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Intrauterine growth restriction (IUGR) is defined as inadequate foetal growth during gestation. In
response to placenta insufficiency, IUGR piglets prioritise brain development as a survival mechanism.
This adaptation leads to a higher brain-to-liver weight ratio (BrW/LW) at birth. This study assessed the
potential of using morphometric traits to estimate brain (BrW) and liver (LW) weights, enabling non-
invasive diagnosis of IUGR in newborn piglets. At birth, body weight (BtW) of individual piglets
(n = 144) was recorded. One day (± 1) after birth, BrW and LW were measured with computed tomogra-
phy (n = 94) or by weighing the organs after natural death or euthanasia (n = 50). Additionally, 20 mor-
phometric traits were captured from images of each piglet and correlated with the BrW and LW. The
morphometric traits that showed a r � 0.70 in linear correlation with the BrW or LW were selected.
Each selected trait was combined as an independent variable with BtW to develop multiple linear regres-
sion models to predict the BrW and LW. Six models were chosen based on the highest adjusted R2 value:
three for estimating BrW and three for LW. The dataset was then randomly divided into a training (75% of
the data) and a testing (remaining 25%) subsets. Within the training subset, three equations to predict the
BrW and three to predict the LW were extrapolated from the six selected models. The equations were
then applied to the testing subset. The accuracy of the equations in predicting organ weight was assessed
by calculating mean absolute and mean absolute percentage error (MAE and MAPE) between predicted
and actual BrW and LW. To predict the BrW/LW, an equation including BtW and the two morphometric
traits which better predicted BrW and LW was used. In the testing dataset, the equation combining ear
distance and BtW better estimated the BrW. The equation performed with a MAE of 1.95 and a MAPE of
0.06 between the true and estimated weight of the brain. For the liver, the equation combining the
abdominal area delimited by a square and BtW displayed the best performance, with a MAE of 9.29
and a MAPE of 0.17 between the true and estimated weight. Finally, the MAE and MAPE between the
actual and estimated BrW/LW were 0.14 and 0.17, respectively. These findings suggest that specific mor-
phometric traits can be used to estimate brain and liver weights, facilitating accurate and non-invasive
identification of IUGR in newborn piglets.
� 2024 Agroscope. Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

Selection to improve sows’ prolificacy has led to an increased
percentage of piglets exposed to intrauterine growth restriction.
This condition is characterised by a relative increase in brain size
compared with other organs, such as the liver. Therefore, the diag-
nosis should consider the ratio between the weight of the brain
and that of other organs. Our study shows that there are morpho-
metric traits which can be used to estimate brain and liver weight
in newborn piglets. Predictive models based on these traits repre-
sent a promising tool for the early detection of affected piglets,
enabling the development of targeted postnatal interventions.
Introduction

Efforts to improve sows’ prolificacy have led to a significant
increase in the number of piglets born and weaned per year
(Quiniou et al., 2002; Campos et al., 2012). Although litter sizes
have increased, not all piglets born in these larger litters attain
their full genetic growth potential. This can be attributed to an
increased exposure to growth restrictions experienced in the uter-
ine environment (Quiniou et al., 2002; Amdi et al., 2013). Intrauter-
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ine growth restriction (IUGR) is a pathological condition charac-
terised by impaired development of the foetus or its organs during
gestation (Wu et al., 2006). The primary cause behind IUGR is pla-
cental insufficiency, which results in inadequate distribution of
oxygen and nutrients to the foetus (Cohen et al., 2015). Intrauter-
ine growth restriction is associated with increased morbidity and
mortality, long-term growth limitation, and low efficiency in nutri-
ent utilization (Wu et al., 2006). At present, this condition repre-
sents the main cause of low birth weight (BtW) in the pig
industry and can affect up to 20% of piglets within a litter
(Santos et al., 2022). The identification of IUGR piglets is challeng-
ing due to the lack of specific symptoms and reliable biomarkers.
Diagnosis is frequently established by considering either the abso-
lute BW of the foetus or newborn or the BW in relation to a specific
gestational age (Van Ginneken et al., 2023). D’Inca et al. (2010)
classified piglets as IUGR when their BtW was at least 1.5 SD units
lower than the average BtW of the litter. Other studies have
defined IUGR as weighting at birth less than the tenth percentile
of gestational age�specific normal BtW values (Bauer et al.,
2003). In a study by Wang et al. (2016), an IUGR piglet was defined
as having a BtW between 0.75 and 0.90 kg and belonging to the
lower quartile of the litter BtWs. However, it is important to differ-
entiate between the definitions of IUGR, low BtW, and ‘small for
gestational age’. These terms are often used interchangeably but
have important differences, as they each represent a distinct aspect
of foetal growth and development (Gupta, 2008). Indeed, within
the low BtW and small for gestation age categories, there are sub-
jects that do not achieve their full genetically determined size
because of growth restriction in the uterus (De Vos et al., 2014).
It has been suggested that in order to identify IUGR piglets, it is
important to consider their head morphology as an additional cri-
terion (to BtW) (Hales et al., 2013). Moreover, Huting et al. (2018)
demonstrated that the morphology of a newborn piglet may also
be useful in predicting its later performance. Piglets that suffered
from growth restriction in the uterus often show a dolphin-like
head shape, wrinkles perpendicular to the mouth, bulging eyes,
and hair with no direction of growth (Hales et al., 2013; Amdi
et al., 2020). Besides these phenotypical traits, IUGR has been asso-
ciated with a relatively larger brain compared to other organs at
birth, such as the liver. Due to the oxygen and nutrient deprivation
during foetal growth, development of the brain is prioritized. This
survival mechanism is called the ‘‘brain-sparing effect” and results
in a higher brain-to-organ weight ratio at birth (Cohen et al., 2015).
For this reason, to accurately assess IUGR in newborn piglets, mea-
surements like BtW and head shape should be complemented by
evaluating the proportional relationship between brain weight
(BrW) and the weight of other organs (Chand et al., 2022;
Felicioni et al., 2019). The absence of a non-invasive method to
assess this ratio and diagnose IUGR remains a significant challenge
in pig production, limiting treatment development due to poor
diagnosis (Felicioni et al., 2019). Considering the adverse effects
of IUGR on pig production and the inconsistencies in studies on
growth-restricted pigs, there is a clear need for an accurate and
standardized diagnostic approach. Models based on image analysis
offer a promising tool for the early and non-invasive identification
of IUGR in piglets, facilitating interventions to mitigate its negative
effects.

Our hypothesis was that using specific morphometric traits, the
weight of the brain, that of the liver (LW), and their ratio (BrW/LW)
could be estimated with sufficiently high accuracy, enabling non-
invasive diagnosis of IUGR in newborn piglets. To test this hypoth-
esis, we determined the weight of the brain and liver in newborn
piglets through either scale measurement after natural death or
euthanasia or by extrapolation from computed tomography (CT)
scan images. In addition, pictures of the same piglets were taken
to capture specific body measurements such as distance between
2

the ears, body length, and front head diameter, which were used
to predict the BrW, LW, and BrW/LW.
Material and methods

Animal selection and classification

The study was approved (approval numbers 32751_FR and
35131_FR) by the ethics committee of the canton of Fribourg
(Switzerland). The experiment was performed at the Agroscope
swine research facility situated in Posieux (Switzerland). Two stud-
ies were carried out. In the first study, 310 Swiss Large White pig-
lets (alive = 268, stillborn/dead = 42) were included. The BtW of
each piglet was registered on the day of farrowing (day 0). The
BtW of the piglets born during the evening or night was measured
the following morning. One day (± 1) after birth, CT scan imaging
(64-channel multislice scanner Siemens Emotion Duo CT, Siemens,
Erlangen, Germany) was conducted to non-invasively measure
brain and liver volumes for each piglet. The procedures for han-
dling the pigs and analysing the CT scan images were described
in detail by Ruggeri et al. (2024). Briefly, all the animals were
anaesthetized with isoflurane and positioned in sternal recum-
bency for CT scans of the head and the thoracic region. The result-
ing images were then semi-automatically processed (Turtleseg
software 1.2.1) to calculate the volumes of the brain and liver. After
the CT scan, 30 piglets were selected and euthanised with an intra-
cardiac injection of pentobarbital solution (Esconarkon, Streuli
Tiergesundheit AG, Uznach, Switzerland), as described by Ruggeri
et al. (2024). The selection was based on the BtW. Three BtW cat-
egories were defined to include the full range of BtWs present in
the study population. From each category, 10 piglets were eutha-
nised. The brain and the blood-filled liver were excised. Brain
(BrWEu) and liver (LWEu) weights were assessed with a scale, and
their volumes were determined using the water displacement
method (Lemke et al., 2006). Volume and weight were used to cal-
culate the density of the brain and liver according to Equations 1
and 2 (Annex 1).

The average brain and liver densities calculated post-euthanasia
together with the brain and liver volumes measured with the CT
scan were used to assess brain weight (BrWCT), liver weight
(LWCT), and the brain-to-liver weight ratio (BrWCT/LWCT) for all
the piglets. In order to estimate the weights of the brain and liver
from CT scan images, it is essential to have the information about
the densities of these organs. We hypothesized that densities of the
brain and liver are comparable among piglets and estimated them
using the average densities from euthanised piglets. The BrWCT and
LWCT were then calculated according to Equations 2 and 3 (Annex
1).

