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ABSTRACT: The objective of  this study was to 
explore the potential of  transmission infrared 
(TIR) spectroscopy in combination with partial 
least squares regression (PLSR) for quantifica-
tion of  dairy and beef  cow colostral immuno-
globulin G (IgG) concentration and assessment 
of  colostrum quality. A  total of  430 colostrum 
samples were collected from dairy (n = 235) and 
beef  (n  =  195) cows and tested by a radial im-
munodiffusion (RID) assay and TIR spectros-
copy. Colostral IgG concentrations obtained by 
the RID assay were linked to the preprocessed 
spectra and divided into combined and predic-
tion data sets. Three PLSR calibration mod-
els were built: one for the dairy cow colostrum 
only, the second for beef  cow colostrum only, 
and the third for the merged dairy and beef  cow 
colostrum. The predictive performance of  each 
model was evaluated separately using the inde-
pendent prediction data set. The Pearson cor-
relation coefficients between IgG concentrations 
as determined by the TIR-based assay and the 
RID assay were 0.84 for dairy cow colostrum, 
0.88 for beef  cow colostrum, and 0.92 for the 
merged set of  dairy and beef  cow colostrum. The 
average of  the differences between colostral IgG 

concentrations obtained by the RID- and TIR-
based assays were −3.5, 2.7, and 1.4 g/L for dairy, 
beef, and merged colostrum samples, respect-
ively. Further, the average relative error of  the 
colostral IgG predicted by the TIR spectroscopy 
from the RID assay was 5% for dairy cow, 1.2% 
for beef  cow, and 0.8% for the merged data set. 
The average intra-assay CV% of  the IgG concen-
tration predicted by the TIR-based method were 
3.2%, 2.5%, and 6.9% for dairy cow, beef  cow, 
and merged data set, respectively. 

The utility of TIR method for assessment of 
colostrum quality was evaluated using the entire 
data set and showed that TIR spectroscopy ac-
curately identified the quality status of 91% of 
dairy cow colostrum, 95% of beef cow colostrum, 
and 89% and 93% of the merged dairy and beef 
cow colostrum samples, respectively. The results 
showed that TIR spectroscopy demonstrates 
potential as a simple, rapid, and cost-efficient 
method for use as an estimate of IgG concentra-
tion in dairy and beef cow colostrum samples and 
assessment of colostrum quality. The results also 
showed that merging the dairy and beef cow col-
ostrum sample data sets improved the predictive 
ability of the TIR spectroscopy.
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INTRODUCTION

Simple, rapid, and accurate methods for quan-
tification of immunoglobulin G (IgG) concentra-
tion in dairy and beef cow colostrum are needed. 
Measuring IgG content in colostrum before feeding 
to calves is a useful tool to improve calf  health and 
reduce calf  mortality (Filteau et al., 2003). Several 
methods are in current use to measure colostral 
IgG content, both directly and indirectly. The direct 
methods are: radial immunodiffusion (RID) assay 
(McBeath et  al., 1971), ELISA (Gelsinger et  al., 
2015), chromatography (Abernethy and Otter, 
2010), and electrophoresis (Page and Thorpe, 
2002). Several indirect on-farm methods such as 
the colostrometer (Bartier et  al., 2015) and Brix 
refractometers (Bartens et  al., 2016) have been 
used to estimate IgG levels. Recently, transmission 
infrared (TIR) spectroscopic methods have been 
used in the dairy industry as a rapid tool to predict 
milk protein (Rutten et  al., 2011), determine feed 
composition (Ohlsson et  al., 2007), and measure 
serum IgG concentrations (Elsohaby et al., 2014). 
Although TIR has been used to assess IgG in colos-
trum from dairy cows (Elsohaby et al, 2016), to our 
knowledge, there is no previous report of the use of 
TIR spectroscopy for measuring the IgG concen-
tration in beef cow colostrum, which has a substan-
tially different IgG concentration. The study of the 
use of TIR in beef colostrum is indicated given the 
expected differences between beef vs. dairy derived 
colostrum and previous studies from our group on 
dairy cow colostrum, which showed that at high 
IgG concentration the level of agreement between 
the reference RID and TIR was lower (Elsohaby 
et al., 2016). We hypothesized that merging of data 
from dairy and beef cow colostrum would improve 
the accuracy of TIR spectroscopy testing for IgG 
in colostrum by training the system over a broader 
data source. The objectives of the current study 
were: 1)  to explore the potential of TIR spectros-
copy in combination with partial least squares 
regression (PLSR) for quantification of IgG con-
centration in dairy and beef cow colostrum; and, 
2)  to investigate the impact of merging dairy and 

beef cow colostrum data sets on predictive per-
formance of the TIR spectroscopy.

