [12].

Regression analysis

To measure the effects of covariants, which in our study
are the basal diet, LCFA concentration and LCFA satur-
ation, on the outcomes (ADG, ADFI and G: F ratio), we
performed a regression analysis after the meta-analysis.
To avoid a false positive result, the regression analysis was
applied only to groups with more than 10 records.

Subgroup categorization and analysis

We conducted subgroup analyses to elucidate hetero-
geneity that was significant (P<0.05) or beyond a
moderate level (I2>50%). The included studies were
classified into the “corn-soybean diet vs DDGS diet”,
“high concentration vs low concentration” and “satu-
rated vs unsaturated” subgroups. The low and high
concentrations were set to approximately 1% and 5%,
respectively, based on the frequency of occurrence in
the included studies and, more importantly, the role
of fatty acids in the feed. Low-concentration supp-
lementation (approximately 1%) often applied to
unsaturated fatty acids (e.g., conjugated linoleic acid)
and was more likely to have biological functions,
including biomembrane constitution, signal transduc-
tion [13, 14] and eicosanoid precursor action (e.g.,
prostaglandins, leukotrienes and thromboxanes) [15].
The saturation classification of fatty acid compounds
(e.g., animal fat and vegetable oils) was determined by
the dominating ratio (>50%) in the fatty acid com-
position [16].
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Sensitivity analysis

If the heterogeneity was significant (P < 0.05), a sensitivity
analysis was performed to identify the study (or studies)
that contributed as the main source of the heterogeneity.
Heterogeneity and pooled estimates were recalculated
after the study or studies (including all records) was de-
leted from the outcome.

Publication bias

Publication bias was evaluated using Begg’s and Egger’s
tests, for which the significance level was defined at P<0.1
[11]. If Begg’s and Egger’s tests disagreed, Egger’s test was
used as a reference. Additionally, the trim-and-fill test was
used to further test and adjust for publication bias [17].

Results

Of the 2346 studies identified, we included 18 studies
(with data for 1314 pigs) and extracted 26 records for
our meta-analysis [18-35]. Except for Juarez et al.
[25], in which the pigs were from a commercial farm,
all of the studies were performed on clearly defined
commercial breeds, with 5 studies (6 records) begin-
ning LCFA supplementation at the grower phase and
13 studies (20 records) beginning it at the finisher
phase. The mean initial weights of the growing and
finishing pigs were 33.98 kg and 67.78 kg, respectively.
All studies ended in the finishing phase, with a mean
body weight of 115.32kg. The categorization of
growth phases was combined with both the body
weights and the experimental design (Table 2). Be-
cause of the nonsignificant publication bias (P> 0.1)
in the current meta-analysis, the trim-and-fill test was
not performed (Table 3).

Effects of LCFA supplementation on the growth
performance of grower-finisher pigs

In Fig. 2, we present the overall effects of LCFA sup-
plementation on the growth performance of grower-
finisher pigs. Specifically, LCFA supplementation
increased the ADG by 41.738g/d (95% confidence
interval (CI): 8.813 to 74.662, P =0.013) with low het-
erogeneity (I* = 45.5%, Pheterogeneity = 0.102)  (Fig. 2a).
However, LCFA supplementation had no effect on the
ADFI (WMD =7.388g/d, 95% CI: —39.937 to 54.713,
P=0.76) with no heterogeneity (I*=0.0%, Pheterogene-
ity =0.952) (Fig. 2b). LCFA supplementation increased
the G:F ratio by 0.019 (95% CI: 0.006 to 0.032, P =
0.003) with low heterogeneity (I =49.4%, Pheterogene.
ity =0.079) (Fig. 2c).

Regression analysis
According to the regression analysis of LCFA supplemen-
tation in finisher pigs (Table 4), the LCFA concentration
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Table 3 Publication bias analysis of the included studies

Outcome Initial phase Begg's test Egger's test

ADG, g/d Grower 0431 0431
Finisher 0.394 0.394

ADFI, g/d Grower 0.934 0.934
Finisher 0.880 0.880

GF ratio Grower 0.299 0.299
Finisher 0616 0616

might play a significant role, especially in determining the
ADG (Pregression = 0.014) and G:F ratio (Pregression = 0.-007).
In contrast, the basal diet and LCFA saturation were not
major causes of heterogeneity, because they exhibited no
significant effects (Pegression > 0.05) in the regression ana-
lyses of the ADG, ADFI, and G:F ratio. Therefore, we fo-
cused on the role of the concentration and conducted
corresponding subgroup analyses in the subsequent
research.

