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Neonatal piglets lack immunoglobulins at birth. Sufficient colostrum intake (CI) and immunoglobulin absorption
are essential for an appropriate passive transfer of immunity via the colostrum.Mostmethods tomeasure immu-
noglobulins in serum of piglets are labour-intensive, expensive or imprecise and not designed for on-farm use.
The present diagnostic test study evaluated digital Brix refractometry to measure immunoglobulins in serum
of neonatal piglets and to suggest thresholds for different serum immunoglobulin concentration. Additionally,
agreements between Brix refractometry and optical refractometer (serum total protein, STP) and between Brix
refractometry and ELISA (immunoglobulin G, IgG) were also investigated. Forty-five sows and 269 piglets from
three different farms were enrolled in the study. Piglets were weighed at birth and 24 h later to calculate the
CI. Serum was collected at 24 h after birth and analysed for STP, γ-globulins (electrophoresis), % Brix and IgG.
In piglets, median (interquartile range, IQR) CI was 412 (196) g per piglet. Median (IQR) STP, γ-globulin and %
Brix concentrations in piglet serum were 60 (11) g/L, 35 (10) g/L and 8 (2) %, respectively. Average (±SD) IgG
concentration was 49 ± 23 g/L. Passing-Bablok regression revealed a strong concordance between % Brix and
STP (Kendall's tau (Τ): 0.620, P < 0.0001, n = 267) and % Brix and γ-globulin concentration (Kendall's Τ:
0.575, P < 0.0001, n = 267). The agreement between the Brix refractometer and IgG concentration was poor
(Kendall's Τ: 0.267, P < 0.0001, n = 269). Receiver operating characteristic curves were performed to evaluate
test characteristics of Brix refractometry for three γ-globulin cut-off values, i.e. 10, 20 and 30 g/L. The % Brix
cut-off values resulting in the optimal combination of sensitivity and specificity were 5.4 (100 and 98.5%), 7.0
(100 and 89.3%) and 7.9 (90.1 and 80.6%), respectively. In conclusion, digital Brix refractometry is a sufficiently
fast and practical method to assess serum γ-globulin concentrations in neonatal piglets on-farm and to evaluate
them by considering the thresholds found in this study. Further studies are needed to validate those thresholds
regarding piglet's survival in the pre-weaning period.
© 2020 The Authors. Published by Elsevier Inc. on behalf of The Animal Consortium. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

As neonatal piglets lack antibodies at birth, sufficient colostrum in-
take is essential for an appropriate acquirement of immunity shortly
after birth. We found that digital Brix refractometry is a practical and
fast method, which allows veterinarians to estimate antibody concen-
tration in serum of piglets on-farm. Suggested Brix cut-off values
could help the veterinarian to evaluate if there is a lack of antibodies
in piglets immediately during a herd visit. Hence, it allows the farmer
and the veterinarian to implement proper corrective measures to
).

vier Inc. on behalf of The Anim
improve colostrum intake, instantly limiting pre-weaning mortality
and economic losses.

Introduction

Pre-weaning losses are important not only from an economic point
of view but also for animal welfare reasons. Piglet mortality during the
lactation period varies from 10 to 20% in most pig farms and depends
on many factors. Sufficient colostrum intake (CI) is essential to support
the pre-weaning survival of piglets (Le Dividich et al., 2005). Devillers
et al. (2011) described that a minimum of 200 g CI within the first 24
h is necessary for pre-weaning survival. This has been confirmed by
Decaluwé et al. (2014) showing that 160–250 g CI per kg birth weight
is associated with a 3% mortality rate. However, Hasan et al. (2019)
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showed that colostrum yield and CI per piglet diminished with increas-
ing litter size, longer farrowing duration and lower birthweights of
piglets.