MATERIALS AND METHODS

This study was conducted in accordance with 
the Canadian Council on Animal Care guide-
lines (CCAC, 2009) under a protocol approved 
by the Animal Care Committee at University of 
Prince Edward Island (protocol #6006206) and the 
Veterinary Science Animal Care Committee of the 
University of Calgary (protocols #AC13-0324 and 
#AC15-0150).

Colostrum Samples

A total of 430 colostrum samples were collected 
from dairy and beef cows. Of these, 235 samples were 
collected between February 2014 and November 
2015 from Holstein dairy cows on eight commer-
cial dairy farms in New Brunswick, Canada, and 
the remaining 195 samples were collected between 
March 2014 and April 2016 from beef cows on six 
ranches in Alberta, Canada. Colostrum samples 
(40–50 mL) were collected in screw-top tubes labe-
led with the farm name, cow identification number, 
and date of collection, and were frozen until ship-
ping. Samples were shipped on ice to the Maritime 
Quality Milk Laboratory, University of Prince 
Edward Island (UPEI), where they were stored 
at −80  °C. An aliquot of the collected colostrum 
samples was shipped to The Saskatoon Colostrum 
Company Ltd. (SCCL; Saskatoon, SK, Canada), 
where they were tested for IgG concentration using 
RID assay, as described below.

RID Assay

The reference IgG concentration used in this 
study were obtained by the Quality Assurance 
Laboratory of The Saskatoon Colostrum Co. Ltd. 
(SCCL). The RID assay was performed as origin-
ally described by Chelack et al. (1993) with modi-
fications. Colostrum samples were diluted 1:15 in 
PBS. Antiserum against bovine IgG (heavy and 
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light chains; Jackson Laboratories, West Grove, 
Pennsylvania, USA) was used. Immunodiffusion 
plates were prepared from 2% agarose contain-
ing 2.5% antiserum in PBS at pH 7.25. Standard 
curves (1.06 to 8.5  g/L) were produced by means 
of duplicate samples of a bovine IgG serum cali-
brator (Midland BioProducts Corporation, Boone, 
Iowa, USA). Plate validity was assessed with a 
reference serum from the Center for Veterinary 
Biologics, Animal and Plant Health Inspection 
Service, United States Department of Agriculture, 
Ames, Iowa. All samples were tested in duplicate 
and incubated in a humid atmosphere at 25 °C for 
18 to 19 h. Ring diameters were measured with a 
computer-assisted plate reader (The Binding Site 
Group, Birmingham, England) and the values for 
the samples calculated with a program for linear 
analysis. Colostrum samples with IgG concentra-
tion outside the range of the standard curve were 
retested at a different dilution. The final IgG con-
centration for each sample was determined by cal-
culating a single value from the average diameter of 
the two replicates. The plate was considered accept-
able if  the coefficient of determination was greater 
than 0.97 for the standard curve.

Infrared Spectra Collection

Infrared (IR) spectra were acquired for 430 bo-
vine colostrum samples using transmission infrared 
spectrometer (Tensor 37, Bruker Optics, Milton, ON, 
Canada) equipped with a deuterium tryglycine sul-
fate detector and controlled by proprietary software 
(OPUS ver. 6.5, Bruker Optics, Milton, ON, Canada). 
Thawed colostrum samples were diluted (1:3) with 
deionized sterile water and tested in replicates of six 
by evenly spreading 5 μL aliquots into 5 mm diam-
eter wells within an adhesive-masked, 96-well silicon 
microplate (Riley et al., 2007). An empty well served as 
the background reference for each microplate. A total 
of 2,580 (430 samples × 6 replicates) spectra were col-
lected over the wave number range between 4,000 and 
400 cm−1 with a nominal resolution of 4 cm−1, with 
512 scans collected for data acquisition. Collected 
spectra were converted into printable (PRN) format 
(GRAMS/AI version 7.02, Thermo Fisher Scientific, 
Waltham, MA, USA), imported into MATLAB 
(MathWorks R2012b, Natick, MA, USA), and fur-
ther data analysis was performed.