Effects of LCFA supplementation on the ADG of finisher
pigs

As shown in Fig. 3a, LCFA supplementation increased the
ADG by 39.926 g/d (95% CIL: 26.477 to 53.375, P =0.000)
with no heterogeneity (P = 0.0%, Preterogeneity = 0-461). Spe-
cifically, the high concentration increased the ADG by
51.385g/d (95% CI: 35.816 to 66.954, P =0.000) with no
heterogeneity (P = 0.0%, Preterogeneity = 0.822), whereas the
low concentration did not influence the ADG (WMD =
6.227 g/d, 95% CL: - 20.471 to 32.926, P =0.460) with no
heterogeneity (I = 0.0%, Pheterogencity = 0-854).

Effects of LCFA supplementation on the ADFI of finisher
pigs

As presented in Fig. 3b, compared with the ADFI of
pigs on the basal diet, LCFA supplementation signifi-
cantly decreased the ADFI (WMD = - 83.863 g/d, 95%
CL: -156.157 to -11.569, P=0.023) with moderate
heterogeneity (I” =64.5%, Pheterogencity = 0.023). Only
the high concentration reduced the ADFI (WMD = -
102.869 g/d, 95% CI: —189.236 to -16.502, P =0.02),
whereas the low LCFA concentration had no effect
(WMD = -7.466 g/d, 95% CI: - 105.667 to 90.735, P =
0.882). We observed a moderate level of heterogeneity
(P =70.3%, Pheterogencity =0.000) in the high-
concentration subgroup and no heterogeneity (I* =
0.0%, Pheterogeneity =0.986) in the low-concentration
subgroup.

Effects of LCFA supplementation on the G:F ratio of
finisher pigs

As shown in Fig. 3c, LCFAs had a significant positive
effect on the G:F ratio of the finishers (WMD = 0.022,
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95% CI: 0.012 to 0.033, P = 0.000), which was especially
strong in the case of high-concentration supplementa-
tion (WMD =0.028, 95% CI: 0.018 to 0.039, P =0.000).
In contrast, low-concentration supplementation of fin-
isher feed had no effect on the G:F ratio (WMD =
0.004, 95% CI: -0.004 to 0.011, P=0.331). Although
high heterogeneity was detected overall (/> = 79.3%, Pp..
terogeneity = 0.000), after the subgroup analysis, the ma-
jority of the heterogeneity was attributed to the high-
concentration subgroup (I* = 69.1%, Pheterogeneity =
0.000) rather than the low-concentration subgroup
(12 = 0.0%, Pheterogeneity = 0-884)'

Discussion

In swine husbandry, AGPs have been shown to be un-
questionably stable and to have excellent effects on
growth performance and animal health [36]. Therefore,
with global banning of AGPs, a long list of alternatives
(including antimicrobial peptides, organic acids, en-
zymes, probiotics, prebiotics, essential oils and metal
oxides) has been intensively researched and developed
to compensate for the vacancy [37, 38]. These alterna-
tive substances exhibit similar or even better effects
than AGPs against pathogen infections, oxidation and
inflammation in animal trials [38]. However, the major-
ity of alternative strategies are focused on health; in
terms of promotion of growth performance, they yield
mostly inconsistent results that are unequal to the ef-
fects of AGPs [37]. In addition, the administration route
and economic costs indicate that much work is required
for large-scale utilization of the listed alternatives for
growth promotion. In this context, we focus on a conven-
tional feedstuff, LCFAs, because of their extensive sources,
cost effectiveness, safety, oral administration and potential
functional roles [39-41]. Based on a systematic, large-
scale literature search and meta-analysis, we were able to
comprehensively and quantitatively confirm the beneficial
effects of LCFAs on pig growth performance. Regression
analyses of the basal diet, concentration and saturation
(Table 4) together with subgroup analysis of the concen-
tration in finisher pigs (Figs. 2 and 3) further suggested
that the benefits were concentration-dependent.

