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Objectives: The pig is a common model utilized to support substantiation of novel
bioactive components in infant formula. However, reference ranges for outcomes to
determine safety are unclear. Our objective was to use historical data to objectively define
typical body and organ growth metrics of the domesticated pig in research.

Methods: Twenty-two studies were compiled to assess typical growth of body
and organ weights in young pigs. Metadata were organized to include milk replacer
sources, bioactive components, sex, breed, source of herd, feeding regimen, and rearing
environment. A combination of statistical models including simple linear regression and
linear mixed effect models were used to assess typical growth patterns.

Results: Over 18,000 data points from 786 animals were available. In general, minimal
differences in the growth of pigs who were male and female, artificially- or sow-reared,
or fed ad libitum- or by scheduled-feeding, were observed in the first 30 days of life
(P > 0.05). A weight-for-age chart from reference pigs was developed to compare body
weights of pigs demonstrating growth characterized as accelerated, typical, reduced,
and failure to thrive to illustrate effects of dietary interventions. Distributions of relative
brain, liver, and intestine weights (as % of total body weight) were similar between rearing
environments and sexes. An alternative bivariate level approach was utilized for the
analysis of organ weights. This approach revealed significant biologically-relevant insights
into how deficient diets can affect organ weight that a univariate level assessment of
weight distribution was unable to detect.

Conclusions: Ultimately, these data can be used to better interpret whether bioactive
ingredients tested in the pig model affect growth and development within typical reference
values for pigs in the first 30 days of life.

Keywords: pig, database, early infancy development, research model, weight for age, reference database, pig
reference weight for age, typical growth
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INTRODUCTION

The National Academy of Medicine, formerly named
The Institute of Medicine (IOM), provided guidelines on
considerations to make in the testing of safety and quality of
ingredients in infant formula (1). They stated that preclinical
studies are a necessary component of safety testing, but that
rodent models were not recommended due to the difficulty of
conducting nutritional studies on pre-weaning rodents. The
IOM recommended non-human primates and young pigs as
alternative developmental models to pre-weaning rodents (1).
Similarly, the European Food and Safety Administration (EFSA)
provided guidance promoting the use of a neonatal pig model
for a repeated dose study with direct oral administration for
the study of non-absorbed substances intentionally added to
foods for infants below 16 weeks of age (2). Similarities to
the human in neuroanatomy (3), nutritional requirements
(4), and gastrointestinal physiology (5) make the pig an
ideal model for testing safety and efficacy of nutritional
innovations. The artificially-reared pig is a common model
utilized in pediatric nutrition research as it allows for control
of nutritive intake when testing the effects of various dietary
ingredients. Examples of this model in the literature include
assessments of the safety and efficacy of milk fat globule
membrane (6), soy- vs. dairy-based formulas (7), human milk
oligosaccharides (8), and fortification of donor milk for preterm
models (9).

Clinical trials that investigate novel formulas rely on
standardized growth charts in order to assess growth and
tolerance. Reference ranges are currently not readily available for
pigs, which may lead to misinterpretation of data. Interpretation
of research in the pig may be assisted with the creation of
historical reference ranges for multiple biological parameters
(e.g., body growth rates, circulating metabolite concentrations,
hormone levels, histology, etc.). Outcomes such as growth
(10), sow milk composition (4), neuroanatomy (11), and
microbiome composition (5) have been described previously.
However, numerous resources must be assembled to generate
reference ranges, and we are unaware of meta-analyses describing
the distribution of values for a given outcome. Systematic
literature review and meta-analysis may be helpful to overcome
these issues and build an understanding around a body
of literature.

Thus, we propose the creation of a continuously updated
database containing raw data on pig body and organ growth
values. Here, we describe an initial step toward this goal by
compiling raw data on body and organ weights from birth to
30 days postnatal (PND) along with metadata from rearing
conditions across a decade of research. In particular, we assessed
how rearing conditions, sex, and feeding regimens affected
growth, as well as established reference distributions for both
body and organ weights. Ultimately, we call for collaboration
across public and private organizations to contribute to this
database to achieve the common goal of improving the
applicability of young pig models for the assessment of safety and
efficacy of pediatric nutrition products.