Spectra Preprocessing

Each IR spectrum was preprocessed using 
Savitsky–Golay smoothing (second order 

polynomial function with nine points), first-order 
derivatization (Savitzky and Golay, 1964), and 
two different normalization methods (standard 
normal variate [SNV] and vector normalization) 
(Barnes et  al., 1989; Barnes et  al., 2004), fol-
lowed by spectral regions (3,700–2,600  cm−1 and 
1,800–1,300  cm−1) selection. Dixon’s Q-test was 
applied to the replicate spectra of  each sample to 
detect spectrum outliers (Dean and Dixon, 1951; 
Rorabacher, 1991). The spectrum was considered 
as an outlier and excluded from further analysis 
if  more than 50% of  absorbance values were out-
side the 95% confidence level. The average of  the 
replicate spectra for each colostrum sample (after 
removal of  outliers if  applicable) was used for sub-
sequent analysis.

PLS Calibration Models Development and 
Validation

On average, the IgG concentration of dairy cow 
colostrum is lower than that of beef cows (Guy 
et  al. 1994). Also, dairy and beef cow colostrum 
might have substantially different chemical com-
position (Mulvey, 1996). Therefore, a multivariate 
regression method (PLSR) was used to create three 
calibration models: one for the 235 dairy cow colos-
trum samples, a second for the 195 beef cow colos-
trum samples, and a third for the merged data sets 
of the 430 dairy and beef cow colostrum samples.

The RID-IgG values obtained from SCCL 
were linked to their corresponding preprocessed 
IR spectra, and then split into a prediction and a 
combined set. The prediction set was selected by or-
dering all colostrum samples by IgG concentration 
then selecting the spectrum of every third colos-
trum sample. Thus, the prediction set encompassed 
the full range of IgG values. The remaining colos-
trum samples were assigned to the combined set 
and were further randomly split into training and 
validation data sets for model development.

A previously described, a PLSR approach 
(Elsohaby et al., 2016) was applied to the training set 
to develop 30 trial calibration models with the number 
of PLS factors ranging from 1 to 30. Each trial model 
was used to quantify the IgG concentrations of the 
validation set of colostrum samples. This procedure 
was repeated 10,000 times, utilizing randomly assigned 
splits of the combined data set into new training and 
validation sets. The root mean squared error for the 
Monte Carlo cross-validation value (RMMCCV) 
(Picard and Cook, 1984; Xu and Liang, 2001) was cal-
culated for each of the 30 trial calibration models, and 
the optimal number of PLS factors was chosen based 
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on the lowest RMMCCV value. Once the number of 
PLS factors had been determined, the training and 
validation sets were recombined to build the final cali-
bration model with the optimal number of PLS fac-
tors (Elsohaby et al., 2016).

The predictive performance of the PLS calibra-
tion models was assessed using the prediction data 
set. Pearson correlation coefficients, concordance 
correlation coefficients (Lin, 1989), scatter plots, 
Bland-Altman plots (Altman and Bland, 1983), 
and relative error (RE = (IR-IgG value − RID-IgG 
value)/RID-IgG value) were calculated to assess 
the level of agreement between IgG concentration 
measured by the reference RID assay and those 
predicted by the TIR-based assay. The intra-assay 
sample precision of the TIR-based assay was eval-
uated by calculation and plotting of the SD and CV 
between IgG concentrations of the six replicates 
predicted by TIR-based assay (Salkind, 2010). For 
comparison, the intra-assay CV between the dupli-
cate replicates for the same samples using the refer-
ence RID method was also calculated.