Colostrum provides piglets with the energy essential for the meta-
bolic response to the drastic temperature drop at the moment of birth
(Le Dividich et al., 1997). Additionally, it is an important source of im-
munoglobulins. Because of the epitheliochorial placenta, piglets are de-
prived of immunoglobulins at birth. Only within the first 24 h after
farrowing, immunoglobulins are actively transported from the sow
blood to the colostrum (Klobasa et al., 1987). On the other hand, the pig-
lets' gut barrier closes within 24 to 36 h after birth, after which no im-
munoglobulin absorption is guaranteed anymore (Porter, 1969;
Klobasa et al., 1981). Therefore, it is imperative for piglets to get suffi-
cient colostrum that is rich in immunoglobulins, within the first 24 h
of life. A good acquirement of passive immunity is necessary to reduce
the susceptibility to infections during the first weeks of life and even
until after weaning (Varley et al., 1986; Drew and Owen, 1988;
Declerck et al., 2016). In other animals, e.g. in calves and foals, a failure
of passive transfer (FPT) at 24 h of age is determined by serum immu-
noglobulin G (IgG) concentrations <10 g/L (Weaver et al., 2000;
Godden, 2008) and <4–8 g/L (Tyler-McGowan et al., 1997), respec-
tively. In pigs so far, no such threshold value of FPT has been deter-
mined. Hendrix et al. (1978) reported that piglets surviving until 21
days showed a higher average serum γ-globulin concentration at 12 h
after birth (40 g/L), determined by electrophoresis and radial immuno-
diffusion (RID), compared to their litter mates that did not survive the
first 3 weeks of life (28 g/L). Devillers et al. (2011) investigated serum
IgG concentration of piglets at 24 h of age and their survival rate. Results
showed that piglets that diedwithin the first three days had an IgG con-
centration of 17 ± 2 g/L (mean ± SEM), whereas piglets dying later on
had an IgG concentration of 21± 2 g/L. Piglets still alive at weaning had
an average serum IgG level of 24 ± 1 g/L 24 h after birth. Cabrera et al.
(2012) showed that piglets seemed to have 91% chance of survival until
weaning (16–20 days), when their serum IgG concentration was be-
tween 23 and 25 g/L at 48–72 h of life. Thus, depending on when the
blood sample is taken, different values need to be considered, but up-
to-date, no clear threshold values have been documented for FPT in
piglets.

Several methods can be used tomeasure immunoglobulins in serum
of pigs, e.g. ELISA, RID, immunocrit and electrophoresis, but most of
them are time consuming and expensive. Digital Brix refractometry is
currently already used in other animal species (calves, foals) to estimate
the serum immunoglobulin concentration on the farm (Deelen et al.,
2014; Elsohaby et al., 2019). It measures in non-sucrose-liquids the
total solid percentage in a solution (Quigley et al., 2013). Brix refractom-
etry thus provides an approximation of the serum immunoglobulin con-
centration, as immunoglobulins represent the major fraction (>50%) of
total protein in neonatal piglet serum after CI (Cabrera et al., 2012;
Huang et al., 2012).

The present study investigated Brix refractometry formeasuring im-
munoglobulin concentration in serumof neonatal piglets and compared
the results with those obtained by a traditional optical refractometer
(serum total protein, STP), electrophoresis (γ-globulins) and ELISA
(IgG). In addition, we calculated thresholds for Brix refractometry
based on three plausible γ-globulin cut-off concentrations for pre-
weaning survival, which are based on literature (Hendrix et al., 1978;
Devillers et al., 2011; Cabrera et al., 2012).

Material and methods

Study population

The experimental protocol was approved by the Ethical Committee
of the Faculty of Veterinary Medicine, Ghent University (EC2018–44).
The study was performed on three different commercial farrow-to-
finish farms (A, B and C) in Belgium fromDecember 2018 until February
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2019. In each farm, 15 sows of different parities (4.6 ± 2.7 (±SD),
range: 1–11) and breed (Danbred, TN70) were included (n = 45). In
farm A, sows were injected with prostaglandin F2α on day 114 of
gestation to induce parturition. In farms B and C, sows farrowed nat-
urally. Sows were housed in conventional farrowing crates during
the lactation period in accordance with the Council Directive 2001/
88/EC laying down minimum standards for the protection of pigs.
From each sow, six piglets were enrolled in the study. The time of
birth for each piglet was recorded. Piglets were excluded from the
study when the exact time point of birth was missed and when the
piglet was already suckling colostrum. In that case, the next piglet
was enrolled until six piglets in total per sow were included. As the
parturitions were intensively surveyed, the six included piglets
corresponded in most of the cases to the first six piglets born alive.
Piglets were not allowed to be cross-fostered and had to remain
with the sow during the first 24 h after birth.

Animal handling, sampling and calculations

Parturitions were supervised from 0600 am until midnight. Within
0–3 h after onset of parturition, 5 mL colostrum was collected in total,
from different teats (pectoral, abdominal and inguinal) from each sow
and stored at 2–8 °C until transport to the laboratory within 24 h after
sampling. At the lab, the samples were aliquoted and stored at −20 °C
until further analysis.