As shown in Table 2, the improved changes in growth
performance of the growing and finishing pigs fed different
LCFAs were mainly associated with the energy level. Of the
18 studies (26 records) included in our meta-analysis, 13
(20 records) revealed an elevated energy density after LCFA
supplementation. Thus, even a lower feed intake is able to
meet the caloric requirements of pigs. Moreover, intake of
additional LCFAs will improve the digestibility of amino
acids by lowering the gastric emptying speed and increasing
the time of exposition to proteolytic enzymes [42—44]. As a
consequence, a higher ratio of amino acids in feed will
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95% Cl of the trials

(a)

(b)

Study WMD (95% CI) Weight, %
Thiel-Cooper et al.[19] (CLA, 1%) E 77.00 (-28.91, 182.91) 7.88
Eastwood et al.[23] (flaxseed meal, 5%) —_——————— i -11.00 (-57.68, 35.68) 2295
Jaturasitha et al.[24] (tuna oil, 1%) i — 62.00 (48.31, 75.69) 39.69
Juarez et al.[25] (co-extruded flaxseed, 5%) E 60.00 (-48.93, 168.93) 7.52
Stephenson et al.[30] (beef tallow, 4%) ——oi— 32.00 (-45.65, 109.65) 12.64
Stephenson et al.[30] (soybean oil, 4%) E 54.00 (-41.34, 149.34) 9.32
Overall (P =455%, P,,,......, =0.102; P=0013) @ 41.74 (8.81,74.66) 100.00
—183 (g/d) ’ 1I83 (g/d)
Study WMD (95% CI) Weight, %
——

(©)

Thiel-Cooper et al.[19] (CLA, 1%) -49.00 (-379.70 to 281.70) 2.05
Eastwood et al.[23] (flaxseed meal, 5%) -9.00 (-139.93 to 121.93) 13.07
I
Jaturasitha et al.[24] (tuna oil, 1%) —_— 10.00 (-44.48 to 64.48) 75.46
Juarez et al.[25] (co-extruded flaxseed, 5%) 140.00 (-158.50 to 438.50) 2.51
Stephenson et al.[30] (beef tallow, 4%) -50.00 (-311.08 to 211.08) 3.29
Stephenson et al.[30] (soybean oil, 4%) 4.00 (-244.62 to 252.62) 3.62
Overall (P =0.0%, P, ey = 0-952; P =0.760) < 739 (-39.94 t0 54.71) 100.00
T T
-439 (g/d) 439 (g/d)
Study ‘WMD (95% CI) Weight, %

Thiel-Cooper et al.[19] (CLA, 1%)

Eastwood et al.[23] (flaxseed meal, 5%)

Jaturasitha et al.[24] (tuna oil, 1%)

Juarez et al.[25] (co-extruded flaxseed, 5%)

Stephenson et al.[30] (beef tallow, 4%)

Stephenson et al.[30] (soybean oil, 4%)

Overall (I*=49.4%, P,

heterogeneity

=0.079; P =0.003)

0.00 (-0.02 to 0.02)

0.03 (0.02 to 0.04)

0.03 (-0.01 to0 0.07) 8.90

22.08

34.35

0.01 (-0.04100.06)  6.48

0.02 (-0.01 to 0.05)

0.02 (-0.00 to 0.04)

0.02 (0.01 10 0.03)

11.89

16.30

100.00

T
-0.0701

T
0.0701

Fig. 2 Meta-analysis of differences in the growth performances of grower pigs fed LCFAs. a ADG. b ADFI. ¢ GF ratio. Cl = confidence interval;
CLA = conjugated linoleic acid; CWG = choice white grease; WMD = weighted mean difference; Preterogeneiry = P Value of heterogeneity
(significance level Pheterogeneity < 0.05). The small solid diamond represents the point estimate for each individual trial, and the horizontal line
extending from each solid diamond represents the upper and lower limits of the 95% Cl. The size of the shaded square indicates the relative
weight of the trial in the meta-analysis. Small solid diamonds located on the positive quadrant of the X-axis favour an increase in the growth
parameters (ADG, ADFI and G ratio), whereas those on the negative quadrant favour a decrease. The open diamond represents the WMD and

participate in meat production, which in turn increases the

weight gain and gain efficiency.