The ratio of predictive deviation (RPD  =  SD 
of RID-IgG/root mean squared error of prediction 
[RMSEP]) and the range error ratio (RER = range 
of RID-IgG/RMSEP) were also used to evaluate 
the performance of the PLS calibration models for 
the prediction of unknown samples (Williams and 
Sobering, 1996). The PLS models were classified 
according to the RPD and RER values into poorly 
predictive (RPD < 2), adequate for qualitative evalu-
ation or for screening purposes (2 < RPD < 2.5), ac-
ceptable for quantification (2.5< RPD <3 or RER 
>10) and suitable for very accurate quantitative ana-
lysis (RPD >3 or RER >20) (Williams and Sobering, 
1996). The development and validation of the three 
PLS calibration models were carried out using the 
same procedures as previously reported except for 
the number of colostrum samples assigned to pre-
diction, training, and validation sets.

Assessment of Colostrum Quality

To evaluate the applicability of the PLS cali-
bration models for assessment of colostrum 

quality, the diagnostic test characteristics (sensi-
tivity, specificity, and accuracy) were calculated in 
the prediction and entire data sets. Sensitivity (Se) 
was defined as identification of the proportion of 
low-quality dairy colostrum with RID-IgG values 
<50  g/L (Godden, 2008) and of beef cow colos-
trum with RID-IgG values <100  g/L (Windeyer 
et al., 2015), that was correctly classified by the TIR 
assay. Conversely, specificity (Sp) was defined as the 
proportion of dairy and beef cow colostrum sam-
ples with RID-IgG values ≥50 g/L and ≥100 g/L, re-
spectively, that was correctly classified by the TIR 
assay. Accuracy was defined as the percentage of 
dairy and beef cow colostrum samples that were 
correctly classified by the TIR assay.

RESULTS AND DISCUSSION

RID-IgG Values

Descriptive statistics of the RID-IgG concen-
tration of the combined and prediction data sets 
obtained from SCCL for the dairy and beef cow col-
ostrum samples are summarized in Table 1. In the 
present study, the average RID-IgG concentrations 
of the dairy and beef cow colostrum were 65.5 g/L 
and 143.2 g/L, respectively, which was similar to the 
average IgG reported previously in dairy cow herds 
by Elsohaby et al. (2017; 64.7 g/L) and Bartier et al. 
(2015; 63.7 g/L) and higher than the average IgG 
reported in beef cow herds by Vandeputte et  al. 
(2014; 95.9 g/L). Further, the average of beef cow 
colostral IgG was higher than that of dairy cow 
colostrum, in agreement with the result obtained 
for beef (113.4 g/L) and dairy (42.7 g/L) cows by 
Guy et al. (1994). The differences in the colostral 
IgG concentration between beef and dairy cows 
could be attributed to the genetic differences, 
management, and dilution effects (Godden, 2008; 
Baumrucker et al., 2010).

The RID assay indicated that the prevalence of 
poor quality colostrum in dairy cows (IgG <50 g/L) 
involved in the study was 35% (83/235), which was 
similar to that recently reported by Bartens et  al. 
(2016; 34.7%) and Bartier et al. (2015; 29.1%). Only 

Table 1. Descriptive statistics of the reference IgG values obtained by radial immunodiffusion assay

Colostrum

Combined seta Prediction seta

N Mean SD Min Max N Mean SD Min Max

Dairy cow 157 65.7 32.5 3.6 154.2 78 65.1 31.9 6.4 153.3
Beef cow 130 143.3 40.6 2.8 251.6 65 142.9 40.9 3.8 225.4

Dairy and beef cow 287 100.9 53.3 2.8 251.6 143 100.4 52.7 3.6 223.5

aN = number of colostrum samples; SD = standard deviation (g/L); Min = minimum (g/L); Max = maximum (g/L).
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13% (26/195) of beef cows collected for this study 
had poor quality colostrum (IgG <100 g/L), which 
similar to previously reported by Mulvey (1996; 
12%).