Furthermore, using the data obtained from the 30 euthanised
piglets, three regression equations were developed with Python
programming language (version 3.8.8) to calculate the BrWCT,
LWCT, and BrWCT/LWCT from the weights obtained after death/
euthanasia (BrWEu, LWEu, BrWEu/LWEu).

To extend the dataset, which was unbalanced due to the limited
number of piglets exhibiting a high BrWCT/LWCT compared to the
population mean, a second experiment was performed at the same
facility.

All Swiss Large White piglets born from 35 litters with a BtW
lower than 1 kg were included (n = 67, alive = 35, stillborn/dead =
32). On the day of farrowing (day 0), the BtW of each piglet was
recorded. The BtW of the piglets born during the evening or night
was measured the following morning. On day one (± 1) after birth,
the piglets (n = 35) were euthanised with an overdose of pentobar-
bital (Esconarkon). The brain and blood-filled liver were then
excised from each piglet (alive = 35, stillborn/dead = 32), as
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described before. The BrWEu and LWEu were assessed with a scale
and used to determine the BrWEu/LWEu. As the CT scan was not
available in this second study, the three regression equations
developed in the first study were used to calculate the BrWCT,
LWCT, and BrWCT/LWCT from the weights obtained after death/
euthanasia (BrWEu, LWEu, and BrWEu/LWEu). The objective was to
standardize the data of the two experiments.

Image collection and body measurements

To capture specific morphometric traits, videos of all the piglets
(first study = 310, second study = 67) were recorded on day one (±
1) using a camera (RealSense depth camera D435i, Intel, USA)
placed at 40 cm from the animal. Each piglet was positioned in a
hammock and a short (�2 s) video was recorded, with the camera
moving from the right lateral side to the top of the piglet. A fixed
distance between the camera and the piglet was maintained
thanks to a pivoting arm. Videos were then saved in BAG format.
From each video, a series of individual RGB images (RGB frame res-
olution: 1 920 � 1 080) were extracted one by one to create a col-
lection of frames (RGB frame rate: 30 fps). The frame extraction
procedure was performed using Python programming language
(version 3.8.8). The frames were then converted into PNG format
through the rs-convert.exe tool, available within the Intel Real-
Sense program (SDK 2.0, Intel Corporation, USA).

Body measurements were collected from frames of 144 piglets,
94 from the first study and 50 from the second study. The piglets
were selected randomly, with a target total of 150, including 100
piglets from the first study and 50 from the second study, given
to the latter’s smaller dataset. However, six piglets from the first
study were subsequently excluded because of the poor quality of
their images.

Two image frames were selected for each piglet. The first frame
(frame 1) shows the piglet from the right lateral side and the sec-
ond (frame 2) from the top (Fig. 1). Specific measurements were
taken on the frames by using ImageJ software (version 1.53, U.S.
National Institutes of Health, Bethesda, Maryland, USA). For each
piglet, 20 body measurements were recorded in total: 13 (frame
1: ME, pixel; MH, pixel; ME2, pixel; EH, pixel; EH2, pixel; MN,
pixel; A, �; B, pixel2; frame 2 = EE, pixel; EE2, pixel; FH, pixel; Bt,
pixel2; CB, pixel2) to correlate to the weight of the brain (Fig. 2),
6 (frame 1: L, pixel2; L2, pixel2; CL, pixel2; frame 2: SS, pixel;
SS2, pixel; Lt, pixel2) to the weight of the liver (Fig. 3), and 1 (frame
2: Le, pixel) to both the organs’ weights (Fig. 2 and Fig. 3). To test
the repeatability of the method, a subset of the morphometric
traits (n = 12) was measured on the selected piglets (n = 144, 94
from study one and 50 from study two) by a second observer.

Data analysis

All calculations and statistical analyses were performed using
Python (version 3.8.8). The packages employed were numpy, pan-
das, seaborn, matplotlib, scipy, scipy.stats, statsmodels.api,
statsmodels.formula.api, sklearn.model_selection, and
sklearn.metrics.

The BtW and body measurements of each selected piglet
(n = 144, 94 from study one and 50 from study two) were used
to correlate with the BrWCT and the LWCT. The linear relations of
the BtW and each morphometric trait (shown in Fig. 2 and Fig. 3)
with the BrWCT and LWCT were tested, and the degrees of correla-
tion were expressed as r. The morphometric traits which correlated
with a r � 0.70 with either brain or liver weight were selected for
further analysis. In addition, each morphometric trait was used, in
combination with the BtW, as an independent variable to develop
multiple linear regression models to predict the BrWCT and LWCT.
Among the resulting models, the six morphometric traits — three
3

to correlate with the brain and three to correlate with the liver—
which, in combination with BtW, displayed the highest adjusted
R2 value (goodness-of-fit of the linear regression model) were
selected. This selection process allowed the identification of the
most influential variables for predicting BrWCT and LWCT.

Having determined these key morphometric traits, the dataset
(144 piglets, 94 from study one and 50 from study two) was ran-
domly divided into two distinct subsets: a training dataset contain-
ing 75% of the data (108 piglets, 69 from study one and 39 from
study two) and a testing dataset including the remaining 25% (36
piglets, 25 from study one and 11 from study two).

Using the training dataset, three equations to predict BrWCT

and three additional equations to predict LWCT were developed
based on the six most predictive variables (as indicated by the
highest adjusted R2 derived from the multiple linear regression
models). These equations were applied on the training dataset
first and subsequently on the testing datasets, to assess the pre-
dictive performances of the models on unseen data. When
applying these prediction equations to both, the training and
testing datasets, six distinct predicted values of BrWCT were
obtained for each piglet, three for the training datasets and three
for the testing dataset. The same results were obtained for the
liver.

In order to predict the BrWCT/LWCT, two approaches were
tested. In the first approach, the two variables which, along with
the BtW, better predicted the BrWCT and LWCT (lower percentage
error in the testing dataset) were used in combination to develop
a multiple linear regression model to predict the BrWCT/LWCT. Prior
to this analysis, a log transformation was applied to the BrWCT/
LWCT values, as the residuals exhibited a characteristic of non-
linearity. The regression equation extrapolated from the model in
the training dataset was then applied to the testing dataset. In
the second approach, the predicted BrWCT and LWCT, calculated
using the previous models, were directly employed to determine
the BrWCT/LWCT, both in the training and testing subsets. Through-
out this process, the linear relation between the true and the pre-
dicted BrWCT, LWCT, and BrWCT/LWCT was always tested, and r was
reported for both the training and the testing dataset.

Finally, the models’ predictive performances were evaluated
using the mean absolute error (MAE), the mean absolute percent-
age error (MAPE), the RMSE, and the RMSE % between the true and
predicted BrWCT, LWCT, and BrWCT/LWCT. The coefficients of corre-
lation and concordance were also measured. The MAE, MAPE,
RMSE, RMSE %, and the coefficients of correlation and concordance
were reported for both the training and the testing dataset. Addi-
tionally, the MAE, MAPE, RMSE, RMSE %, and the coefficients of cor-
relation and concordance between the true and predicted BrWCT/
LWCT were measured excluding from the calculation the piglets
born with a BtW below 800 g, as euthanasia of these piglets is a
common practice in modern swine production systems. When
the BrWCT/LWCT was predicted according to the first approach,
the correlation coefficient, MAE, MAPE, RMSE, RMSE %, and the
coefficients of correlation and concordance between true and pre-
dicted BrWCT/LWCT were assessed after reversing the logarithmic
transformation of the data. The P�value of the correlation coeffi-
cient was always tested and considered significant at < 0.05.

The predictive ability of the BtW alone to estimate the BrWCT

and LWCT was tested throughout the various steps of the analysis.
The inclusion of BtW as the only predictor at each step provided a
baseline for comparison, enabling the evaluation of how the addi-
tion of morphometric traits improved the models’ performance.
Simple linear regression models, incorporating only BtW, were
developed to predict BrWCT, LWCT, and BrWCT/LWCT, and their per-
formances were evaluated on both training and testing datasets. In
addition, the models including BtW as sole predictor (e.g., BrWCT-
�BtW) and the models including BtW in combination with mor-



Fig. 1. Two frames were selected for each piglet to perform body measurements. Frame 1 (left) shows the piglet from the right lateral side and frame 2 (right) from the top.