METHODS

Data Cleaning and Import for Database

Construction

Data were collected from 22 previously performed studies
investigating the role of early life nutrition in pigs conducted
over 10 years at the University of Illinois, Urbana Champaign,
15 of which were published (6, 12-25) (Table 1). Data were
retrieved either directly from publications, direct correspondence
with the principal investigator of each study, or internal archives.
The raw files from each study were reviewed for accuracy and
completeness. Where relevant, paper records were reviewed
against digital copies to verify accuracy. The reviewed raw data
for each study were then converted into a common format
(units of measurement, study and subject identifiers, study
methodology, etc.) and used to construct a master database. This
process was completed in R 3.6.2 (28) using the tidyverse 1.3.0
package (29). In doing so, the master database contained ~18,000
data points collected from 786 animals.

This database is open source and is hosted on the Traverse
Science GitHub repository. Here, in-depth documentation on the
study database, variables collected, treatment of the data, and
study methods and design are available. The goal of this initial
data collection and analysis is to not only provide a reference
growth chart based on the dataset included, but to also create
a foundational database that is dynamic and open to allow
researchers from other institutions to contribute their data. The
metadata collected (Table 2) included sex, rearing environment,
types of diet, organ weights (brain, intestine, liver, etc.), feeding
regimens, institutions, facilities, and housing conditions, such as
light cycles and feeding related parameters.

Inclusion/Exclusion Criteria and Reference

Group Definition

A group of pigs to serve as the reference group was created
by establishing the following inclusion criteria. First, pigs were
categorized into two main groups: Control and Experimental
(Figure 1). Control pigs were those from any study fed a
respective control diet formulated to be nutritionally adequate,
and Experimental pigs were those fed any experimental diet,
typically in context of the addition or deficiency of a nutrient
of interest. A group denoted as “failure to thrive” (FTT) was
included in its own category. These pigs were labeled as FTT if
their body weight did not increase within a 1- to 2-week period
from PND 2 (the most common study enrollment date), which
resulted in those subjects being humanely euthanized. Pigs with
known medical conditions without an impact on growth (e.g.,
clinically diagnosed infections) that were removed from a study
were not labeled as FT'T but were included in the database. Pigs
in the Control category were further sub-categorized based on
sex (female vs. male), rearing environment [artificially-reared
(AR), vs. sow-reared (SR)] and feeding regimen (scheduled vs.
ad libitum). AR pigs separated by feeding regimen, and pigs
fed in a scheduled (during a discrete time of day) manner were
retained in the final AR Reference group. Growth from the AR
Reference group was considered “typical,” and growth of pigs
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TABLE 1 | Studies included.

Entry Study description Rearing Sex Feeding Organs available References
environment regimen
1 Feeding trial on arginine supplementation Sow-reared MF NA - (29)
2 Feeding trial on perinatal choline deficiency and metabolomics Sow-reared MF NA Brain, liver @1
3 Feeding trial on perinatal choline deficiency and brain development Sow-reared MF NA Brain, liver (26)
4 Feeding trial on prebiotics and milk bioactive supplementation Artificial M Scheduled  Brain, intestines (17)
5 Study on choline deficiency and porcine milk composition Sow-reared MF NA - (22)
6 Development of behavioral testing methods Artificial F Scheduled - Unpublished
7 Feeding trial on alpha-lipoic acid supplementation Avrtificial M Scheduled  Brain, intestine (14)
8 Feeding trial on sialyllactose supplementation Avrtificial M Scheduled  Intestine (18)
9 Internal study comparing commercial milk replacers Avrtificial F Scheduled - Unpublished
10 Feeding trial on pectin supplementation Avrtificial MF Scheduled - (15)
11 Feeding trial on polydextrose and galactooligosaccharide supplementation  Artificial M Scheduled  Intestine (16)
12 Internal study assessing pig growth in early life Artificial M Scheduled - Unpublished
13 Feeding trial on iron deficiency Artificial M ad libitum Brain, intestine, (20)
liver
14 Internal study testing behavioral paradigms with sow-reared pigs Sow-reared MF NA - Unpublished
15 Feeding trial on sialyllactose supplementation Avrtificial M ad libitum - (24)
16 Study on brain development Artificial and M ad libitum Brain 27)
Sow-reared
17 Feeding trial on milk fat globule membrane supplementation Artificial M ad libitum - 6)
18 Internal study on maternal egg intake and offspring behavior Sow-reared MF NA - Unpublished
19 Feeding trial on polydextrose and galactooligosaccharide supplementation  Artificial Not Scheduled  Intestine (12)
specified
20 Feeding trial on phthalate exposure using di(2-ethylhexyl) phthalate (DEHP)  Artificial MF NA Brain, intestine, Unpublished
liver, lung, heart,
kidney, spleen
21 Feeding trial on polydextrose and galactooligosaccharide supplementation  Artificial MF Scheduled  Intestine (13)
22 Study on immune system development in sow-reared pigs Sow-reared MF NA Intestine Unpublished