Infrared Spectra

Figure  1A shows the IR spectra of the dairy 
and beef cow colostrum samples employed in this 
work over the wave number of 4,000–400  cm−1. 
All the colostrum spectra obtained have a similar 
profile, but with complex absorption patterns 
which arise from the compositional complexity and 
variability of the colostrum constituents (Kehoe 
et  al., 2007). The intense bands centered around 
3,300 cm−1 were attributed to protein N-H (Amid 
A) stretching vibrations. The region between 1,650 
and 1,550 cm−1 contain intense bands correspond-
ing to protein C=O (Amid I) stretching vibrations 
and protein N=H (Amid II) bending vibrations, 
respectively. Fat dominates in the region between 
2,920 and 2,850  cm−1 (CH2 stretching modes) 
and at ~1,745  cm−1 (C=O stretch) (Norris, 2001). 

The two-protein intense spectral regions (3,700–
2,600  cm−1) and (1,800–1,300  cm−1) were used for 
further data preprocessing (Figure  1B) and PLS 
calibration model development. The spectral region 
between 2,600–1,800 cm−1 showed the weak absorp-
tion band of atmospheric CO2 and was excluded 
from the development of PLS models (Shaw and 
Mantsch, 1999).

PLS Calibration for Dairy Cow Colostrum Samples

The number of colostrum samples assigned to 
the training, validation, and prediction sets were 
79, 78, and 78, respectively. The number of PLS 
factors was determined to be 14, based on the low-
est RMMCCV (13.75 g/L) (Table 2). The selected 
PLS model was based on the first-order derivatives 
spectra with nine points and SNV normalization. 
This 14-PLS calibration model has a similar number 
of PLS factors to that previously built by the authors 
for dairy cow colostrum (Elsohaby et al., 2016) and 
higher than that built for near infrared (NIR) spec-
troscopy (Rivero et al., 2012, 2016).

Figure 1. Infrared spectra of dairy and beef cow colostrum samples; (A) Raw spectra in the region from 4,000 to 400 cm−1; (B) Preprocessed 
truncated spectra.

Table 2. Calibration and prediction statistics of the partial least squares models for quantification of dairy 
and beef cow colostrum IgG concentrations

Colostrum

PLS calibration models characteristicsa

PLS factors RMMCCV (g/L)

Combined set Prediction set

N r ccc RMSEC (g/L) N r ccc RMSEP (g/L) RE (%) CV (%) RPD RER

Dairy cow 14 13.75 157 0.96 0.96 9.8 78 0.84 0.83 19.7 5 3.2 1.6 7.5
Beef cow 14 21.2 130 0.93 0.92 16.4 65 0.88 0.88 20.9 1.2 2.5 2 10.6

Dairy and beef cow 14 21 287 0.95 0.94 17.9 143 0.92 0.92 20.6 0.8 6.9 2.6 10.7

aPLS factors = number of partial least squares factors; RMMCCV = root mean squared error for the Monte Carlo cross-validation value (g/L); 
N = number of colostrum samples; r = Pearson correlation coefficient; ccc = concordance correlation coefficient; RMSEC = root mean squared 
error of calibration (g/L); RMSEP = root mean squared error of prediction; RE% = relative error % ((TIR-IgG value − RID-IgG value)/RID-IgG 
value × 100); CV% = intra-assay CV % ((SD/mean) × 100); RPD = ratio of predictive deviation (SD of RID-IgG/RMSEP); RER = range error 
ratio (range of RID-IgG/RMSEP).
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The scatter plot (Figure 2A) and Pearson cor-
relation coefficients between colostral IgG concen-
tration obtained by the reference RID assay and 
TIR-based assay for the combined and prediction 
sets were 0.96 and 0.84, respectively. The plots of 
the combined and prediction sets show similar dis-
persion with no apparent underfitting or overfit-
ting problems. However, there is a relatively smaller 
correlation coefficient for colostrum samples with 
high IgG concentration (over 100  g/L). This is 
similar to the finding reported in a previous study 

(Elsohaby et al., 2016). The correlation coefficient 
of 0.84 reported in this study was similar to the 
value of 0.85 reported by Løkke et  al. (2016) be-
tween colostral IgG measured by ELISA and TIR 
spectroscopy and lower than the 0.97 reported by 
Rivero et al. (2012) between colostral IgG obtained 
by RID and NIR spectroscopy. Variations in the 
correlation coefficients in these studies could be 
explained by the differences in number and source 
of colostrum. Further, the Pearson correlation be-
tween IgG concentration obtained by RID- and 