Fig. 2. Body measurements recorded to correlate with the weight of the brain of the piglets. Abbreviations: ME = distance in pixels between the mouth and the front head
passing by the lateral edge of the eye, seen from the side; MH = distance in pixels between the mouth and the front head passing by the medial edge of the ear, seen from the
side; ME2 = distance in pixels between the caudal edge of the eye and the ear, seen from the side; EH = distance in pixels between the lateral edge of the eye and the front
head, following a straight line, seen from the side; EH2 = distance in pixels between the medial edge of the eye and the front head, following a straight line, seen from the side;
MN = distance in pixels between the caudal edge of the mouth and the nose, following a line perpendicular to the nose, seen from the side; A = angle between ME and MH; B =
area in pixels of the head delimited by a square, seen from the side; EE = distance in pixels between the lateral edge of the ears, seen from above; EE2 = distance in pixels
between the medial edge of the ears, seen from above; FH = larger diameter of the front head, seen from above; Bt = area in pixels of the front head delimited by a square, seen
from above; CB = area in pixels of the front head delimited by a circle, seen from above; Le = length of the body in pixels, from the caudal edge of the head to the end of the
body following the spine, seen from above.
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phometric traits (e.g., BrWCT�BtW+EE) were compared with an
ANOVA. This statistical test was used to evaluate whether the
inclusion of morphometric traits in addition to BtW results in a sig-
nificant improvement in the models’ ability to explain the variance
in the dependent variables (BrWCT, LWCT, BrWCT/LWCT).
4

Results

The average BrWCT/LWCT determined in study 1 (n = 310) and
study 2 (n = 67) was 0.62 ± 0.31 and 1.01 ± 0.42 [harmonic
mean ± SD], respectively (Table 1).



Fig. 3. Body measurements recorded to correlate with the weight of the liver of the piglets. Abbreviations: L = area in pixels of the body delimited by a square from the caudal
edge of the head to the caudal edge of the abdomen, seen from the side; L2 = area in pixels of the body delimited by a square from the caudal edge of the head to the caudal
edge of the body, seen from the side; CL = area in pixels of the abdomen delimited by a circle, seen from the side; SS = distance in pixels between the shoulders, seen from
above; SS2 = diameter of the abdomen measured caudally to the shoulders, seen from above; Lt = area in pixels of the body delimited by a square from the caudal edge of the
head to the caudal edge of the body, seen from above; Le = length of the body in pixels, from the caudal edge of the head to the end of the body following the spine, seen from
above.

R. Ruggeri, G. Bee, P. Trevisi et al. Animal 18 (2024) 101262
Brain weight, liver weight, and correlation between calculated
computed tomography weight and actual weight of each organ

The euthanised piglets (n = 30) exhibited an average BrWEu of
32.3 ± 2.5 and BrWCT of 34.4 ± 3.7 [mean ± SD]. In terms of LWEu

and LWCT, the mean values were 58.1 ± 27.1 and 67.0 ± 33.5,
respectively. The average BrWEu/LWEu and BrWCT/LWCT were
0.57 ± 0.41 and 0.53 ± 0.41 [harmonic mean ± SD], respectively
(Table 1).

The correlation coefficients between the BrW, LW, and BrW/LW
determined after death/euthanasia or by CT are presented in
Table 2. Generally, the traits were highly correlated (P < 0.001),
with values ranging from 0.83 for BrW to 0.97 for LW and BrW/
LW. Based on these findings, we can confidently conclude that
these measurements are sufficiently accurate for subsequent
analysis.
Correlations between the body measurements taken on the images of
the piglets by the authors and second observer

The subset of the morphometric traits (n = 12) measured on the
selected piglets (n = 144, study one = 94, study two = 50) by the
authors and the second observer were highly correlated
(P < 0.001), with values ranging from 0.88 to 0.97 (see Supplemen-
tary Table S1).
5

Body measurements to predict brain weight, liver weight, and brain
weight/liver weight ratio

Twenty morphometric measurements were taken from each pig
(n = 144, study one = 94, study two = 50). The correlation coeffi-
cients between the BtW and each morphometric measurement
with the BrWCT or LWCT are reported in Supplementary Table S2.
The correlation coefficients ranged from �0.42 to 0.83 for the
BrWCT and from 0.80 to 0.88 for the LWCT. Except for morphometric
measurements A and EH, for which the correlation with the BrWCT

was not statistically significant, the other traits had r-values with
P-values < 0.05 (Supplementary Table S2). The morphometric traits
that were correlated with the BrWCT (n = 6) and LWCT (n = 7) with a
r � 0.70 are reported in Table 3 and Table 4, respectively. These
correlations are further illustrated in Fig. 4 and Fig. 5, respectively.

Using the morphometric measurements reported in Fig. 4 and
Fig. 5, a variety of multiple linear regression models were com-
puted to predict the BrWCT (Table 5) and LWCT (Table 6). The linear
combination of the BtW and the distance between the lateral edge
of the ears (EE, Fig. 2) showed the highest adjusted R2 (adjusted
R2 = 0.72) in predicting the BrWCT, followed by the distance
between the medial edge of the ears (EE2, Fig. 2; adjusted
R2 = 0.71) and the area of the front head delimited by a square
(Bt, Fig. 2; adjusted R2 = 0.71) (Table 5). Regarding the LWCT, the
highest adjusted R2 was achieved by the linear combination of
BtW and the area of the body delimited by a square from the cau-



Table 1
Mean values of brain and liver weights and brain-to-liver weight ratio assessed in piglets after death/euthanasia (BrWEu, LWEu, BrWEu/LWEu), brain and liver weights and brain-to-
liver weight ratio obtained from computed tomography (CT) scan volumes (BrWCT, LWCT, BrWCT/LWCT), and brain and liver weights and brain-to-liver weight ratio estimated from
BrWEu, LWEu, BrWEu/LWEu through regression equations (estimated BrWCT, estimated LWCT, estimated BrWCT/LWCT).

BrW LW BrW/LW

Mean ± SD Mean ± SD Harmonic mean ± SD

Item BrWEu
1 BrWCT

2 Estimated
BrWCT

3
LWEu

4 LWCT
5 Estimated

LWCT
6

BrWEu/
LWEu

7
BrWCT/
LWCT

8
Estimated BrWCT/
LWCT

9

Study 1
All piglets (n = 310) � 34.8 ± 3.1 � � 57.0 ± 21.3 � � 0.62 ± 0.31 �
Selected piglets (n = 94) � 34.8 ± 2.8 � � 57.3 ± 18.5 � � 0.62 ± 0.3 �
Euthanised piglets

(n = 30)
32.3 ± 2.5 34.4 ± 3.7 � 58.1 ± 27.1 67.0 ± 33.5 � 0.57 ± 0.41 0.53 ± 0.41 0.50 ± 0.40

Study 2
All piglets (n = 67) 26.5 ± 3.2 � 27.4 ± 4.0 24.7 ± 9.7 � 27.1 ± 11.6 1.05 ± 0.44 � 1.01 ± 0.42
Selected piglets (n = 50) 27.0 ± 2.9 � 28.0 ± 3.6 25.1 ± 9.2 � 27.5 ± 11.0 1.10 ± 0.39 � 1.02 ± 0.38

Abbreviations: BrW = brain weight; LW = liver weight; BrW/LW = brain-to-liver weight ratio.
1 BrWEu = brain weight assessed with a scale after euthanasia.
2 BWCT = brain weight obtained from CT scan volume.
3 Estimated BrWCT = estimated BrWCT from the weight assessed after euthanasia (BrWEu) through the equation: BrWCT = (1.23 � BrWEu) � 5.19.
4 LWEu = liver weight assessed with a scale after euthanasia.
5 LWCT = liver weight obtained from CT scan volume.
6 Estimated LWCT = estimated LWCT from the weight assessed after euthanasia (LWEu) through the equation: LWCT = (1.2 � LWEu) � 2.57.
7 BrWEu/LWEu = brain-to-liver weight ratio assessed with a scale after euthanasia.
8 BrWCT/LWCT = brain-to�liver weight ratio obtained from CT scan volumes.
9 Estimated BrWCT/LWCT = estimated BrWCT/LWCT from the brain-to-liver weight ratio assessed after euthanasia (BrWEu/LWEu) through the equation: BrWCT/LWCT = (0.97 �

BrWEu/LWEu) – 0.014.

Table 2
Simple linear regression models to correlate brain weight (BrWEu), liver weight (LWEu), and brain-to-liver weight ratio (BrWEu/LWEu) assessed after death/euthanasia of the
piglets to brain weight (BrWCT), liver weight (LWCT), and brain-to-liver weight ratio (BrWCT/LWCT) obtained from computed tomography (CT) scan volumes.

Item r P�value1 R2
adj

2 a3 Intercept

BrWCT�BrWEu
4 0.83 < 0.001 0.68 1.23 �5.19

LWCT�LWEu
5 0.97 < 0.001 0.94 1.20 �2.57

BrWCT/LWCT�BrWEu/LWEu 0.97 < 0.001 0.95 0.97 �0.01

Abbreviations: BrW = brain weight; LW = liver weight; BrW/LW = brain-to-liver weight ratio.
1 P�value of r.
2 R2adj = adjusted R-squared.
3 a = slope of the regression line.
4 BrWEu = brain weight assessed with a scale on 30 piglets after euthanasia.
5 LWEu = liver weight assessed with a scale on 30 piglets after euthanasia.

Table 3
Correlation coefficients between birth body weight (BtW)/morphometric measurements and brain weight (BrWCT) determined after computed tomography scan or death/
euthanasia of the piglets.