Our findings revealed no differences in the effects of sat-
urated and unsaturated LCFAs on growth performance

(Table 4). Unsaturated fatty acids (e.g., linoleic acid) are

essential in pig feed because of the absence of desaturase

enzymes [9]. In pig farming, essential unsaturated fatty
acids improve sow fertility and piglet growth [45-47] via
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Table 4 Regression analyses of finisher pig studies included in
the meta-analysis

Outcome Subgroup Pregression

ADG, g/d Basal diet 0.773
Concentration 0014
Saturation 0.710

ADFI, g/d Basal diet 0358
Concentration 0.234
Saturation 0.620

GiF ratio Basal diet 0.107
Concentration 0.007
Saturation 0.724

2P value of regression, significance level Pregression < 0.05

their beneficial effects on neural development, immune
responses and gut health [39-41]. Nevertheless, for
growers and finishers, whose body systems are highly ma-
ture, the primary role of fatty acids is to be oxidized and
to store and supply energy. Additionally, the regression
analysis indicated that the addition of DDGS to a corn-
soybean diet did not impair the promoting function of
LCFAs, which was in accordance with the review of Stein
and Shurson [48].

As shown in Fig. 3, the significant heterogeneity in
the ADFI and G:F ratio of the finishers was primarily
driven by the high-concentration subgroup. In the sen-
sitivity analyses, we found that Villela et al. [32] (2 re-
cords) and Liu et al. [34] (4 records) were the major
sources of heterogeneity (data not shown). After ex-
cluding the 2 studies (6 records), the overall and high-
concentration subgroup heterogeneity in the ADFI be-
came nonsignificant. Additionally, exclusion of the 6 re-
cords from the ADFI analysis caused the originally
negative effects of LCFA supplementation on the over-
all group and high-concentration subgroup to become
nonsignificant. For the G:F ratio, removing the 6 re-
cords decreased the heterogeneity but did not influence
the significance of the pooled estimates. The differences
in heterogeneity and statistical significance of the
pooled estimates were primarily due to the variation in
energy density. In the trial of Villela et al. [32], the
metabolizable energy of the diet with 5% minimally re-
fined cottonseed oil (3537 kcal/kg) in two phases (55—
90 kg and 90-120 kg) was 253 kcal/kg higher than that
of the control diet (3284 kcal/kg). Because the gossypol
concentration (0.001%) was too low to exert any ad-
verse effects on the growth performance [49], Villela et
al. [32] concluded that the energy density was the key
reason for the changes in growth performance. To clar-
ify the concentration dependency of the results, we ini-
tially set the concentrations to approximately 1% and
5% for the low- and high-concentration groups,
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respectively (Table 2). The concentration applied in the
study of Liu et al. [41] was the highest (6%) among the
included studies, and the energy difference between the
group with 6% lipid supplementation (3600 kcal/kg)
and the control group (3320 kcal/kg) was also consider-
able (270kcal/kg). Therefore, a lower ADFI still pro-
vided sufficient energy for weight gain and enhanced
the gain efficiency, indicating that the promotion of
growth performance by LCFAs was related to an in-
creased energy density.

The limitation of our study is the effects of
within-group SD estimates on the pooled estimates.
Due to the lack of within-group SDs in animal nutri-
tion studies, we had to perform our meta-analysis
based on within-group SDs estimated using 8-15%
of the mean values. Because SD values impact the
95% Cls and the weight of an individual study, they
also affect the pooled estimates and heterogeneity.
To improve the validity of our findings, we com-
pared the estimate range with the true values to test
its accuracy. With data provided by the Moran
group, we found that the true within-group SDs of
the ADG and G:F ratio were precisely located within
our estimate range. In contrast, the SD for the ADFI
was under the lower limit because of the data collec-
tion method. Unlike the ADG and G:F ratio, in most
cases the ADFI of each commercial pig can be ob-
tained only by dividing the total intake per pen by
the number of pigs. This method masks individual
variation, causing a lower within-group SD than we
would predict. Similar to the SDs of the ADG and
G:F ratio, the variation in ADFI should be consistent
with the calculated SD range. However, the domin-
ant contributor to the pooled estimates was the
mean difference of each study instead of the 95% CI
and weight. The random-effects model we used was
capable of balancing the differences in individual
weights and therefore highlighting the role of mean
differences. Taken together, both the accurate SD es-
timates and the primary role of the mean difference
between the treatment and control groups ensure
that this meta-analysis conducted on within-group
SD estimates is reliable.

Conclusions

Our results indicate that LCFA supplementation of
feed improves the ADG and G:F ratio of both
growers and finishers, whereas LCFA supplementa-
tion leads to a reduction in the ADFI of finishers.
Moreover, for finishers, only a high LCFA concentra-
tion (approximately 5%) is capable of enhancing the
ADG and G:F ratio and decreasing the ADFI,
whereas the basal diet category (corn-soybean vs.
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(a)

(b)

(©)

Fig. 3 (See legend on next page.)