from Experimental groups was compared to this reference. For
assessing organ weight, pigs that were fed Control diets were
included in a separate reference group for organ weights. Due to
limited availability of data, organ weight data was not stratified
by sex, rearing environment, or feeding regimen.

Statistical Analysis

To visualize the data and plot model fit, a polynomial regression
model with non-linear covariates was employed. Polynomial
regression is a form of regression analysis that explores the
relationship between the independent and dependent variables
and models them as nth degree polynomials of the independent
variable (30). Such a model for a single predictor, X, is:

Y= B0 +BX+ X+ ... +BX"+ € (1)

Here h is the degree of the polynomial. For lower degrees, the
relationship has a specific name associated with it (e.g., h =2 is
called quadratic, h = 3 is called cubic, h = 4 is called quartic, etc.).
Y is the response variable and X is the predictor variable. Here,
Y is body weight, X is PND, and £ is 3. The degree of polynomial

(h) was initially set as quadratic (Eq. 1); however, after analysis,
there were clear signs in the residuals and normal probability

plot (i.e., quantile-quantile or Q-Q plot), suggesting that a higher-
order model was needed. Refining the polynomial degree to h = 3
(cubic) yielded better uniform randomness in the residuals, and a
normal probability plot in which the points did not deviate from
the projected straight line, suggesting a normal distribution.

For the primary aim, the effect of PND as well as sex,
rearing, and feeding regimen on the body weight of pigs were
examined via mixed effect model analysis in R using the Ime4
package (31). The approach to use a mixed-effects model rather
than repeated measures methods such as analysis of variance
(ANOVA) was selected, because the mixed-effect modeling
allows for better handling of dependencies in repeated measures
data (32). Individual pigs were treated as random effects. The
predictors of interest (age, rearing environment, sex, and feeding
regimen) were entered as main effects. Therefore, our model
consisted of both fixed and random effects. In the initial step,
subjects were entered as a random factor nested within study and
study as its own error term. Then the main predictors were tested:
age (PND), experimental (reference or experimental diets), sex
(male or female), rearing environment (artificial vs. sow rear),
and feeding regimen (ad libitum or scheduled).

Quantile regression was used to generate the growth percentile
curves for the AR Reference group. In this model, quantile
regression was used to calculate the quantile (percentage) for
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TABLE 2 | Sample metadata captured?.

Item Description
Investigator Last name of principal investigator of the study
Institution Institution where research was performed

Rearing environment
Sex

Stocking density
Light cycle

Light cycle start
Light cycle end
Diet code

Diet name
Antibiotic-use
Iron dextran
Source herd
Genetics
Electrolytes

Castration status

Delivery

Rearing description
Feeding description
Feed Form

Feed Base

Water, %

Whether pigs were reared artificially or by the sow
Male or female

Number of pigs per cage/pen/unit

Number of hours of daylight provided

Hour of the day lights were turned on

Hour of the day lights were turned off

Internal descriptor to denote dietary group

Name of dietary treatment

Name of injectable antibiotics used

Description of the use of iron dextran shots

The name of the farm animals were sourced from
Name of the breed used

Description of how electrolyte supplementation was
used

Description of whether male pigs were left intact or
castrated

Description of the birth delivery method
Long-text format description of rearing conditions
Long-text format description of feeding regimen
Description of the form of feed

Description of the base formulation of the diet

% of water content of reconstituted milk replacer

Feed rate, g milk / kg bw Amount of milk provided

Feeds per day Number of times pigs were fed per day
Feed interval, hours Number of hours between feeds
Feed start
Feed end

Publication URL

Hour of the day feeding began
Hour of the feeding ended
URL to the study publication

4A more detailed list and description of metadata are available in a public repository
accessible at [https://github.com/ Traverse- Science/Pig- database].

a particular value in the feature variables. Similar to linear
regression, the beta coefficients (linear effect parameters) became
functions with a dependency of the quantile. Finding values for
the beta estimates at a particular quantile value is the same
process as is for standard linear calculation, except the median
absolute deviation is used and not the mean. Kernel density plots
for visualizing the organ weight distribution were charted using
the ggplot2 (33) package in R.