Item Mean SD r P�value1

BtW, kg 1.21 0.41 0.83 < 0.001
EE, pixel 203.0 47.3 0.82 < 0.001
Bt, pixel2 29 567.3 8 684.5 0.78 < 0.001
EE2, pixel 122.8 28.4 0.77 < 0.001
Le, pixel 679.4 116.7 0.75 < 0.001
FH, pixel 173.8 30.3 0.75 < 0.001
CB, pixel2 22 812.9 6 874.8 0.74 < 0.001

Abbreviations: BtW = birth body weight in kg; EE = distance in pixels between the lateral edge of the ears, seen from above; Bt = area in pixels of the front head delimited by a
square, seen from above; EE2 = distance in pixels between the medial edge of the ears, seen from above; Le = length of the body in pixels, from the caudal edge of the head to
the end of the body following the spine, seen from above; FH = larger diameter in pixels of the front head, seen from above; CB = area in pixels of the front head delimited by a
circle, seen from above.

1 P�value of r.
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dal edge of the head to the caudal edge of the body (Lt, Fig. 3;
adjusted R2 = 0.80), followed by the area of the body delimited
by a square from the caudal edge of the head to the caudal edge
of the abdomen (L, Fig. 3; adjusted R2 = 0.79) and the length of
the body, from the caudal edge of the head to the end of the body
following the spine (Le, Fig. 3; adjusted R2 = 0.79) (Table 6).
6

The six morphometric measurements (EE, EE2, and Bt to esti-
mate the BrWCT and Lt, L, and Le to estimate the LWCT) which, in
combination with the BtW, showed the highest adjusted R2 in
the multiple linear regressions were selected and used to develop
equations in the training dataset to calculate the BrWCT and LWCT.
The degree of correlation between the true and the predicted



Table 4
Correlation coefficients between birth body weight (BtW)/morphometric measurements and liver weight (LWCT) determined after computed tomography scan or death/
euthanasia of the piglets.

Item Mean SD r P�value1

BtW, kg 1.21 0.41 0.88 < 0.001
Lt, pixel2 170 214 59 375 0.87 < 0.001
L2, pixel2 103 262 34 286 0.86 < 0.001
L, pixel2 69 156 19 645 0.86 < 0.001
SS2, pixel 209.7 42.5 0.84 < 0.001
SS, pixel 220.1 42.8 0.83 < 0.001
CL, pixel2 25 761 8 916 0.83 < 0.001
Le, pixel 679.4 116.7 0.80 < 0.001

Abbreviations: BtW = birth body weight in kg; Lt = area in pixels of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from
above; L2 = area in pixels of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from the side; L = area in pixels of the body
delimited by a square, from the caudal edge of the head to the caudal edge of the abdomen, seen from the side; SS2 = diameter in pixels of the abdomen measured caudally of
the shoulders, seen from above; SS = distance in pixels between the shoulders, seen from above; CL = area in pixels of the abdomen delimited by a circle, seen from the side;
Le = length of the body in pixels, from the caudal edge of the head to the end of the body following the spine, seen from above.

1 P�value of r.
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BrWCT and LWCT was tested in the training and testing datasets and
is reported in Fig. 6 and Fig. 7, respectively.

The three regression equations (Table 7), developed to predict
the BrWCT, showed similar performance. When EE was used along-
side BtW (BrWCT�BtW+EE), the resulting MAE and MAPE between
true and predicted BrWCT values were 1.78 and 0.06 in the training
dataset (Table 8) and 1.95 and 0.06 in the testing dataset, respec-
tively (Table 9). The correlation coefficient between true and pre-
dicted BrWCT values was 0.85 and 0.84 in the training (Table 8)
and testing dataset (Table 9), respectively. When EE2 was included
in combination with the BtW (BrWCT�BtW+EE2), the MAE and
MAPE between the true and the predicted BrWCT values were
1.74 and 0.06 in the training dataset (Table 8) and 2.07 and 0.07
in the testing dataset (Table 9), respectively. The correlation coef-
ficient between true and predicted BrWCT values was 0.85 and
0.82 in the training (Table 8) and testing dataset (Table 9), respec-
tively. Similarly, when Bt was included in combination with the
BtW (BrWCT�BtW+Bt), the MAE and MAPE between the true and
the predicted BrWCT values were 1.79 and 0.06 in the training data-
set (Table 8) and 1.99 and 0.06 in the testing dataset (Table 9),
respectively. The correlation coefficient between true and pre-
dicted BrWCT values was 0.84 and 0.83 in the training (Table 8)
and testing dataset (Table 9), respectively.

Of the three regression equations (Table 7) predicting the LWCT,
the one which showed better performance included the combina-
tion of BtW and L (LWCT�BtW+L). In this case, the MAE and MAPE
were equal to 7.03 and 0.16 in the training dataset (Table 8) and
9.29 and 0.17 in the testing dataset (Table 9), respectively. The cor-
relation coefficient between true and predicted LWCT values was
0.89 and 0.90 in the training (Table 8) and testing dataset (Table 9),
respectively.

As previously described, two approaches were tested to predict
the BrWCT/LWCT. In the first approach, an equation was constructed
on the training dataset to estimate the BrWCT/LWCT by incorporat-
ing the measures EE (Fig. 2) and L (Fig. 3), along with the BtW
(BrWCT/LWCT�BtW+EE+L). The BtW, EE and L were the measures
that better predicted the BrWCT and LWCT. In the second approach,
the values of BrWCT and LWCT estimated with EE in combination
with BtW (BrWCT�BtW+EE) and L in combination with BtW (LWCT-
�BtW+L), respectively, were directly employed to determine the
BrWCT/LWCT. The degree of correlation between the true and the
predicted BrWCT/LWCT was tested in the training and testing data-
sets for the first (Fig. 8 and Fig. 9, panel A) and the second approach
(Fig. 8 and Fig. 9, panel C). Using the first approach, the MAE and
MAPE between the true and predicted BrWCT/LWCT were equal to
0.16 and 0.19 in the training dataset (Table 8) and 0.14 and 0.17
in the testing dataset, respectively (Table 9). The correlation coef-
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ficient between true and predicted BrWCT/LWCT was 0.80 and
0.85 in the training (Table 8) and testing dataset (Table 9),
respectively.

For the second approach, the MAE and MAPE between the true
and predicted BrWCT/LWCT were equal to 0.16 and 0.19 in the train-
ing (Table 8) and to 0.14 and 0.20 in the testing dataset, respec-
tively (Table 9). The correlation coefficient between true and
predicted BrWCT/LWCT was 0.81 and 0.88 in the training (Table 8)
and testing dataset (Table 9), respectively.

When BtW was used alone to predict BrWCT (BrWCT�BtW), the
resulting MAE and MAPE between the true and the predicted
BrWCT values were similar to those of the models including the
various morphometric traits (BrWCT�BtW+EE; BrWCT�BtW+EE2;
BrWCT�BtW+Bt), showing values of 1.80 and 0.06 in the training
dataset (Table 8) and 2.17 and 0.07 in the testing dataset, respec-
tively (Table 9). The correlation coefficient between true and pre-
dicted BrWCT values was 0.84 and 0.80 in the training (Table 8)
and testing dataset (Table 9), respectively. In line with the trend
observed for BrWCT, when BtW was used as the only independent
variable to predict the LWCT (LWCT�BtW), the resulting MAE and
MAPE values were similar to those obtained with the models
including the various morphometric traits (LWCT�BtW+L; LWCT-
�BtW+Lt; BrWCT�BtW+Le), showing values of 6.95 and 0.18 in
the training dataset (Table 8) and 8.73 and 0.18 in the testing data-
set, respectively (Table 9). The correlation coefficient between true
and predicted LWCT values was 0.89 and 0.89 in the training
(Table 8) and testing dataset (Table 9), respectively. The BrWCT/
LWCT was also estimated using the BtW alone, according to the first
(Supplementary Fig. S1 and S2, panel A) and second approach (Sup-
plementary Fig. S3 and S4, panel A). In the first case, the MAE and
MAPE between the true and predicted BrWCT/LWCT were equal to
0.17 and 0.19 in the training dataset (Table 8) and 0.15 and 0.18
in the testing dataset (Table 9), respectively. The correlation coef-
ficient between true and predicted BrWCT/LWCT was 0.77 and
0.83 in the training (Table 8) and testing dataset (Table 9), respec-
tively. For the second approach, the MAE and MAPE between the
true and predicted BrWCT/LWCT were equal to 0.16 and 0.18 in
the training (Table 8) and to 0.14 and 0.18 in the testing dataset
(Table 9), respectively. The correlation coefficient between true
and predicted BrWCT/LWCT was 0.79 and 0.87 in the training
(Table 8) and testing dataset (Table 9), respectively.