Study WMD (95% CI) Weight, %
High concentration |
Engel et al[18] (CWG, 4%) —_—— 6000 (342410 15424) 204
Engel et al [18] (poultry fat, 4%) —_— 1000 (83420010342 207
Sun et al [20] (CLA. 4%) e 000GSI 18489 322
Benz et al [21] (CWG. 5%) —— 7264 (-3.95 10 149.23) 3.08
Apple et al [22] (beef tallow, 5%) T+ 30.00 (-7.83 10 67.83) 1264
Benz et al 26] (CWG. 5%) —_— 5000(35.4010 135.40) 248
Benz et al.[26] (soybean oil. 5%) % 5000(I5701017570) 198
Lee et al.[28] (beef tallow, 3%) — - 30.00 (-67.73 to 127.73) 1.89
Lee etal.[28] (palm kernel oil, 3%) F—— 3000 (58,1510 118.15) 233
Villela et al.[32] (cotton sced oil, 5%) %4 _— 50.00 (14.05 t0 85.95) 13.99
Villela et al.[32] (cotton sced oil, 5%) " —_— 50.00 (14.50 t0 85.50) 1435
de Tonnac et al.[33] (DHA-rich algae, 4.1%) - 0.00 (-115.74 to 115.74) 135
Liu et al.[34] (soybean oil, 6%) —— 15.00 (-64.34 t0 94.34) 287
Liu et al.[34] (CWG, 6%) T 7100 (-8.42 10 150.42) 287
Liu et al.[34] (palm oil, 6%) —————— 10400096610 16838) 437
Liu et al.[34] (beef tallow, 6%) +— 67.00 (9.5 10 143.55) 309
Sublotal (1= 0.0%. P,_,.,..., =022 P=0.000) <& 5139 (35.82 10 6.95) 7462
Low concentration !
Rickard et al [27] (CLA, 0.6%) —— 4000 (603510 14035) 180
Wang et al.[29] (CLA, 1%) f—o 10.00 (-67.44 10 87.44) 302
Upadhaya et al.(31] (CLA, 1%) e — 7,00 (-53.48 10 39.48) 837
Moran et al (35} (DHA-rich microalgac. 1%) — 9.40 (:29.12 10 47.92) 12.19
Subtotal (P=0.0%. P, =0.854 P=0460) <= 6.23(-2047 10 32.93) 2538
Overall (F=0.0%, P, =0461: P=0.000) <> 39.93 (2648 10 53.38) 100.00
T T
185 (g/d) 0 185 (2/d)
Study WMD (95% CI) Weight, %
High concentration 1
Engel et al.(18] (CWG, 4%) 10.00 (-274.32 t0 294.32) 371
Engel et al (18] (pouliry fat, 4%) 10.00 (-302.69 t0 322.69) 33
Sun et al.[20] (CLA. 4%) 190.00 (14.50 to 365.50) 576
Benz et al.[21] (CWG, 5%) 54.48 (-89.07 0 198.03) 649
Apple et al.[22] (beef tallow, 5%) 30.00 (-66.35 to 126.35) 756
Benz et al.[26] (CWG, 5%) -190.00 (410,68 103068) 481
Benz et al.[26] (soybean oil. 5%) 4000 (:305221022522) 401
Lee et al (28] (beef tallow, 3%) 3000 (-254.34 10 314.34) 371
Lee et al.(28] (palm kernel oil, 3%) 13000 (351.991091.99) 479
Villela et al.[32] (cotton seed oil, 5%) * 25000 (35338 10-146.62) 741
Villela et al.[32] (cotton sced oil, 5%) 2% 24000 (-368.07 10-11193) 685
de Tonnac et al.[33] (DHA-rich algae, 4.1%) 0.00 (-277.99 10 277.99) 381
Liu et al (34] (soybean oil, 6%) ~ —e e ! 43300 (659.06 10-20694) 471
Liu et al.[34] (CWG, 6%) —_— 29900 (-553.38 to 44.62) 420
Liu et al[34] (palm oil. 6%) —_— 95.00(:290221010022) 533
Liu et al.[34] (beef tallow, 6%) _— 255,00 (4741510 -3585) 484
Subtotal (P=703%. P, =0.000; P=0.020) <> 10287 (-189.2410-1650) 8133
Low concentration ;
Rickard et al.(27] (CLA, 0.6%) _ 2000 (-339.10 t0 379.10) 277
Wang etal[29] (CLA, 1%) —_—— 40.00 (26051 t0 340.51) 348
Upadhaya et al.(31] (CLA. 1%) —_— 2100 (-193.46 10 151.46) 583
Moran et al (351 (DHA-rich microalgae. 1%) — 1300 (1526910 12669)  6.58
Subtotal (F=0.0%. P, =0986:P=0882) <[> 747 (-105.67 10 90.74) 18.67
Overall (= 64.5%. P, =0000: P=0023) <> 8386 (-156.16 t0 -11.57) 100.00
T * T
659 (g/d) 0 639 (g/d)