Figure 2. Results of the PLS calibration for the spectra from dairy cow samples. (A) Scatter plots comparing the reference RID-IgG values to 
those measured by the TIR-based method for the combined (r = 0.96) and prediction (r = 0.84) data sets. (B) Bland–Altman plot of the differ-
ence in IgG concentration obtained by RID assay and the TIR-based method for the prediction data set (average of the difference = −3.5 g/L). 
(C) Relative error plot, the average of relative error from the reference RID value for the prediction set was 0.05. (D) SD of the IgG concentra-
tions measured by the TIR-based method for the prediction set. (E) CV plot, the average intra-assay CV of IgG concentrations between the six 
replicates measured by the TIR-based method for the prediction set was 0.032. (F) CV plot, the average intra-assay CV of IgG concentrations 
between the duplicate samples measured by reference RID assay for the prediction set was 0.013.
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TIR-based methods was higher than that reported 
for colostrometer (r = 0.77) and Brix refractometer 
(r = 0.64) (Bartier et al., 2015).

The Bland–Altman plot (Figure  2B) revealed 
that the average of the difference between colostral 
IgG concentration obtained by the RID- and TIR-
based method for the prediction set was −3.5 g/L, 
which indicating no obvious bias between two 
methods. The 95% confidence interval ranged from 
−41.6  g/L to 37.7  g/L, which is relatively small in 
comparison with the colostral IgG concentrations 
in this study. The predictive accuracy of the TIR-
based method was further assessed by calculating 
the RE of the TIR predicted IgG concentration 
from the reference RID values (Figure  2C). The 
average RE% was 5% (Table  2), which lies within 
the acceptable accuracy range (±20%) according to 
the quality control standards of the US Food and 
Drug Administration Agency (US Food and Drug 
Administration, 2001). The RE plot shows that 16 
of 78 tested samples lie outside of the range which 
means that 80% of samples tested by the TIR-based 
method lies within the acceptable accuracy range.

The variability among the replicates when using 
the TIR-based method for measuring the IgG con-
tent of dairy cow colostrum samples of the predic-
tion data set is presented graphically in Figure 2D 
and E. Mostly, the SD and CV are below 5 g/L and 
10%, respectively. The average intra-assay CV of the 
TIR-based method among the replicates was 3.2% 
(Table 2), which is higher than that of the reference 
RID method (Figure  2F; 1.3%). The TIR-based 
method is considered reliable if  the average intra-as-
say CV is lower than 10% (Albanell et al., 1999).

The utility of the TIR-based method for pre-
diction of colostral IgG concentration in unknown 
dairy cow colostrum samples were assessed using 
RPD and RER values. In the current study, the 
RPD and RER values were 1.6 and 7.5, respectively 
(Table  2), indicating inadequate quantitative pre-
dictive ability of TIR-based method (Williams and 
Sobering, 1996). Further, these values were lower 
than that reported by Rivero et al., (2012) for pre-
diction of dairy cow colostral IgG concentration 
using NIR spectroscopy.

PLS Calibration for Beef Cow Colostrum Samples

For the beef colostrum samples, 65 samples 
each were used for the training, validation, and 
predication sets. The PLS calibration model includ-
ing 14 PLS factors was selected as optimal based on 
the lowest RMMCCV (21.2 g/L). This model was 
based on the smoothed spectra with nine points 

and vector normalization. The scatter plots for 
the combined and prediction data sets (Figure 3A) 
shows similar dispersion with no underfitting or 
overfitting problems, indicting that the model is 
well-determined. The Pearson correlation coeffi-
cient between IgG concentration obtained by the 
reference RID- and TIR-based method for the 
combined set was 0.93 and for the prediction set 
was 0.88 (Table 2), which is higher than the correl-
ation of 0.80 reported by Vandeputte et al. (2014) 
between RID and digital Brix refractometer. The 
plots (Figure 3A) show that at high IgG concentra-
tions, the correlation coefficient between RID- and 
TIR-based methods is less than that at low con-
centrations. The lower number of beef cow colos-
trum samples that have IgG concentration less than 
100  g/L (26 of 195)  could explain this variation 
since the correlation coefficient is highly sensitive to 
the concentration range (Altman and Bland, 1983).