The error rates in predicting BrWCT, LWCT, and BrWCT/LWCT

were similar, or in some cases even lower when using BtW as
the sole independent variable or in conjunction with morphomet-
ric traits. However, the correlation coefficients between the true
and predicted BrWCT, LWCT, and BrWCT/LWCT values in the testing
dataset were always higher when using the BtW in combination



Fig. 4. Variables which showed a r � 0.70 in the linear correlation with brain weight (BrWCT) of the piglets. X-Axis: BrWCT (g); y-axis: (A) birth body weight (BtW) expressed
in kg; (B) EE = distance in pixels between the lateral edge of the ears, seen from above; (C) Bt = area in pixels of the front head delimited by a square, seen from above; (D)
EE2 = distance in pixels between the medial edge of the ears, seen from above; (E) Le = length of the body in pixels, from the caudal edge of the head to the end of the body
following the spine, seen from above; (F) FH = larger diameter of the front head, seen from above; (G) CB = area in pixels of the front head delimited by a circle, seen from
above.
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Fig. 5. Variables which showed a r � 0.70 in the linear correlation with the liver weight (LWCT) of the piglets. X-Axis: LWCT (g); y-axis: (A) birth body weight (BtW) expressed
in kg; (B) Lt = area in pixels of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from above; (C) L2 = area in pixels of the
body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from the side; (D) L = area in pixels of the body delimited by a square from
the caudal edge of the head to the caudal edge of the abdomen, seen from the side; (E) SS2 = diameter of the abdomen measured caudally of the shoulders, seen from above;
(F) SS = distance in pixels between the shoulders, seen from above; (G) CL = area in pixels of the abdomen delimited by a circle, seen from the side; (H) Le = length of the body
in pixels, from the caudal edge of the head to the end of the body following the spine, seen from above.
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Table 5
Adjusted R2 values (R2adj) of multiple linear regression models to predicted brain weight (BrWCT) determined after computed tomography (CT) scan or death/euthanasia of the
piglets from birth weight (BtW) and morphometric measurements.

Item R2adj
1 a12 a23 Intercept

BrWCT�BtW+EE 0.72 5.39 0.04 18.4
BrWCT�BtW+EE2 0.71 6.76 0.04 19.1
BrWCT�BtW+Bt 0.71 6.75 0.0001 20.3
BrWCT�BtW+CB 0.70 7.31 0.0001 20.5
BrWCT�BtW+Le 0.70 7.37 0.007 18.5
BrWCT�BtW+FH 0.70 7.43 0.03 18.7
BrWCT�BtW 0.69 9.12 � 21.4

Abbreviations: BrW = brain weight; BtW = birth body weight; EE = distance between the lateral edge of the ears, seen from above; EE2 = distance between the medial edge of
the ears, seen from above; Bt = area of the front head delimited by a square, seen from above; CB = area of the front head delimited by a circle, seen from above; Le = length of
the body, from the caudal edge of the head to the end of the body following the spine, seen from above; FH = larger diameter of the front head, seen from above.

1 R2adj = adjusted R-square.
2 a1 = regression coefficient associated with the first predictor variable (BtW).
3 a2 = regression coefficient associated with the second predictor variable (EE; EE2; Bt; CB; Le; FH).

Table 6
Adjusted R2 values (R2adj) of multiple linear regression models to predicted the liver weight (LWCT) determined after computed tomography (CT) scan or death/euthanasia of the
piglets from birth weight (BtW) and morphometric measurements.

Item R2adj
1 a12 a23 Intercept

LWCT�BtW+Lt 0.80 27.3 0.0001 �10.8
LWCT�BtW+L 0.79 33.0 0.0003 �14.2
LWCT�BtW+Le 0.79 37.5 0.04 �24.2
LWCT�BtW+L2 0.78 33.9 0.0002 �10.7
LWCT�BtW+SS2 0.78 36.3 0.11 �19.8
LWCT�BtW+SS 0.78 37.5 0.1 �19.5
LWCT�BtW+CL 0.78 40.9 0.0003 �9.95
LWCT�BtW 0.78 46.5 � �9.53

Abbreviations: LW = liver weight; BtW = birth body weight; Lt = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen
from above; L = area of the body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body, from
the caudal edge of the head to the end of the body following the spine, seen from above; L2 = area of the body delimited by a square from the caudal edge of the head to the
caudal edge of the body, seen from the side; SS2 = diameter of the abdomen measured caudally to the shoulders, seen from above; SS=distance between the shoulders, seen
from above; CL = area of the abdomen delimited by a circle, seen from the side.

1 R2adj = adjusted R-square.
2 a1 = regression coefficient associated with the first predictor variable (BtW).
3 a2 = regression coefficient associated with the second predictor variable (Lt; L; Le; L2; SS2; SS; CL).
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with the morphometric traits compared to BtW alone, with the
only exception of Le. Using the BtW alone (LWCT�BtW) or in com-
bination with Le (LWCT�BtW+Le) resulted in the same correlation
coefficient between true and estimated LWCT in the testing dataset.
Moreover, comparisons conducted through ANOVA between mod-
els that exclusively involve BtW (e.g., BrWCT�BtW) and those that
incorporate BtW alongside morphometric traits (e.g., BrWCT�BtW
+EE) illustrate a significant enhancement in model fit with the
addition of each morphometric trait (P < 0.05). These results imply
that incorporating morphometric traits along with BtW in the
models increases their ability to predict the variable of interest
(BrWCT, LWCT, BrWCT/ LWCT). The sole exception was observed with
the variable Bt. The lack of significance in the coefficient for Bt in
the model (BrWCT�BtW+Bt) and the non-significant results from
the ANOVA indicate that this particular variable might not hold rel-
evance or contribute significantly to explaining the variability in
BrWCT when BtW is already incorporated into the model.
Body measurements to predict the brain-to-liver weight ratio in
piglets with a birth weight above 800 g

When the equation to predict the BrWCT/LWCT developed in the
first approach (BrWCT/ LWCT�BtW+EE+L) was tested on piglets
with a BtW > 800 g, the performance did not change considerably.
For the first approach, the MAE and MAPE between the true and
predicted BrWCT/LWCT were equal to 0.12 and 0.16 in the training
10
(Table 8) and to 0.11 and 0.18 in the testing dataset, respectively
(Table 9). When the estimated BrWCT (BrWCT�BtW+EE) and LWCT

(LWCT�BtW+L) were used to predict the BrWCT/LWCT in piglets
with a BtW>800 g, according to the second approach, the MAE
and MAPE between the true and predicted BrWCT/LWCT were equal
to 0.12 and 0.16 in the training dataset (Table 8) and 0.12 and 0.21
in the testing dataset (Table 9). The degree of correlation between
the true and the predicted BrWCT/LWCT was tested in the training
and testing datasets for the first (Fig. 8 and Fig. 9, panel B) and
the second approach (Fig. 8 and Fig. 9, panel D).

The correlation coefficient between true and predicted BrWCT/
LWCT values according to the first approach was 0.78 and 0.79 in
the training (Table 8) and testing dataset (Table 9), respectively.
The correlation coefficient between true and predicted BrWCT/
LWCT values according to the second approach was 0.81 and 0.75
in the training (Table 8) and testing dataset (Table 9), respectively.

The performance of the models including BtW as the sole pre-
dictor was also tested on piglets with a BtW > 800 g according to
the first (Supplementary Fig. S1 and S2, panel B) and the second
approach (Supplementary Fig. S3 and S4, panel B). When the equa-
tion to predict the BrWCT/LWCT developed in the first approach
(BrWCT/LWCT�BtW) was tested on piglets with a BtW > 800 g
MAE and MAPE between the true and predicted BrWCT/LWCT were
equal to 0.12 and 0.17 in the training (Table 8) and to 0.11 and 0.19
in the testing dataset (Table 9), respectively. The correlation coef-
ficient between true and predicted BrWCT /LWCT values was 0.77



Fig. 6. Linear regressions between true and predicted BrWCT and LWCT of the piglets of the training dataset. X-Axis: true brain weight (true BrWCT) (panels A, B, C) and true
liver weight (true LWCT) (panels D, E, F); y-axis: (A) brain weight (predicted BrWCT) between the lateral edge of the ears, seen from above (EE); (B) brain weight (predicted
BrWCT) predicted from BtW expressed in kg, and the distance in pixels between the medial edge of the ears, seen from above (EE2); (C) brain weight (predicted BrWCT)
predicted from BtW expressed in kg, and the area in pixels of the front head delimited by a square, seen from above (Bt); (D) liver weight (predicted LWCT) predicted from BtW
and the area in pixels of the body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from above (Lt); (E) liver weight (predicted
LWCT) predicted from BtW expressed in kg, and the area in pixels of the body delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen
from the side (L); (F) liver weight (predicted LWCT) predicted from BtW expressed in kg, and the length of the body in pixels, from the caudal edge of the head to the end of the
body following the spine; seen from above (Le).
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and 0.72 in the training (Table 8) and testing dataset (Table 9),
respectively.