Statistical analysis comparing organ weights of the reference
group to select Experimental groups (choline deficient, iron
deficient, iron sufficient, and di(2-ethylhexyl) phthalate (DEHP)
were completed in R using the student’s t-test. All groups
were compared to the reference group. Statistically significant
differences between groups are visualized directly in boxplots
with the following labels: ns (non-significant) P > 0.05, *P <
0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001. Analysis of slope
was done by computing the coefficient of the interaction term
for each regression. The ANOVA p-value from the interaction of
body weight by organ weight (relative and absolute), was then

examined and pairwise analysis was carried out to compare the
different groups for statistical significance.

RESULTS
Data Availability

In total, data from 786 pigs were retrieved for analysis (Figure 1,
left panel). The Control groups and Experimental groups
contained 389 and 373 animals, respectively. The Control group
was further categorized into main effects of sex (npge = 242,
Nferale = 147), rearing environment (Nyificial = 201, ngow = 188),
and feeding regimen (n,gipitam = 53, Nscheduled = 148). Data
on organ (brain, intestine, liver, heart, kidney, lung, and
spleen) weights were also included (Figure 1, right panel) for
158 animals in the reference group and 137 animals in the
Experimental group. Due to high variation, unbalanced data, and
multicollinearity, covariates such as breed, source of herd, dose
of milk provided, and nutritional composition other than specific
dietary interventions were not included in the analyses.

Body Weight

A pig growth percentile plot (Figure2) was generated from
the AR Reference group (n = 148) fed according to a defined
pattern. The growth percentile plot is divided into seven growth
quantiles (0.05, 0.10, 0.25, 0.50, 0.75, 0.90, and 0.95) to match the
style used by the World Health Organization to track weight-
for-age scores in human infants (34). In order to demonstrate
experimental variation, select groups from the Experimental
or FTT animals were chosen to exemplify exceptionally high
growth [ad libitum-fed pigs from Knight et al. (20)], typical
growth (pigs fed prebiotics with added milk bioactives such as
lactoferrin and the milk fat globule membrane), reduced growth
[ad libitum-fed iron deficient pigs from Knight et al. (20)],
and severely poor growth (FTT) compared to growth of the
AR Reference group plotted in the graph (Figure 3). Despite
slightly different trajectories between groups, effects of rearing
environment (Figure 4A, P = 0.195), sex (Figure 4B, P = 0.070),
and feeding regimen (Figure 4C, P = 0.066) on body weight were
found to be minimal.

Organ Weight
Organ weights were normalized to body weight at the time
of collection (PND 20-32) and are expressed as percentages
of total body weight for the brain, liver, and intestine (from
the duodenum to the ileum). They are shown for Control pigs
by sex (Figures 5A-C), and for intestinal growth by rearing
environment (Figure 5D). Intestinal weight as a percentage
of body weight stratified by rearing environment revealed
that AR pigs exhibited higher variability in the distribution
of their intestinal weight compared to SR pigs (Figure 5D).
The distributions of relative organ weights between males and
females were almost entirely overlapping. Intestinal weight
linearly increased with PND during the first 30 days of growth
(Figure 5E).

Given similarity in organ weight distributions between rearing
environments and sex, data on organ weights from all Control
pigs were pooled to create a reference group for brain, intestine,

Frontiers in Pediatrics | www.frontiersin.org

December 2021 | Volume 9 | Article 746471


https://github.com/Traverse-Science/Pig-database
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Vu et al.