After birth, piglets were weighed (BW at birth, BWB) and received
an individual eartag. Twenty-four hours (23–25 h) after birth, they
were weighed again (BW at 24 h after birth, BW24) and 7 mL blood
was taken from the vena cava cranialis on serum clot activator tubes.
Blood samples were stored at the farm at 2–8 °C until transport to the
laboratory, where they were centrifuged at 2600 ×g for 11 min. Serum
was aliquoted into Eppendorf tubes and stored at −20 °C until further
analyses.

Colostrum intake was estimated based on the mechanistic model as
described by Theil et al. (2014), which includes BWB (kg), weight gain
within the first 24 h after birth (WG; g) and duration of CI, e.g. 24 h
(D; minutes). The equation is as follows: CI = −106 + 2.26 * WG +
200 * BWB+0.111 * D – 1.414WG/D+0.0182 *WG/BWB. In case neg-
ative values were obtained, CI was considered to be 0 (Devillers et al.,
2007; Declerck et al., 2015).

Colostrum and serum analyses

Capillary electrophoresis
Serum proteins were characterised by capillary electrophoresis

(MiniCap Flex Piercing, Sebia, Lisses, France),which allowed the separa-
tion of proteins into six fractions (albumin, α-globulins 1 & 2,
β-globulins 1 & 2 and γ-globulins) (Animal Health Service Flanders
(DGZ Vlaanderen), Torhout, Belgium; ISO/IEC 17025:2005). The pro-
teins were separated in two fused-silica capillaries (effective length
15.5 cm, internal diameter 25 μm, optical cell 100 μm), applying 9000
V for 4 min at 35.10 °C (Peltier device) and proteins were directly de-
tected by their absorbance at 200 nm (deuterium lamp). The software
programme (Phoresis, Sebia) recorded in real time the variation of ab-
sorbance due to the flow of protein through the spectrophotometer
and produced typical electrophoretic peaks. The thresholds among frac-
tions were selected manually after visual inspection of the curves and
identification of the inflection points, based on a reference electropho-
retogram for pigs. To obtain protein fraction concentrations, the per-
centage of each fraction was multiplied by the STP concentration of
the respective sample measured with the optical refractometer.
Hence, those outcome values are not fully independent from each
other. According to themanufacturer'smanual, themeanvariation coef-
ficient is 2.1% on the percentage of each protein fraction. A human con-
trol serum (SEBIA, PN 4785) was used to perform a regular internal
quality control.
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Immunoglobulin G enzyme-linked immunosorbent analysis
Formeasurement of porcine IgG in serumand colostrum, a commer-

cially available ELISA (Pig IgG ELISA Core Kit, Pink-ONE, Komabiotech,
Seoul, Korea) was used according to manufacturer's instructions.
Serum sampleswere diluted 1:100,000, 1:200,000 or 1:500,000 and co-
lostrum samples 1:500,000. The intra-assay coefficient of variation was
2.3% ± 1.6 and 3.6% ± 0.7 (mean ± SD) for serum and colostrum sam-
ples, respectively. Colostrum samples were analysed on two ELISA
plateswith an inter-assay variation of 1.8% (1.5–2.1%) based on two ref-
erence colostrum samples. In total, eight ELISA plates were used for
serum samples, resulting in an inter-assay variation of 1.8% (0.5–2.9%)
based on four reference serum samples. All samples were analysed in
duplicates and calculation of the IgG value based on calibration curves
from eight standard concentrationswas performed using the DeltaSOFT
program (BioMetalics Inc., Princeton, USA).

Traditional optical refractometer and digital Brix refractometry
In order tomeasure the STP, always the same operator added 0.5mL

serum on an optical refractometer (Bausch & Lomb Optical Co., Roches-
ter, NY, USA) and read the STP value from the integrated graduated scale
(grams total solid in 100 mL solution). Samples were measured in
singlicates. The result of this measurement was also taken for calcula-
tion of the γ-globulin concentration. Another operator added 0.5 mL
serum or colostrum on a digital Brix refractometer (Brix refractometer,
Milwaukee Electronics kft. Szeged, Hungary) and read the total protein
value from the display (% Brix). Samples were measured in duplicates
(coefficient of variationwithin piglets: 3.7%± 4.3, mean± SD;median:
2.0%; Supplementary Fig. S1), and the average of both values was used
for further analyses. In between each sample, the refractometers were
cleaned with tap water.
Statistical analyses