When the estimated BrWCT (BrWCT�BtW) and LWCT (LWCT-
�BtW) were used to predict the BrWCT/LWCT in piglets with a
11
BtW > 800 g, according to the second approach, the MAE and MAPE
between the true and predicted BrWCT/LWCT were equal to 0.12
and 0.15 in the training dataset (Table 8) and 0.11 and 0.18 in
the testing dataset (Table 9), respectively. The correlation coeffi-



Fig. 7. Linear regressions between true and predicted BrWCT and LWCT of the piglets of the testing dataset. X-Axis: true brain weight (true BrWCT) (panels A, B, C) and true
liver weight (true LWCT) (panels D, E, F); y-axis: (A) brain weight (predicted BrWCT) predicted from the birth body weight (BtW) expressed in kg, and the distance in pixels
between the lateral edge of the ears, seen from above (EE); (B) brain weight (predicted BrWCT) predicted from BtW expressed in kg, and the distance in pixels between the
medial edge of the ears, seen from above (EE2); (C) brain weight (predicted BrWCT) predicted from BtW expressed in kg, and the area in pixels of the front head delimited by a
square, seen from above (Bt); (D) liver weight (predicted LWCT) predicted from BtW expressed in kg, and the area in pixels of the body delimited by a square from the caudal
edge of the head to the caudal edge of the body, seen from above (Lt); (E) liver weight (predicted LWCT) predicted from BtW expressed in kg, and the area in pixels of the body
delimited by a square from the caudal edge of the head to the caudal edge of the abdomen, seen from the side (L); (F) liver weight (predicted LWCT) predicted from BtW
expressed in kg, and the length of the body in pixels, from the caudal edge of the head to the end of the body following the spine, seen from above (Le).
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Table 7
Regression equations developed with the training dataset to predict brain weight (BrWCT), liver weight (LWCT), and brain-to-liver weight ratio (BrWCT/LWCT) determined by
computed tomography (CT) or death/euthanasia of the piglets.

Item Equation

BrWCT

BrWCT�BtW+EE BrWCT ¼ 18:6þ 6:06� BtW þ 0:03� EE
BrWCT�BtW+Bt BrWCT ¼ 20:5þ 7:56� BtW þ 9:183e�05 � Bt
BrWCT�BtW+EE2 BrWCT ¼ 18:8þ 7:02� BtW þ 0:04� EE2
BrWCT�BtW BrWCT ¼ 21:1þ 9:28� BtW

LWCT

LWCT�BtW+Lt LWCT ¼ �8:13þ 23:5� BtW þ 0:0002� Lt
LWCT�BtW+L LWCT ¼ �10:9þ 33:2� BtW þ 0:0002� L
LWCT�BtW+Le LWCT ¼ �24:4þ 33:1� BtW þ 0:04� Le
LWCT�BtW LWCT ¼ �7:19þ 44:0� BtW

BrWCT/LWCT

BrWCT/LWCT�BtW+EE+L1 logðBrWCT=LWCT Þ ¼ 0:839þ�0:377� BtW þ�0:0007� EEþ�7:165e�06 � L
BrWCT�BtW+EE / LWCT�BtW+L2 BrWCT=LWCT ¼ BrWCT¼18:4þ5:39�BtWþ0:04�EE

LWCT¼�14:2þ33�BtWþ0:0003�L

BrWCT/LWCT�BtW3 logðBrWCT=LWCT Þ ¼ 0:677þ�0:765� BtW
BrWCT�BtW / LWCT�BtW 4

BrWCT=LWCT ¼ BrWCT¼21:1þ9:28�BtW
LWCT¼�7:19þ44:0�BtW

Abbreviations: BrW = brain weight; LW = liver weight; BtW = birth body weight in kg; EE = distance in pixels between the lateral edge of the ears, seen from above; Bt = area
in pixels of the front head delimited by a square, seen from above; EE2 = distance in pixels between the medial edge of the ears, seen from above; Lt = area of the body in
pixels delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from above; L = area of the body in pixels delimited by a square from the
caudal edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body in pixels, from the caudal edge of the head to the end of the body
following the spine, seen from above.

1 BrWCT/LWCT�BtW+EE+L = brain-to-liver weight ratio predicted according to the first approach. An equation was constructed on the training dataset to estimate the
BrWCT/LWCT by incorporating the distance between the lateral edges of the ears (EE) and the area of the body delimited by a square from the caudal edge of the head to the
caudal edge of the abdomen (L), along with the BtW. These were the measures that better predicted the BrWCT and LWCT.

2 BrWCT�BtW+EE / LWCT�BtW+L = brain-to-liver weight ratio predicted according to the second approach. The values of BrWCT and LWCT estimated with the equations
developed in the training dataset, derived from EE in combination with BtW and L in combination with BtW, respectively, were directly employed to determine the BrWCT/
LWCT.

3 BrWCT/LWCT�BtW = brain-to-liver weight ratio predicted according to the first approach but using the BtW as sole predictor. An equation was constructed on the training
dataset to estimate the BrWCT/LWCT by incorporating only the BtW as independent variable.

4 BrWCT�BtW / LWCT�BtW = brain-to-liver weight ratio predicted according to the second approach but using the BtW as sole predictor. The values of BrWCT and LWCT

estimated with the equations developed in the training dataset incorporating only the BtW as independent variable, were directly employed to determine the BrWCT/LWCT.
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cient between true and predicted BrWCT/LWCT values was 0.79 and
0.69 in the training (Table 8) and testing dataset (Table 9),
respectively.
Discussion

Brain weight, liver weight, and correlation between calculated
computed tomography weight and actual weight of each organ

In this study, 30 piglets were euthanized to measure the weight
of the brain and the liver using two methods: directly with a scale
after euthanasia (BrWEu, LWEu, and BrWEu/LWEu) and by calculat-
ing the volumes from CT scan images and multiplying these vol-
umes by the organ densities (BrWCT, LWCT, and BrWCT/LWCT). The
data obtained were used to develop regression equations for con-
verting post-euthanasia weights into weights derived from CT scan
volumes. The results showed a near-perfect correlation between
the liver weights measured post-euthanasia and those extrapo-
lated from CT scan volumes, as well as for the BrW/LW. However,
the correlation between the brain weights measured post-
euthanasia and those extrapolated from CT volumes was slightly
lower, indicating that the two methodologies did not align as well
for the brain as they did for the liver and the organs’ ratio. Unfor-
tunately, we could not determine the exact cause of the discrep-
ancy between the actual brain weight and the brain weight
extrapolated from CT scan volumes. The brain might undergo dif-
ferent post-mortem changes compared to the liver, such as fluid
loss or swelling, affecting weight measurements. In addition, while
average brain density was calculated based on 30 piglets, individ-
ual variations in brain tissue density might still affect the accuracy
of volume-to-weight conversions. Despite these factors, the corre-
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lation coefficient for brain weight remained highly significant,
indicating a strong relationship between CT-derived brain weights
and those measured post-euthanasia. Given that only 50 out of the
144 piglets selected for analysis had actual brain weights available,
we decided to convert all post-euthanasia weights to CT-derived
weights for consistency. This approach ensures a uniform data
set for analysis. However, the noted discrepancy in brain weights
necessitates further investigation to understand the underlying
causes and implications. Future studies should aim to explore
these aspects to minimize potential biases in these conversions.
Body measurements to predict brain weight, liver weight, and brain
weight/liver weight ratio

Foetal growth restriction often occurs as a result of chronic pla-
cental insufficiency, which hampers the delivery of sufficient oxy-
gen and nutrients to the foetus in the uterus, leading to abnormal
foetal development (Chand et al., 2022; Cohen et al., 2015). As a
consequence, IUGR piglets can be identified by their distinctive
head shape and low BtW. However, in a previous study (Ruggeri
et al., 2024), we demonstrated that identification of IUGR piglets
solely based on head morphology or BtW does not always agree
with an increased BrW/LW and can lead to inaccurate classification
of this condition. For these reasons, to accurately assess growth
restriction in piglets, measurements such as BtW and head shape
should be complemented by evaluating the relative brain-to-
body weight or BrW/LW ratio, as these directly reflect the brain-
sparing effect (Chand et al., 2022; Felicioni et al., 2019).

In this study, the BtW, together with the weights of the brain
and liver of newborn piglets were measured, and pictures of the
same piglets were taken to capture specific body measure-



Table 8
r, P�value of r, mean absolute error (MAE), mean absolute percentage error (MAPE), RMSE, RMSE % and coefficient of correlation and concordance (CCC) between true and
predicted brain weight (BrWCT), liver weight (LWCT), and brain-to-liver weight ratio (BrWCT/LWCT) of the piglets in the training dataset.