Reference Database of Pig Growth

All pigs Body weights Organ weights
n="786
: ; ; . Brain n =43
“Failure to thrive” “Experimental” Experimental . _
— o4 ~1373 — 137 Intestine n =20
n= n= n= Liver n=42
| Heart =8
Kidney =8
Lung =8
“Control” S lccgn -3
n =389 £
Brain n= 28
l Reference Group . —
- Intestine n=76
Sex ‘ Rearing Environment ‘ ‘ Feeding Regimen n=158 Liver n=16
S =
Male Artificial Ad Tibimm gss: _88
n= 242 n=201 n=53 y
Lung =8
Female Sow Scheduled Spleen = 14
n=147 n=188 n=148
Artificially - Reared
Reference Group
FIGURE 1 | Schematic for the different inclusion and exclusion categories for database construction. Data from all 786 pigs available in total were separated into three
main categories consisting of failure to thrive, Control, and Experimental groups. Control and Experimental pigs represent those fed a control or experimental diet in
their respective study. Control pigs were then subcategorized by sex, rearing, and feed styles. Artifically-Reared pigs fed in a scheduled manner were then selected as
reference group for assessment of typical body weight growth. Available organ weights from Control and Experimental groups were also then captured. Samples were
pooled together, independent of sex, rearing environment, and feeding regimen.

Growth Percentile for Artificially - Reared Reference Pigs

14

-
N

-
o

50%

o

25%

10%

Body Weight (Kg)
(o)}

0 5 10 15 20 25 30
Postnatal Day

FIGURE 2 | Growth percentile chart for artificially reared reference pigs is
plotted as body weight as a function of postnatal day. Lines are growth quantile
fits corresponding to 0.05, 0.10, 0.25, 0.50, 0.75, 0.90, and 0.95 quantiles.

and liver weight. This reference group was then compared
on an absolute, relative, and bivariate (with body weight
regressed against absolute or relative organ weight) basis to select

variables within Experimental groups known to alter growth (e.g.,
choline deficiency, iron deficiency, and di(2-ethylhexyl)phthalate
(DEHP) exposure, Figure 6). Choline deficient pigs exhibited
similar absolute brain weight (Figure 6A1, P > 0.05), but
higher relative brain weights compared to the reference group
(Figure 6A2, P < 0.001). Absolute and relative intestinal weights
were not different between iron deficient and reference groups
(Figures 6B1,2, P > 0.05), and this was also the case for absolute
and relative liver weights between DEHP-fed pigs and the
reference group (Figures 6C1,2, P < 0.05).

Across all instances, the relationship between body weight
and absolute/relative organ weight (assessed via regression)
revealed patterns suggesting atypical organ weight in animals
fed diets known to alter development. Analysis of the slopes for
brain weight regressed against body weight showed a significant
difference between choline deficient pigs and reference pigs for
the absolute brain weight (Figure 6A1, P < 0.001), but not
relative brain weight (Figure 6A2, P > 0.05). Slope analysis
did not reveal a significant difference when comparing iron
deficient pigs to reference pigs for body weight regressed against
absolute intestine weight (Figure 6B1, P > 0.05). There was a
statistically significant difference between slopes on a relative
scale (Figure 6B2, P < 0.05) for the iron deficient group. When
comparing the slopes of iron sufficient pigs to reference pigs,
there were no differences found (Figures 6B1,2, P > 0.05)
on either an absolute or relative scale. For DEHP-fed pigs,
slope analysis revealed significant differences in liver weight
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FIGURE 3 | Growth of artifically-reared pigs from representative experimental groups overlayed onto growth curves developed from the Artificially Reared Reference
group animals. The blue and red lines represent ad libitum-fed pigs on an iron sufficient or deficient diet (20). The black line represents scheduled-fed pigs
supplemented with a prebiotic combination (polydextrose and galactooligosaccharide) (16). The yellow line represents scheduled defined-fed pigs supplemented with
prebiotics and milk bioactives (17). Lastly, the green line represents pigs that exhibited failure to thrive. The body weight of these pigs did not increase within two
weeks of study enrollment, resulting in humane euthanasia. All together, the plotted cases represent accelerated growth (blue), typical growth (black and yellow),

reduced growth (red), and failure to thrive (green).

regressed against body weight as compared to reference pigs
(Figures 6C1,2, P < 0.05) on both an absolute and relative scale.

DISCUSSION

The database described here is the only known source of
compiled data on body and organ weights in young AR pigs
raised in varying environments from studies conducted over a 10-
year period. This work represents the first step toward creating
a unified source of biological data on the use of the domestic

pig as a biomedical research model. While the data used in this
modeling exercise were generated in the context of nutritional
studies on infant formula, they may be used for any research
context that can benefit from typical growth reference ranges
using the domestic pig in research.