Agreement between the RID- and TIR-based 
method was further assessed using Bland–Altman 
plot (Figure 3B), which shows no obvious system-
atic bias between two methods. The average value 
of the difference was 2.7  g/L and the 95% confi-
dence interval ranged from −38.2  g/L to 43.5  g/L. 
Figure  3C shows that the RE from the reference 
RID values for each sample in the prediction set. 
The average of the RE% was 1.2%, which lies within 
the acceptable accuracy criterion (±20%) for analyt-
ical methods (US Food and Drug Administration, 
2001). The RE plot shows that only 5 of 65 samples 
were out of this range, indicating that the TIR-based 
method accurately measures 92% of the test samples.

The SD and intra-assay CV for the beef cow 
colostral IgG concentrations obtained by the TIR-
based method among the six replicates of the pre-
diction data set are represented graphically in 
Figure 3D and E, respectively. SD among the repli-
cates of each sample are small with a value less than 
5 g/L and the average intra-assay CV% was 2.5%, 
which is higher than that for the same samples RID 
results (Figure 3F, 1.4%) and lower than that of the 
dairy cow colostrum. The RPD and RER values of 
the beef cow colostrum PLS calibration model were 
2 and 10.6 (Table 2), indicating that the model is ad-
equate for qualitative and screening evaluation of 
beef cow colostrum IgG concentration (Williams 
and Sobering, 1996).

PLS Calibration for Merged Dairy and Beef Cow 
Colostrum Samples

To build a PLS calibration model with a high 
predictive ability, the data set should have a wide 
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and evenly distributed composition (Murray, 1986). 
Therefore, the dairy and beef cow colostrum sam-
ples were merged and then split into the training 
(n  =  144), validation (n  =  143), and prediction 
(n = 143) sets. The number of PLS factors deter-
mined based on the lowest RMMCCV (21  g/L) 
was 14 (Table 2). The PLS calibration model was 
built using first-order derivatives spectra with nine 
points and vector normalization. The scatter plots 
for the combined and prediction sets are shown in 
Figure  4A, with Pearson correlation coefficients 
of 0.95 and 0.92, respectively. The dispersions for 

the combined and prediction sets are similar with 
no evidence of underfitting or overfitting. Further, 
combining the dairy and beef cow colostrum in 
one PLS calibration model increased the range 
of IgG concentration predicted by the TIR-based 
method and overcame the low agreement between 
RID- and TIR-based methods at high IgG concen-
trations reported for the dairy and beef cow colos-
trum models.

The Bland–Altman plot (Figure  4B) does not 
show any apparent systematic bias and the mean 
of the difference between IgG obtained by the 

Figure 3. Results of the PLS calibration for the spectra from beef cow colostrum samples. (A) Scatter plots for the combined and prediction 
data sets with Pearson correlation coefficients (r) of 0.93 and 0.88, respectively. (B) Bland–Altman plot for the prediction set, the average of the 
difference between RID and TIR-based methods was 2.7 g/L. (C) The relative error plot for the prediction set with a mean relative error of 0.012. 
(D) SD plot of the IgG concentrations measured by the TIR-based method for the prediction set. (E) Intra-assay CV of the IgG concentrations 
between the six replicates measured by the TIR-based method for the prediction set (average CV = 0.025). (F) Average intra-assay CV between 
the IgG concentrations of the duplicate samples measured by RID assay for the prediction set was 0.014.
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RID- and TIR-based method was 1.4  g/L. The 
95% confidence interval range was −39 to 41.7 g/L; 
which is small enough to suggest that the PLS cali-
bration model of the combined dairy and beef cow 
colostrum has the accuracy that is similar to the 
PLS calibration models built separately for dairy 
and beef cow colostrum.