Study WMD (95% CT) Weight, %
High concentration
Engel et al (18] (CWG, 4%) 001 (004100.02) 479
Engel et al.[18] (poultry fat, 4%) —_— 0.00 (:0.03 10 0.03) 455
Sun et al.[20] (CLA, 4%) T 0.02 (-0.00 t0 0.04) 549
Benz et al.(21] (CWG, 5%) —_— 0.02(:001 10 0.05) 473
Apple etal. [22] (beef tallow, 5%) — 0.01 (001 t00.03) 565
Benz et al.[26] (CWG, 5%) — 0.03 (-0.00 to 0.06) 414
Benz et al.[26] (soybean oil. 5%) —_ 0.04(0.01 10 0.07) 485
Lee et al (28] (beef tallow, 3%) —— 0.01 (003 10 0.05) 339
Lee et al (28] (palm kernel oil. 3%) T 0.03 (001 10 0.07) 385
Villela et al.[32] (cotion seed oil, 5%) 4 H — 00600410008 584
Villela et al.[32] (cotton seed oil, 5%) ** 1 \ —— 0.05 (00410 0.06) 6.55
de Tonnac et al(33] (DHA-rich algac, 4.1%) —— 0.01 (002 10 0.05) an
Liu et al [34] (soybean ol, 6%) —_— 0.04(0.01 100.06) 485
Liu et al [34] (CWG, 6%) — s 005000200007 466
Liu et al[(34] (palm oil, 6%) —_ 0.03 (001 t00.06) 5.54
Liu et al.[34] (beef tallow, 6%) — 0.04 (0.02 to 0.06) 5.50
Subtotal (P=69.1%. P, =0.000: P=0.000) < 0.03(0.02 10 0.04) 7848

H
Low concentration '
Rickard ct al.[27] (CLA, 0.6%) H 0,00 (-0.02 10 0.02) 564
Wang et al.[29] (CLA, 1%) ——— 0.00 (-0.04 t0 0.04) 358
Upadhaya et al (31 (CLA. 1%) 0000020002 570
Moran et al.(35] (DHA-rich microalgae, 1%) 0.01 (000 t0 0.02) 661
Subtotal (F=0.0%. P, =0884P=0331) 0.00(-0.00 t0 0.01) 2152
Overall ('=79.3%.P,_,,..... =0.000; P =0.000) < 0.02(0.01 10 0.03) 100.00

'

T * T
00774 0 0.0774
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WMD and 95% Cl of the trials

Fig. 3 Meta-analysis of differences in the growth performances of finisher pigs fed a high/low LCFA concentration. a ADG. b ADFI. ¢ GF ratio.
Cl'= confidence interval; CLA = conjugated linoleic acid; CWG = choice white grease; WMD = weighted mean difference; Pheterogeneity = P value of
heterogeneity (significance level Ppeterogeneity < 0.05). The small solid diamond represents the point estimate for each individual trial, and the
horizontal line extending from each solid diamond represents the upper and lower limits of the 95% Cl. The size of the shaded square indicates
the relative weight of the trial in the meta-analysis. Small solid diamonds located on the positive quadrant of the X-axis favour an increase in the
growth parameters (ADG, ADFI and GiF ratio), whereas those on the negative quadrant favour a decrease. The open diamond represents the

DDGS) and the saturation level (saturated vs. unsat-
urated) have small effects on the ADG, ADFI and G:
F ratio of finisher pigs. These findings indicate that
the positive effects of LCFA supplementation result
from an increased energy density. Further experi-
mental research is required to establish the optimal
supplemental LCFA concentration and to explore ap-
propriate sources.
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