Here, we sought to answer two discrete questions. The
first one was to describe typical growth in pigs used for
biomedical research. In the studies analyzed, pigs were reared
in an artificial setting with an alternate source of nutrition than
porcine milk. Across numerous studies and husbandry practices,
a simple understanding of expected body weights for a given
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FIGURE 4 | Body Weight data as a function of PND from the Control group are plotted for (A) artificially reared (AR) and sow-reared (SR) pigs, (B) female (F) and male
(M) pigs, and (C) ad libitum- and scheduled-fed pigs, demonstrating very similar growth patterns across these groups between PND 0 and 30.

age has not been systematically characterized. Though detailed
in individual publications, immense inter-study variability makes
it difficult to understand data quality and biological relevance
between studies. Moreover, inter-study variability is related to
the second question: What parameters most strongly affect
growth? Assessing the safety of a nutritional ingredient at a
given concentration requires not only the knowledge of how
an experimental group fared compared to a control group,
but how both groups faired compared to an existing body of
knowledge. If an experimental diet (e.g., an iron-deficient diet)
lowered the growth of subjects compared to a control group,
but overall growth was within biological ranges, is the altered
growth biologically meaningful? The reverse case could be made
for a supplement trial, where improvements in metabolism might
be considered modest when compared to historical references.
These are a few examples of how the database presented
here could contribute to provide an external context on the
interpretation of individual studies.

Toward Understanding Typical Growth

Based on the database with historical data from pig studies over
time, we propose a growth percentile chart for AR pigs analogous
to infant growth charts that are broadly used in pediatric practice.

This reference graph facilitates easy comparison of results on
animal growth from a given study with “typical” growth patterns
for pigs in early life. Creation of the reference graph allowed
visualizing a few striking phenomena, those being FTT, median
(typical) growth, and accelerated growth. First, it became clear
from pigs in the FT'T group that terminally poor growth may be
identifiable within the first 10 days, potentially even the first 5
days postnatal. While growth is typically slow during the first 10
days, the growth of pigs in the FTT group exhibited almost no
increase in body weight growth after birth. During the first week
of life both SR and AR animals displayed slow rates of growth.
While poor growth is often noted by caretakers during studies
and subjectively observed through metrics like body condition,
the objective reference created here may allow future researchers
to better identify pigs at risk of FTT and provide veterinary
attention more quickly.

In addition to serving as a metric to identify terminally
poor growth, the FT'T group provides a reference to interpret
the severity of inhibited growth. For example, pigs fed an iron
deficient diet (20) showed substantially lower growth than their
iron sufficient controls. However, it was not clear to what
extent growth was inhibited when viewing these data without
a reference. Clearly, pigs fed an iron deficient diet demonstrate
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reduced growth (they approximate the 25th percentile, Figure 3),
however it was not as poor as to be considered FTI'T, and these
groups did not lose body mass despite displaying signs of anemia
(20). Similarly, Fleming et al. (16) describe the growth of pigs
fed prebiotics as statistically lower than controls. A common
difficulty of interpreting changes in body weight is understanding
whether altered growth is not only “statistically different” but
“biologically relevant.” When that same group was overlaid on
the reference graph (Figure 3, prebiotic), it revealed that these
animals grew above the 50th percentile by the end of study,
suggesting that not only was growth within a typical range, but
this group also slightly exceeded the median value for body
weight by the end of the trial. Thus, in context of its own study
(16) one might interpret the evidence to suggest that prebiotics
(a combination of polydextrose and galactooligosaccharide)
inhibited growth, when in reality the change in growth was within
the typically observed biological range.

Conversely, it became clear that some groups grew
exceptionally well. The iron sufficient group (21.3 mg/L
ferrous sulfate per liter of milk), which served as an internal
control for the iron deficient (2.72 mg/L) group in the same

study (20) exceeded the 95th percentile by PND 30. Of note,
this group was from one of three studies where pigs were fed ad
libitum (20, 24). To our knowledge, this is the first assessment
of growth outcomes between AR pigs fed ad libitum and in
a scheduled manner. Growth curves between ad libitum- and
scheduled-fed pigs entirely overlap until approximately PND 15
onwards, where pigs fed ad libitum begin to demonstrate a more
rapid rate of growth (Figure 4). Thus, the iron sufficient group
in Figure 3 represents an atypical case of accelerated growth.