Item r P�value1 MAE MAPE RMSE RMSE % CCC

BrWCT

BrWCT�BtW+EE 0.85 < 0.001 1.78 0.06 2.37 7.36 0.84
BrWCT�BtW+Bt 0.84 < 0.001 1.79 0.06 2.45 7.59 0.83
BrWCT�BtW+EE2 0.85 < 0.001 1.74 0.06 2.38 7.38 0.84
BrWCT�BtW 0.84 < 0.001 1.80 0.06 2.48 7.69 0.83

LWCT

LWCT�BtW+Lt 0.90 < 0.001 10.7 0.28 12.6 27.5 0.90
LWCT�BtW+L 0.89 < 0.001 7.03 0.16 9.90 21.7 0.88
LWCT�BtW+Le 0.90 < 0.001 6.75 0.17 9.13 19.9 0.89
LWCT�BtW 0.89 < 0.001 6.95 0.18 9.57 20.9 0.88

BrWCT/LWCT

BrWCT/LWCT�BtW+EE+L2 0.80 < 0.001 0.16 0.19 0.24 28.1 0.73
BrWCT/LWCT�BtW+EE+L (BtW>800 g) 3 0.78 < 0.001 0.12 0.16 0.16 19.7 0.76
BrWCT�BtW+EE / LWCT�BtW+L4 0.81 < 0.001 0.16 0.19 0.23 28.0 0.79
BrWCT�BtW+EE / LWCT�BtW+L (BtW>800 g) 5 0.81 < 0.001 0.12 0.16 0.15 19.0 0.76
BrWCT/LWCT�BtW6 0.77 < 0.001 0.17 0.19 0.25 29.3 0.71
BrWCT/LWCT�BtW (BtW>800 g) 7 0.77 < 0.001 0.12 0.17 0.16 20.1 0.75
BrWCT�BtW / LWCT�BtW8 0.79 < 0.001 0.16 0.18 0.24 28.4 0.75
BrWCT�BtW / LWCT�BtW (BtW>800 g) 9 0.79 < 0.001 0.12 0.15 0.17 19.8 0.71

Abbreviations: BrW = brain weight; LW = liver weight; BtW = birth body weight in kg; EE = distance in pixels between the lateral edge of the ears, seen from above; Bt = area
in pixels of the front head delimited by a square, seen from above; EE2 = distance in pixels between the medial edge of the ears, seen from above; Lt = area in pixels of the
body delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from above; L = area in pixels of the body delimited by a square from the
caudal edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body in pixels, from the caudal edge of the head to the end of the body
following the spine, seen from above.

1 P�value of r.
2 BrWCT/LWCT�BtW+EE+L = brain-to-liver weight ratio predicted according to the first approach. An equation was constructed on the training dataset to estimate the

BrWCT/LWCT by incorporating the distance between the lateral edges of the ears (EE) and the area of the body delimited by a square from the caudal edge of the head to the
caudal edge of the abdomen (L), along with the BtW. These were the measures that better predicted the BrWCT and LWCT.

3 BrWCT/LWCT�BtW+EE+L (BtW>800 g) = brain-to-liver weight ratio predicted according to the first approach. An equation was constructed on the training dataset to
estimate the BrWCT/LWCT by incorporating the distance between the lateral edges of the ears (EE) and the area of the body delimited by a square from the caudal edge of the
head to the caudal edge of the abdomen (L), along with the BtW. These were the measures that better predicted the BrWCT and LWCT. Piglets with a BtW<800 g were excluded
from the calculation of r, MAE, MAPE.

4 BrWCT�BtW+EE / LWCT�BtW+L = brain-to-liver weight ratio predicted according to the second approach. The values of BrWCT and LWCT estimated with the equations
developed in the training dataset, derived from EE in combination with BtW and L in combination with BtW, respectively, were directly employed to determine the BrWCT/
LWCT.

5 BrWCT�BtW+EE / LWCT�BtW+L (BtW>800 g) = brain-to-liver weight ratio predicted according to the second approach. The values of BrWCT and LWCT estimated with the
equations developed in the training dataset, derived from EE in combination with BtW and L in combination with BtW, respectively, were directly employed to determine the
BrWCT/LWCT. Piglets with a BtW<800 g were excluded from the calculation of r, MAE, MAPE.

6 BrWCT/LWCT�BtW = brain-to-liver weight ratio predicted according to the first approach but using the BtW as sole predictor. An equation was constructed on the training
dataset to estimate the BrWCT/LWCT by incorporating only the BtW as independent variable.

7 BrWCT/LWCT�BtW (BtW>800 g) = brain-to-liver weight ratio predicted according to the first approach but using the BtW as sole predictor. An equation was constructed
on the training dataset to estimate the BrWCT/LWCT by incorporating only the BtW as independent variable. Piglets with a BtW<800 g were excluded from the calculation of r,
MAE, MAPE.

8 BrWCT�BtW / LWCT�BtW = brain-to-liver weight ratio predicted according to the second approach but using the BtW as sole predictor. The values of BrWCT and LWCT

estimated with the equations developed in the training dataset incorporating only the BtW as independent variable, were directly employed to determine the BrWCT/LWCT.
9 BrWCT�BtW / LWCT�BtW (BtW>800 g) = brain-to-liver weight ratio predicted according to the second approach but using the BtW as sole predictor. The values of BrWCT

and LWCT estimated with the equations developed in the training dataset incorporating only the BtW as independent variable, were directly employed to determine the
BrWCT/LWCT. Piglets with a BtW<800 g were excluded from the calculation of r, MAE, MAPE.
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ments. Our findings support the hypothesis that certain mor-
phometric traits can serve as indicators of brain and liver
weights, as well as their ratio. Using the distance between the
ears (EE), in combination with the BtW, the BrW could be pre-
dicted with an error of 6%. Notably, the studies conducted by
Amdi et al. (2013) and Hansen et al. (2018) postulated that if
the relative BrW of a newborn piglet is below 3% of its BtW,
the piglet can be diagnosed as normal. If this statement is true,
the BrW estimated with the present equation could be simply
compared with the piglet’s BtW, enabling accurate and non-
invasive identification of normal piglets with a narrow margin
of error. It would also offer insights into piglets with a relative
BrW above 3% of their BtW which might have suffered growth
restriction in the uterus.

The LW was highly correlated with most of the collected mor-
phometric traits. However, when using these measurements along
14
with the BtW in the prediction models, the error rate could not be
reduced below 17%. As the actual LWCT increased, the accuracy of
the predictions worsened. This suggests that beyond a certain
weight of the liver, the body’s structure may no longer be associ-
ated with the organ’s weight, unlike what was observed with the
brain.

When we employed a combination of measures (BtW, EE, and L)
that better predicted the BrW and the LW for estimating the BrW/
LW, an error rate of 17% was observed. Using the second approach,
in which the BrW and LW predicted with the previous models were
directly employed to determine the BRW/LW, we observed a slight
increase in the error rate to 20%. This outcome is likely attributable
to the cumulative impact of errors encountered when predicting
the weights of both organs. However, the BrW/LW allows for con-
sideration of the different levels of growth restrictions that piglets
may be exposed to during gestation. With a r up to 0.88 (according



Table 9
r, P�value of r, mean absolute error (MAE), mean absolute percentage error (MAPE), RMSE, RMSE % and coefficient of correlation and concordance (CCC) between true and
predicted brain weight (BrWCT), liver weight (LWCT), and brain-to-liver weight ratio (BrWCT/LWCT) of the piglets in the testing dataset.

Item r P�value1 MAE MAPE RMSE RMSE % CCC

BrWCT

BrWCT�BtW+EE 0.84 < 0.001 1.95 0.06 2.32 7.05 0.83
BrWCT�BtW+Bt 0.83 < 0.001 1.99 0.06 2.39 7.26 0.82
BrWCT�BtW+EE2 0.82 < 0.001 2.07 0.07 2.47 7.49 0.82
BrWCT�BtW 0.80 < 0.001 2.17 0.07 2.56 7.77 0.80

LWCT

LWCT�BtW+Lt 0.91 < 0.001 9.35 0.24 11.5 22.9 0.89
LWCT�BtW+L 0.90 < 0.001 9.29 0.17 13.0 25.9 0.84
LWCT�BtW+Le 0.89 < 0.001 9.00 0.18 12.1 24.1 0.84
LWCT�BtW 0.89 < 0.001 8.73 0.18 12.0 23.8 0.85

BrWCT/LWCT

BrWCT/LWCT�BtW+EE+L2 0.85 < 0.001 0.14 0.17 0.22 26.6 0.77
BrWCT/LWCT�BtW+EE+L (BtW>800 g)3 0.79 < 0.001 0.11 0.18 0.13 15.8 0.78
BrWCT�BtW+EE / LWCT�BtW+L4 0.88 < 0.001 0.14 0.20 0.19 23.6 0.83
BrWCT�BtW+EE / LWCT�BtW+L (BtW>800 g)5 0.75 < 0.001 0.12 0.21 0.14 17.4 0.71
BrWCT/LWCT�BtW6 0.83 < 0.001 0.15 0.18 0.23 27.9 0.74
BrWCT/LWCT�BtW (BtW>800 g)7 0.72 < 0.001 0.11 0.19 0.15 17.9 0.72
BrWCT�BtW / LWCT�BtW8 0.87 < 0.001 0.14 0.18 0.22 26.8 0.77
BrWCT�BtW / LWCT�BtW (BtW>800 g)9 0.69 < 0.001 0.11 0.18 0.14 17.6 0.64

Abbreviations: BrW = brain weight; LWweight; BtW = birth body weight in kg; EE = distance in pixels between the lateral edge of the ears, seen from above; Bt = area in pixels
of the front head delimited by a square, seen from above; EE2 = distance in pixels between the medial edge of the ears, seen from above; Lt = area in pixels of the body
delimited by a square from the caudal edge of the head to the caudal edge of the body, seen from above; L = area in pixels of the body delimited by a square from the caudal
edge of the head to the caudal edge of the abdomen, seen from the side; Le = length of the body in pixels, from the caudal edge of the head to the end of the body following the
spine, seen from above.