Statistical analysis was mainly performed using IBM® SPSS® Statis-
tics Version 24 (IBM, Chicago, IL, USA). The Deming regression (Supple-
mentary Fig. S1)was performed in Excel using XLSTAT (Addinsoft 2020,
NY, USA). The multilevel analyses (Supplementary Tables S1-S4) were
performed using the lmer function in the lmerTest package
(Kuznetsova et al., 2017), and the Bland Altman analysis was performed
using the MethComp package (v1.30.0) in R, using R Studio (R-Core-
Team, 2019). P ≤ 0.05was considered as statistically significant. Normal-
ity and homogeneity of variance of continuous variables (live born pig-
lets, parity of sows, % Brix and IgG in colostrum, BWB, BW24 and CI of
piglets, STP, % Brix and γ-globulins and IgG in serum) were analysed
graphically via histograms and Q-Q plots and were further tested
using the Kolmogorov–Smirnov and Shapiro–Wilk test. Equality of var-
iances was analysed using the Levene's test.

Normally distributed values (live born piglets, parity of sows, % Brix
and IgG in colostrum, BWB and BW24 of piglets and IgG in serum)were
reported as mean ± SD, and differences between farms were analyzed
using a one-way ANOVA followed by a post-hoc Tukey test. The non-
normally distributed data (CI of piglets, STP, % Brix and γ-globulins in
serum) were represented as median and interquartile range (IQR),
and potential differences between farms were analysed with a non-
parametric Kruskal–Wallis test followed by a Mann–Whitney-U test.
Farm was considered as independent variable in both models.

For agreement analyses, data were pooled, and farm effect was not
taken into account. Agreements between Brix values in serumof neona-
tal piglets and values of STP, γ-globulin concentration and IgG concen-
trations were analysed by Passing–Bablok regression (Passing and
Bablok, 1983). The estimates of the Passing–Bablok regression were
compared to those obtained with the Bland Altman analysis for non-
constant bias, which regresses the differences between the methods
on the averages as proposed by Carstensen (2010). Linearity was veri-
fied by a cumulative sum test. The strength of the agreement between
3

methods (degree of concordance) was evaluated using the non-
parametric Kendall's tau (Τ) correlation coefficient.

Test characteristics (sensitivity and specificity) and receiver
operating characteristic (ROC) curves were calculated in Excel
(Microsoft Office Professional Plus 2016). As reference standard, elec-
trophoresis (γ-globulin concentration) was used. Sensitivity was de-
fined as the probability of a test result suggestive for FPT for a sample
with γ-globulin concentration ≤10 g/L, ≤20 g/L and ≤30 g/L. Specificity
was defined as the probability of a test result suggestive for adequate
passive transfer for a sample with γ-globulin concentration >10 g/L,
>20 g/L and >30 g/L. Three ROC curves were generated to plot the
true positive rate against the false-positive rate at 0.1% – unit Brix inter-
vals from 3.5 to 12.2% Brix.

Results

Descriptive results

Sow and litter parameters
The average parity of the sows in all three herds (n=45; 15 sows per

farm) was 4.6 with a range from first (gilts) to 11th parity (Table 1). The
number of live born piglets per litter on farms A, B and Cwas on average
(±SD) 15.7 (±2.9), 14.6 (±2.2) and 15.0 (±1.9), respectively. Results in
colostrumof the Brix refractometry yielded 24.7±1.8% Brix, 26.5±3.9%
Brix and 25.4 ± 3.5% Brix in farms A, B and C, respectively. Colostrum
concentrations of IgG averaged 71 ± 15 g/L, 70 ± 19 g/L and 77 ± 28
g/L in farms A, B and C, respectively. The overall average percentage
Brix and IgG concentration in colostrum was 25 ± 3% and 73 ± 22 g/L,
respectively. There was no conclusive difference between the farms.
The variation of Brix values and IgG concentration in colostrum between
sows is represented in the Supplementary Fig. S2.

Piglet weights and colostrum intake

From each sow, six piglets were enrolled in the study, except for one
sow of farm A of which only five piglets were enrolled (n = 269).
Bodyweight of piglets averaged (±SD) 1.26 ± 0.28 kg at birth and
1.34 ± 0.32 kg 24 h after birth. The difference between the three
farms was inconclusive (Table 2).