Rearing Environment and Sex Differences

Despite obtaining a relatively large sample size for biomedical
studies (AR: n = 201; SR: n = 188), there was variability in
the number of animals between studies, duration of study, and
frequency of measurements both within and between the AR and
SR groups, which led to highly variable mean estimates, where it
appears that body weight changes significantly on a daily basis.
Comparing the fitted growth models reveals that body weight
variability was within 1kg between groups at nearly all points
within the first 30 days. AR pigs tended to show a slight lag in
growth until ~PND 14, where their rate of growth increased, and
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body weight eventually surpassed that of SR pigs around PND
21 (Figure 4A). Early reports (10) suggested that pigs fed a milk
replacer (PND 19-25) exhibited growth that exceeded that of
suckling (i.e., sow-reared) pigs. More recent studies have shown
that pigs fed milk replacer (35, 36), or even a combination of milk
replacer and suckling (37), exhibit similar growth as compared
to sow-reared pigs. This was shown for AR pigs fed a soy-based
formula as well (36). Ultimately, the data in the present meta-
analysis are supported by recent publications demonstrating
similar growth between artificially- and sow-reared pigs (35-37).

Beyond growth, there were insufficient organ weight data
available to compare AR and SR groups, except for intestinal
weight. Both groups exhibited similar intestinal weight as
a proportion of total body weight, though the AR group
demonstrated higher variability than the SR group (Figure 5D).
Again, this may be reflective of the data coming from multiple
different studies. Practically speaking, these data suggest that
power analyses for studies designed on AR or SR pigs should
take these differences in variability into account for the proper
estimation of sample size.

Similar to the differences between AR and SR pigs, the
difference in weight between male and female pigs was <1kg at
its greatest point and was nearly identical at PND 2 and PND 30
(Figure 4B). It appeared that females exhibit numerically greater
growth during the second and third weeks of life, but these
differences disappeared by PND 30. This finding is supported
by Yeruva et al. who reported no impact of sex on growth

up to PND 21 in a study containing both SR and AR pigs
(36). In sow-reared conditions, multiple reports suggest no or
little effect of sex on weight at weaning. Whitley et al. (38)
demonstrate that even if birth weights may differ between males
and females, weaning weights (PND 24) and average daily gain
between sexes are similar. Furthermore, an assessment of 8,241
pigs from Danish herds showed that males exhibited slightly
lower average daily gain (4g BW/day fewer than females) at
weaning age, but this may have been related to castration (39).
Practically speaking, such a difference in average daily gain over
~30 days would amount to a difference in body weight of 120 g,
which most biomedical studies are not powered to detect. Taken
together, most data suggest either no or a very small impact
of sex on body weight. Additionally, the relative weights of the
brain, intestine, and liver as a proportion of total body weight
exhibited highly overlapping distributions between male and
female pigs (Figures 5A-C). Thus, for purposes of identifying
deviations from typical growth, stratification by sex may
be unnecessary.

Emphasizing the Value of Organ Weights

as an Endpoint for Safety Assessments

To evaluate the safety of new ingredients for application in infant
formula in preclinical studies, the IOM recommends a two-level
assessment (1). Level 1 assessments include measures of each
organ system (e.g., organ weight, histology, cell counts, etc.),
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with Level 2 including deeper measures of organ systems (e.g.,
hormones, cytokines, growth factors, etc.) required to explain
findings from Level 1. Similar to understanding typical body
weight growth, establishing reference values for typical organ
weights will be valuable to understand organ growth. To that
end, organ weight data from 158 control animals were analyzed
to understand the absolute and relative (to body weight) organ
weights. This allowed the detection of three scenarios (Figure 6)
where the assessment of absolute and relative organ weights in a
univariate manner might lead to inaccurate conclusions on the
safety of dietary ingredients.