1 P�value of r.
2 BrWCT/LWCT�BtW+EE+L = brain-to-liver weight ratio predicted according to the first approach. An equation was constructed on the training dataset to estimate the

BrWCT/LWCT by incorporating the distance between the lateral edges of the ears (EE) and the area of the body delimited by a square from the caudal edge of the head to the
caudal edge of the abdomen (L), along with the BtW. These were the measures that better predicted the BrWCT and LWCT.

3 BrWCT/LWCT�BtW+EE+L (BtW>800 g) = brain-to-liver weight ratio predicted according to the first approach. An equation was constructed on the training dataset to
estimate the BrWCT/LWCT by incorporating the distance between the lateral edges of the ears (EE) and the area of the body delimited by a square from the caudal edge of the
head to the caudal edge of the abdomen (L), along with the BtW. These were the measures that better predicted the BrWCT and LWCT. Piglets with a BtW<800 g were excluded
from the calculation of r, MAE, MAPE.

4 BrWCT�BtW+EE / LWCT�BtW+L = brain-to-liver weight ratio predicted according to the second approach. The values of BrWCT and LWCT estimated with the equations
developed in the training dataset, derived from EE in combination with BtW and L in combination with BtW, respectively, were directly employed to determine the BrWCT/
LWCT.

5 BrWCT�BtW+EE / LWCT�BtW+L (BtW>800 g) = brain-to-liver weight ratio predicted according to the second approach. The values of BrWCT and LWCT estimated with the
equations developed in the training dataset, derived from EE in combination with BtW and L in combination with BtW, respectively, were directly employed to determine the
BrWCT/LWCT. Piglets with a BtW<800 g were excluded from the calculation of r, MAE, MAPE.

6 BrWCT/LWCT�BtW = brain-to-liver weight ratio predicted according to the first approach but using the BtW as sole predictor. An equation was constructed on the training
dataset to estimate the BrWCT/LWCT by incorporating only the BtW as independent variable.

7 BrWCT/LWCT�BtW (BtW>800 g) = brain-to-liver weight ratio predicted according to the first approach but using the BtW as sole predictor. An equation was constructed
on the training dataset to estimate the BrWCT/LWCT by incorporating only the BtW as independent variable. Piglets with a BtW<800 g were excluded from the calculation of r,
MAE, MAPE.

8 BrWCT�BtW / LWCT�BtW = brain-to-liver weight ratio predicted according to the second approach but using the BtW as sole predictor. The values of BrWCT and LWCT

estimated with the equations developed in the training dataset incorporating only the BtW as independent variable, were directly employed to determine the BrWCT/LWCT.
9 BrWCT�BtW / LWCT�BtW (BtW>800 g) = brain-to-liver weight ratio predicted according to the second approach but using the BtW as sole predictor. The values of BrWCT

and LWCT estimated with the equations developed in the training dataset incorporating only the BtW as independent variable, were directly employed to determine the
BrWCT/LWCT. Piglets with a BtW<800 g were excluded from the calculation of r, MAE, MAPE.
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to the different methods), the estimated BrW/LW is highly corre-
lated with the true BrW/LW. Accordingly, the estimated BrW/LW
can be used to assess the general tendency of an increase in
BrW/LW for different traits, as analysed by Ruggeri et al. (2024).

Surprisingly, the error rates for predicting BrW, LW, and BrW/
LW were comparable or, in some cases, even lower when BtW
was used as the sole predictor rather than in conjunction with
morphometric traits. However, ANOVA testing was used to sys-
tematically compare models that relied exclusively on BtW as a
predictor with those that incorporated BtW alongside morphome-
tric traits. The results suggest that incorporating each morphome-
tric trait alongside BtW leads to a significant enhancement in
model fit, thereby improving the predictive abilities of the models
for BrW, LW, and BrW/LW. The only exception was noted with the
variable Bt when predicting BrW. Furthermore, in the testing data-
set, the correlation coefficients between the true and predicted val-
ues for BrW, LW, and BrW/LW were consistently higher when BtW
15
was used in combination with morphometric traits compared to
using BtW alone, except for Le. These findings are noteworthy
because, although models incorporating morphometric traits
alongside BtW showed improved performance compared to those
using BtW alone, the latter still demonstrated satisfactory predic-
tive accuracy. Moreover, the ease of measuring the BtW of new-
born piglets makes it a practical and accessible method in real-
world applications. The euthanasia of piglets born with a BtW
below 800 g is a common practice in modern swine production
systems, primarily due to the high mortality rate observed among
these piglets during the 1st days after birth (Muns et al., 2016). We
hypothesized that in cases of extremely low BtWs, the association
between organ weight and body morphology may weaken. When
these piglets were excluded from the analysis, there was a reduc-
tion in the percentage error between actual and predicted BrWCT/
LWCT in the training set. However, this reduction did not translate
to the testing set, where excluding these piglets slightly increased



Fig. 8. Linear regressions between true and predicted BrWCT/LWCT of the piglets of the training dataset according to the first approach (panels A and B) and the second
approach (panels C and D). Panel A and C: all population; panel B and D: piglets with a birth weight (BtW) above 800 g. x-Axis: true brain-to-liver weight ratio (true BrWCT/
LWCT); y-axis: predicted brain-to-liver weight ratio (predicted BrWCT/LWCT). In the first approach, the two variables which, along with the BtW, better predicted the BrWCT

and LWCT were used in combination to develop a multiple linear regression model to predict the BrWCT / LWCT. The regression model included the BtW expressed in kg, the
distance in pixels between the lateral edge of the ears, seen from above (EE), and the area in pixels of the body delimited by a square from the caudal edge of the head to the
caudal edge of the abdomen, seen from the side (L). In the second approach, the predicted BrWCT and LWCT, calculated using the previous models (BrWCT�BtW+EE;
LWCT�BtW+L), were directly employed to determine the BrWCT/LWCT.
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the percentage error. A possible explanation for the increased
MAPE in the testing set after excluding piglets with a BtW below
800 g may be that the number of samples in the testing set
dropped below 30. This reduction in sample size could have
resulted in unreliable predictions due to statistical instability or
insufficient representation of the population (Jenkins and
Quintana-Ascencio, 2020; Austin and Steyerberg, 2015).

In this study, to ensure the repeatability of the method, a subset
of the morphometric traits was taken by a second observer. The
measurements taken by the authors and the second observer were
highly correlated, reinforcing the consistency and accuracy of the
identified morphometric traits to estimate BrW and LW. This cor-
relation validates the method and shows that the results are not
solely a consequence of subjective measurement but rather are
indicative of a link between these morphometric traits and the
BrW and LW.

In addition, the division of the dataset into training and testing
subsets was helpful in evaluating the ability of the predictive mod-
els to generalize on new data. By creating a clear division between
16
training and testing data, the study replicates the real-world sce-
nario where predictive models are applied to new, unseen observa-
tions. This evaluation mechanism protects against overfitting, a
situation where the models become overly specialized to the train-
ing data and may perform poorly when exposed to new inputs
(Hawkins, 2004).

Conclusion

In conclusion, this study demonstrates the potential of using
body measurements as non-invasive indicators of the brain-to-
organ weight ratio for diagnosing IUGR in newborn piglets. The
developed predictive models provide a promising tool for the early
identification of IUGR piglets, facilitating timely interventions and
improved management strategies. Future studies should focus on
validating these models in larger populations and different breeds.
Furthermore, it is essential to explore their applicability under field
conditions and to develop techniques for automating the extrac-
tion of morphometric traits from images. The successful imple-



Fig. 9. Linear regressions between true and predicted BrWCT/LWCT of the piglets of the testing dataset according to the first approach (panels A and B) and the second
approach (panels C and D). Panels A and C: all population; panels B and D: piglets with a birth weight (BtW) above 800 g. x-Axis: true brain-to-liver weight ratio (true BrWCT/
LWCT); y-axis: predicted brain-to-liver weight ratio (predicted BrWCT/LWCT). In the first approach, the two variables which, along with the BtW, better predicted the BrWCT

and LWCT were used in combination to develop a multiple linear regression model to predict the BrWCT / LWCT. The regression model included the BtW expressed in kg, the
distance in pixels between the lateral edge of the ears, seen from above (EE), and the area in pixels of the body delimited by a square from the caudal edge of the head to the
caudal edge of the abdomen, seen from the side (L). In the second approach, the predicted BrWCT and LWCT, calculated using the previous models (BrWCT�BtW+EE;
LWCT�BtW+L), were directly employed to determine the BrWCT / LWCT.
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mentation of such non-invasive diagnostic approaches will con-
tribute to the welfare and productivity of pig production systems.
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Annex 1. Equations

1. BrDEu ¼ BrWEu =BrVEu
1

2. LDEu ¼ LWEu = LVEu
2

3. BrWCT ¼ BrDEu x BrVCT
3

4. LWCT ¼ LDEu x LVCT
4
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