Colostrum intake differed significantly in farm A compared to farms
B and C. Piglets on farm A had a CI of 447 (196) g (median (IQR)) com-
pared to piglets of farms B and C,where they had a CI of 406 (203) g and
379 (212) g, respectively. Overall, the CI was 412 (196) g and ranged
from 0 to 1103 g. Twenty-three piglets had a CI ≤ 200 g (8.6%), whereof
eight piglets even had a CI ≤ 100 g (3.0%). Most piglets had a CI between
400 and 500 g (74 piglets, 27.5%), followed by piglets with a CI between
300 and 400 g (56 piglets, 20.8%), between 500 and 600 g (45 piglets,
16.7%) and between 200 and 300 g (43 piglets, 16.0%). The remaining
28 piglets (10.4%) had a CI between 600 and 1200 g with 23 piglets
(8.6%) having a CI between 600 and 700 g. Four piglets (1.5%) had neg-
ative CI values. Colostrum intake for these piglets was considered as
being equal to 0.

Total protein, γ-globulin, percentage Brix and immunoglobulin G in serum
of neonatal piglets

Serum total protein, γ-globulin, % Brix and IgG concentrations were
measured in serum of 24 h old piglets. There was insufficient serum left
in two piglets of farm A to measure STP by optical refractometer and
therefore γ-globulin could not be calculated (Table 3).

Serum total protein differed significantly between the three farms
with an overall range from 21 to 80 g/L. Farms A, B and C had a STP of
62 (9) g/L (median (IQR)), 57 (11) g/L and 61 (12) g/L, respectively.
Farms A and C showed a significantly higher γ-globulin concentration
compared to farm B. The overall median was 35 (10) g/L with a range
from 0 to 54 g/L. Percentage Brix values were significantly different



Table 1
Average parity and live born piglets of sows per farm, and % Brix and immunoglobulin G (IgG) concentration in colostrum within 0 to 3 h after birth of first piglet. There is no conclusive
difference among the farms (P = 0.336 and 0.592 for % Brix and IgG, respectively).

Parity Live born piglets % Brix IgG (g/L)

Farm n (range) Mean ± SD Mean ± SD Min Max Mean ± SD Min Max

A 15 4 (1–8) 15.7 ± 2.9 24.7 ± 1.8 21.2 27.6 71 ± 15 46 96
B 15 5 (1–11) 14.6 ± 2.2 26.5 ± 3.9 19.6 37.4 70 ± 19 35 110
C 15 4 (1–8) 15.0 ± 1.9 25.4 ± 3.5 19.3 31.3 77 ± 28 26 154
A + B + C 45 5 (1–11) 15.1 ± 2.4 25.4 ± 3.3 19.3 37.4 73 ± 22 26 154

Abbreviations: Min = minimum; Max = maximum.

Table 2
Bodyweight at birth (BWB), bodyweight at 24 h of life (BW24) and colostrum intake (CI) for 269 piglets from three different farms. Negative CIwas assumed to be 0 (Devillers et al., 2007;
Declerck et al., 2015).

BWB (kg) BW24 (kg) CI (g)

Farm n Mean ± SD Min Max Mean ± SD Min Max Median (IQR) Min Max

A 89 1.28a ± 0.32 0.45 1.92 1.38a ± 0.36 0.56 2.14 447a (196) 0 759
B 90 1.26a ± 0.25 0.67 1.91 1.33a ± 0.30 0.66 2.06 406b (203) 75 694
C 90 1.24a ± 0.26 0.67 1.85 1.31a ± 0.29 0.73 2.03 379b (212) 0 1103
A + B + C 269 1.26 ± 0.28 0.45 1.92 1.34 ± 0.32 0.56 2.14 412 (196) 0 1103

Abbreviations: IQR = interquartile range;Min = minimum; Max= maximum.
a,b Values within a column with different superscripts differ significantly at P ≤ 0.05.

Table 3
Serum total protein (STP) and γ-globulin concentrations in serum of 267 neonatal piglets and of percentage Brix (% Brix) and immunoglobulin G (IgG) concentrations in serum of 269
neonatal piglets (24 h old).

STP1 (g/L) γ-globulin1 (g/L) % Brix2 IgG2 (g/L)

Farm Median (IQR) Min Max Median (IQR) Min Max Median (IQR) Min Max Mean ± SD Min Max

A 62a (9) 43 77 38a (8) 19 50 8.6a (1.6) 4.1 12.1 63a ± 19 23 115
B 57b (11) 21 78 32b (11) 0 50 8.2b (1.6) 3.5 11.1 35b ± 20 0 77
C 61c (12) 38 80 36a (11) 8 54 8.4ab (1.8) 5.1 11.3 50c ± 20 11 98
A + B + C 60 (11) 21 80 35 (10) 0 54 8.4 (1.7) 3.5 12.1 49 ± 23 0 115

Abbreviations: IQR = interquartile range;Min = minimum; Max= maximum.
a-c Values within a column with different superscripts differ significantly at P ≤ 0.05.