The average RE% from the reference values 
was 0.8% (Table 2), with most of  the tested sam-
ples (>75%) have an RE% within the acceptable 
±20% range (Figure 4C). The SD plot for the IgG 
concentration predicted by the TIR-based method 

for replicate spectra against the average IgG con-
centration shows that most of  the samples with 
SD below 5 g/L (Figure 4D). The average intra-as-
say CV% for the IgG concentration among the six 
replicates predicted by the TIR-based method for 
the prediction set was 6.9% (Figure  4E), which 
higher than the intra-assay CV% of  1.2% reported 
between the duplicate replicates for the same sam-
ples using the reference RID method (Figure 4F). 
The PLS calibration model of  the combined dairy 
and beef  cow colostrum was acceptable for quan-
tification of  IgG concentration in both dairy and 

Figure 4. Results of the PLS calibration for the spectra from the merged dairy and beef cow colostrum samples. (A) Scatter plots and Pearson 
correlation coefficients of the combined (r = 0.95) and prediction (r = 0.92) data sets. (B) Bland–Altman plot for the prediction set, the average 
of the difference was 1.4 g/L. (C) The relative error plot for the prediction set with an average relative error of −0.008. (D) SD for the IgG con-
centrations measured by the TIR-based method for the prediction set. (E) Intra-assay CV of the IgG concentrations between the six replicates 
measured by the TIR-based method for the prediction set (average CV = 0.069). (F) Average intra-assay CV between the IgG concentrations of 
the duplicate samples measured by the RID assay for the prediction set was 0.012.
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beef  cow colostrum based on the RPD value (2.6) 
and RER value (10.7) (Williams and Sobering, 
1996).

Comparing the predictive performance of the 
PLS calibration model for the merged dairy and 
beef cow colostrum (RMSEP = 20.6 g/L) and the 
PLS model separately built for the dairy cow colos-
trum (RMSEP = 19.7 g/L) and beef cow colostrum 
(RMSEP = 20.9 g/L) showed that the PLS model 
for merged colostrum samples has better accuracy 
and comparable precision to that of the models 
built separately for quantification of dairy and beef 
cow colostral IgG concentration.

TIR Assay Sensitivity and Specificity for Detection 
of Colostrum Quality

The sensitivity, specificity, and accuracy of the 
TIR spectroscopic method for assessment of dairy 
and beef cow colostrum quality using RID-IgG 
values <50 g/L and 100 g/L, respectively, as the cut-
off  values for poor quality colostrum are shown in 
Table 3. The Se (86%) and Sp (94%) of TIR spectro-
scopic method for assessment of dairy cow colos-
trum were higher than the Se (79%, 84% and 66%) 
and Sp (87%, 77% and 83%) recently reported for 
the TIR spectroscopy, colostrometer, and digital 
Brix refractometer, respectively (Bartier et al., 2015; 
Løkke et al., 2016). Whereas, for beef cow colos-
trum, TIR spectroscopic method showed lower Se 
(77%) and higher Sp (98%) than those (Se = 94.4% 
and Sp  =  86.1%) reported by Vandeputte et  al. 
(2014) for digital Brix refractometer. The TIR spec-
troscopic method based on the merged data set 
correctly classified the majority of dairy and beef 
cow colostrum and misclassified 11% (26 of 430) of 
dairy colostrum and 7% (14 of 195) of beef colos-
trum samples (Table 3). The false negative (6%) and 
false positive (5%) of the dairy colostrum samples 

have RID-IgG concentrations that ranged between 
(37–49.2  g/L) and (50.2–65.7  g/L), respectively, 
which are close to the cutoff  value of 50 g/L. For 
beef colostrum, the false negative (5%) and false 
positive (2.6%) samples have RID-IgG concen-
trations that ranged between (80.6–93.5  g/L) and 
(100.3–112 g/L), respectively, which are close to the 
cutoff  value of 100 g/L.

In conclusion, the PLS calibration model in 
combination with TIR spectroscopy shows poten-
tial as a rapid, accurate, precise, reagent-free, and in-
expensive method for estimation of dairy and beef 
cows colostrum IgG concentration and assessment 
of colostrum quality. Further, merging of dairy 
and beef cow colostrum samples improved the pre-
dictive performance of the TIR-based method for 
measuring colostral IgG concentration.
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