Figures 6A1,2 depicts pigs reared in a perinatal choline
deficient environment compared to the reference group.
Assessment of absolute brain weight indicated no difference
between reference and deficient groups, while relative brain
weight of the choline deficient group was greater than
in the reference group. Notably, these pigs also exhibited
lower body weights, thus a higher relative brain weight
is more reflective of changes in body mass rather than
brain growth. Indeed, when regressing body weight against
relative brain weight (Figure 6A2), both the choline deficient
and reference groups demonstrate similar slopes. One might
be led to prematurely infer that choline deficiency impacts
body weight and not brain weight. When body weight was
regressed against absolute brain weight, the relationship (i.e.,
slope) between choline deficient and reference pigs differed
(Figure 6A1). In the reference group, brain weight did not
appreciably increase with body weight, due to accretion of
body mass at a far higher rate than brain mass. However,
during choline deficiency, animals with greater body weight
demonstrated brain weights significantly higher than their
smaller counterparts. The reason for this is not clear, but
the relationship demonstrates that the use of absolute and
relative organ weights does not accurately capture potential
deviations from typical development. In other words, univariate
assessments of organ weight are not sufficient to characterize
typical development, whereas bivariate assessments including
body mass as a predictor seem to provide a greater degree
of sensitivity.

The observation that bivariate assessments of organ weight
are superior to univariate is shown in two more examples.
Figure 6B demonstrates the phenomenon wherein iron deficient
animals displayed intestinal weights similar to the reference
group, on both an absolute and relative scale. Paradoxically,
the iron sufficient group used as an internal control during
the study exhibited intestinal weights significantly higher than
observed in the reference group. On a bivariate level, absolute
intestinal weight and body weight (Figure 6B1) demonstrated a
similar relationship between reference, iron deficient, and iron
sufficient groups. However, the relationship between relative
intestinal weight and body weight appeared markedly different
between iron deficient and reference groups (Figure 6B2). The
reference group exhibited a linear increase in relative intestinal
weight with increasing body weight, which is reflected in a
slope of nearly zero when regressing body weight against relative

intestinal weight. During iron deficiency, animals with larger
body weights exhibited lower relative intestinal weight, indicating
that accretion of intestinal mass lagged behind accretion of total
body mass.

Lastly, Figure 6C demonstrates how DEHP-fed pigs exhibit
absolute and relative liver weights that appear typical when
compared to the reference group, however their relationship
to body mass suggests otherwise. On an absolute basis, liver
weight of DEHP-fed pigs did not increase with body weight
at the same rate as the reference group (Figure 6C1). On
a relative basis, liver weight of DEHP-fed pigs decreased
with body weight more rapidly than in reference pigs
(Figure 6C2). This is perhaps one of the most striking examples
where from absolute and relative liver weight alone, high
exposure to DEHP might be considered safe, despite published
reports that it perturbs liver weight and metabolism in
rodents (40).

Organ weights serve as a first point of reference when assessing
developmental immunotoxicology (41). Here, we propose a
simple statistical approach to increase the value of using organ
weights in the assessment of safety. By using a bivariate
approach, organ and body weights may be used to more precisely
understand the effect of a novel ingredient on development than
either alone.

Limitations and Future Opportunities

As mentioned throughout, there are multiple limitations
that represent future opportunities for improvement of the
approach and database described here. Given the evolution of
methodologies and scientific objectives over the course of a
decade, studies from which data was included in the database
so far varied largely with respect to the study designs, sampling
frequencies, and sample sizes between studies. Furthermore, it
became impossible to disentangle effects of breed, source herd,
nutritional composition, and feeding rates as these variables
frequently co-varied with each other. These factors may have
no bearing on the interpretation of data within a study as all
subjects were treated similarly, but this does impact the ability
to conduct or interpret future reviews and meta-analyses. Lastly,
the specific data reported were all from studies conducted at a
single research facility, where the authors had access to the raw
data. The choice not to perform a meta-analysis and compile data
from published studies from other research institutes was made
deliberately to avoid issues pertaining to data ownership and
intellectual property. The intention is for this database to serve
as a first step toward contributions from multiple institutions,
which will allow far greater power to understand biological
development and the impact of additional factors on pig typical
growth. A particular advantage of this approach is that data
from studies that were not designed for safety or toxicological
assessments can be included, helping to fill gaps in the literature
where no previous safety data exist. Thus, for safety assessments
of infant formula or novel ingredients for infants, the current
and future iterations of the database may provide the needed
reference ranges for determining safety.
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CONCLUSIONS

We compiled growth data on body and organ weights from a
decade of studies using the young pig as a biomedical model.
The database is the first step toward defining biological norms
during critical developmental periods and reference standards
that can be used to promote systematic review, meta-analysis,
and use of the pig model. Specifically, it may be used as a tool
for the assessment of the safety of novel ingredients used in
infant nutrition.
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