1 Farm A: n = 87.
2 Farm A: n = 89.
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between farms A and B, but not between farms A and C, and farms B and
C. Brix values ranged from 3.5 to 12.2 with a median of 8.4 (1.7) % Brix.
Immunoglobulin G concentration varied significantly between all three
farms with 63 ± 19 g/L (mean ± SD), 35 ± 20 g/L and 50 ± 23 g/L in
farms A, B and C, respectively. The overall IgG concentration averaged
49 ± 23 g/L with a range from 0 to 115 g/L. The variation of Brix values
and IgG concentration in serumbetweenpiglets of the same litter, and in
relation to the Brix values and IgG concentration in colostrum of their
corresponding mother, is represented in the Supplementary Fig. S2.

The serum IgG concentrations showed a normal distribution,
whereas distributions of STP, γ-globulin concentrations and % Brix in
serum were skewed to the left (Fig. 1). The result of nine samples was
≤10 g/L γ-globulins (3.4%), 24 samples ≤20 g/L γ-globulins (9.0%)
and 66 samples ≤30 g/L γ-globulins (24.7%). In 201 samples (75.3%),
γ-globulin concentration was >30 g/L.

Validation of the Brix refractometer in serum of piglets and its test
characteristics

Initial regression of the differences on the averages showed that the
slopes of each of the comparisons: Brix vs. STP, Brix vs. γ-globulin and
Brix vs. IgG were significantly different from 1 (P < 0.001), indicating
a non-constant agreement between the methods. Subsequent regres-
sion of the residuals on the averages indicated that the assumption of
4

constant variation was met for Brix vs. STP (P = 0.911) and for Brix
vs. γ-globulin (P=0.828), but not for Brix vs. IgG (P=0.001) (Supple-
mentary Table S5). Because this assumptionwas notmet for all compar-
isons, we used the Passing–Bablok regression method, which uses a
non-parametric method to estimate agreement. The results of the
Passing–Bablok regression are shown in Fig. 2. The comparison of
Passing–Bablok regression estimates with the Bland Altman analysis
for non-constant bias showed no large differences between both esti-
mates. The results of Brix refractometry were significantly correlated
to all three different methods, namely the optical refractometer (STP),
the electrophoresis (γ-globulins) andELISA (IgG) (P<0.0001). The stron-
gest concordance was with STP (optical refractometer, Kendall's Τ =
0.620), followed by γ-globulins (electrophoresis, Kendall's Τ = 0.575)
and IgG concentrations (ELISA, Kendall's Τ= 0.267).

Test characteristics of sensitivity and specificity for % Brix were
assessed. Therefore, three different γ-globulin cut-off concentrations
(10, 20 and 30 g/L γ-globulin) were chosen in this study, based mainly
on two studies (Devillers et al., 2011; Cabrera et al., 2012), and ROC
curves were created (Fig. 3). For a cut-off of 10 g/L γ-globulin, the best
combination of sensitivity (100%) and specificity (98.5%) was at 5.4%
Brix. The best combination of sensitivity (100%) and specificity
(89.3%) for a cut-off of 20 g/L γ-globulin was at 7.0% Brix and for 30
g/L γ-globulin at 7.9% Brix with a sensitivity and specificity of 90.1%
and 80.6%.



Fig. 1. Frequency distributions of A) serum total protein (STP), B) Brix (% Brix), C) serumγ-globulin, and D) serum immunoglobulin G (IgG) concentration for 269 (B+D) or 267 (A+ C)
neonatal piglets.
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Discussion

The study evaluated Brix refractometry for measurement of immu-
noglobulins in serum of neonatal piglets (24 h old). Brix refractometry
results showed a significant agreement to the optical refractometer
(STP) and the electrophoresis (γ-globulin). Threshold values for % Brix
with a high sensitivity and specificity could be determined, allowing
Brix refractometry to be used as an appropriate diagnostic tool for mea-
suring immunoglobulin concentrations in serum of neonatal piglets.
However, is it until now not possible to evaluate if those threshold
values are accurate regarding FPT or piglet survival as the clinical out-
come of piglets was not investigated in this study.

As colostral IgG concentration can account for 6% variation in serum
IgG levels in piglets (Cabrera et al., 2012), it was important for us to
know, where to situate the selected farms in terms of colostrum quality
(IgG). In this study, average colostrum quality was good in each farm,
and no conclusive difference was found between the three farms. The
average colostrum IgG concentrations (73 ± 22 g/L) and colostrum
Brix values (25% Brix) are comparable with those of previous studies,
namely IgG: 92 ± 73 g/L (n = 37, mean ± SD) (Decaluwé et al.,
2014), 62 ± 169 g/L (n = 72) (Quesnel, 2011), 54 g/L (n = 62)
(Kielland et al., 2015) and 52 ± 380 g/L (Hasan et al., 2016) and Brix:
25.0% (Hasan et al., 2016). In our study, the variation (SD) is lower. As
described in other publications, colostrum quality can vary significantly
between sows and is influenced by many factors (Farmer and Quesnel,
2009; Declerck et al., 2015); therefore, a variation between different
studies is not surprising. Moreover, time point of colostrum collection
needs to be kept in mind, as well as colostral IgG decrease is time-
dependent.

In order to compare estimated CI between studies, it is important to
verify that same equations have been used for the calculation. In this
study, we used the equation based on the mechanistic model as de-
scribed by Theil et al. (2014), who used the same number of piglets
per litter and approximately the same number of litters (n = 40). In
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their study, an estimated average (±SD) CI of 443 g (±151) per piglet
was calculated compared to themedian (IQR) CI of 412 (196) g per pig-
let in this study. These CIs are slightly higher than the ones found by
Declerck et al. (2016) (367 ± 148 g; mean ± SD, n = 1374) and
Kielland et al. (2015) (353 g; mean, n = 876). As farrowing was con-
stantly monitored in the present study, the six enrolled piglets per
sow corresponded to piglets within the first half of the litter. According
to Cabrera et al. (2012), birth order can account for 4% of variation in
serum IgG in piglets. It is possible that underachievers or hypoxic piglets
were less included in the study. This may also explain why there were
only a few piglets with low CI in this study. Nevertheless, in all these
studies, the average CI was above the recommended CI by Devillers
et al. (2011) and Decaluwé et al. (2014) of approximately 200 g per
piglet.

Studies about STP, γ-globulin and IgG concentrations in serum of
neonatal piglets are scarce. Also, studies have often used different time
points of serum collection, which makes it difficult to compare results.
The 24-h time pointwas chosen in this study, as at that time, the gut clo-
sure of piglets is almost complete (Le Dividich et al., 2005). In several
studies, it has been shown that serum immunoglobulin concentration
reaches a peak at 12 to 16 h after first suckling of colostrum, after
which it gradually and slowly decreases (Klobasa et al., 1981; Bland
et al., 2003; Klobasa et al., 2004). In those studies, IgG concentrations
were approximately 36 g/L 24 h after first suckling. Those values corre-
spond to theγ-globulin levels (35 g/L) rather than to the IgG concentra-
tion (49 g/L) in the present study. This may be due to different ELISA or
other methods used to measure IgG, or to different colostrum quality
and CI. The STP values in the present study (60 g/L) are in the range of
total protein values (49–67 g/L) described for growing pigs (50–60
kg) (Klem et al., 2010).

Percentage Brix corresponds to the total solids in non-sucrose liq-
uids, which thus provides an approximation of the STP and, in such
youngpiglets, toγ-globulin levels in serum. In a study in neonatal calves
(Deelen et al., 2014), correlation coefficients between % Brix and STP



Fig. 2. Passing-Bablok estimates (red) and the Bland Altman analysis for non-constant
difference (blue), which regresses the differences between the methods with the
averages. The upper and lower 95% limits of agreement are indicated in blue and red
dotted lines for each method. A) agreement between Brix (% Brix) and serum total
protein (STP) (n = 267 piglets), B) Brix and serum γ-globulin concentration (n = 267
piglets), C) Brix and serum immunoglobulin G (IgG) (n = 269 piglets).

Fig. 3. Receiver operating characteristic curves of the true positive rate (Sensitivity)
against the false positive rate (1 - Specificity) for the different % Brix values of the
γ-globulin values (percentage of γ-globulin fraction determined by electrophoresis was
multiplied by the serum total protein concentration of the respective sample measured
with the optical refractometer). Cut-points and the area under the curve (AUC) are
indicated in the graphs. A) cut-off of 10 g/L γ -globulin, B) cut-off of 20 g/L γ -globulin,
C) cut-off of 30 g/L γ -globulin. (n = 267 piglets).
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was r = 1, and r = 0.930 between % Brix and IgG, which is much higher
than in this study. Beside a different species and different methods for
IgG measurement (ELISA vs. RID), it seems to be noteworthy that also
different regression analyses and statistical tests were used in that
study. The relevance of the correlation coefficient from the above men-
tioned study might be questioned, as 1) the use of correlation coeffi-
cients is a poor measurement of agreement between two methods
(Altman and Bland, 1983; Bland and Altman, 1986; Carstensen, 2011)
and 2) the same refractometer was used to measure % Brix and STP
and therefore independence of samples, outcome and reproducibility
are questionable.

The authors chose three cut-off values for FPT in piglets based on re-
sults describing survival rate of neonatal piglets and their serum immu-
noglobulin concentration (Hendrix et al., 1978; Devillers et al., 2011;
Cabrera et al., 2012). Brix refractometry showed a high sensitivity for
all three thresholds; however, specificity lowered fast with increasing
γ-globulin cut-off value. A percentage Brix of 5.4 yielded the best values
6

for sensitivity and specificity indicating an average γ-globulin concen-
tration ≤10 g/L. Serumγ-globulin concentration ≤10 g/L in neonatal pig-
lets represents already a very low concentration and goes along with
only 67% chance of survival according to Cabrera et al. (2012), when
measured in 2 to 3 days old piglets. As mentioned earlier, in other
animals, i.e. calves and foals, IgG concentrations ≤10 g/L at 24 h of age
indicate a FPT. In piglets, values of ≥20 g/L, preferably ≥30 g/L, serum
γ-globulin concentration should thus be reached for an adequate trans-
fer of immunity in 24 h old piglets, i.e. 7.0 and 7.9% Brix, respectively.
Thus, different % Brix cut-off values need to be considered for evaluation
of adequate serum immunoglobulin concentration, depending on the
age of the piglet when the blood sample is taken on the farm. However,
no further investigationswere performed in this study about the clinical
outcome of the piglets. Therefore, it is important for the practitioner to
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investigate each case individually, as those cut-off values might depend
on several parameters, e.g. health status, farm management, colostrum
quality. Further research needs to investigate the evaluation and valida-
tion of these cut-off values based on clinical outcome of the piglets, i.e.
survival, health and performance.

The limitation of this study is the low sample size in the lower range
values, i.e. γ-globulin concentrations ≤10 g/L. Therefore, the ROC of that
threshold (Fig. 3A) needs to be interpreted with caution, and further
studies are needed with special focus on piglets with poor STP concen-
trations to verify and validate the results of this study. Based on the
Deming regression (Supplementary Fig. S1), reproducibility and
influencing factors of Brix measurements of porcine neonatal serum
have to be further investigated in future studies. Moreover, the multi-
level analysis reveals that the correlation of piglets between sows
within a farm for γ-globulin concentration measurement is good
(45.8%, Supplementary Table S2), however, rather poor for Brix refrac-
tometry (28.2%, Supplementary Table S3). This might be explainable,
as the Brix refractometry is only an indirectmeasurement of the immu-
noglobulin determination and thus more imprecise than direct mea-
surements (electrophoresis or ELISA). Almost no correlation exists
between farms for γ-globulin concentration nor Brix refractometry
measurements (3.6 and 2.4%, respectively). Additional influencing ef-
fects of γ-globulin concentration measurement and Brix refractometry
are the CI of the piglet, the quality of the colostrum, the breed and the
interactions between those parameters. However, the results of the
multilevel analysis need to be interpreted carefully, as the number of
samples is limited and large-scale testing is necessary to give reliable
and solid hierarchical predictions. Further studies would thus need to
include more farms, a higher sow sample size and less piglets per sow
to verify and validate the results found in this study.

To conclude, this study suggests that Brix refractometry is an appro-
priate, practical and fast diagnostic tool to provide veterinarians in the
field with an approximation of serum immunoglobulin concentration
in neonatal piglets. However, further studies are inevitable to evaluate
reproducibility, reliability and validation of the cut-off values and their
respective sensitivity and specificity. Bymeasuring serum immunoglob-
ulins, it is possible to have a crude estimation of an adequate CI and ab-
sorption in terms of immunoglobulins. However, no statement can be
done about an adequate intake of other nutrients in colostrum, essential
for piglet survival during the lactation period. Therefore, practitioners
need to evaluate the whole on-farm situation (colostrummanagement,
farrowing management, health status of the farm, handling of piglets)
and should consider results found by Brix refractometry as an additional
support in order to implement corrective measures around farrowing
after discussion and agreement with the farmer.
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