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Abstract: 

Near-infrared reflectance spectroscopy (NIRS) allows the estimation of the chemical 

composition of various samples (ingredients, animal products, etc.); however, there is little 

information on its use with samples of swine ileal digesta (ID) or feces (F). Therefore, the 

objective was to develop prediction equations based on the partial least squares method to 

predict the chemical composition of the ID and F through NIRS. 110 ID and 202 F samples 

from digestibility experiments were used, their spectra were obtained and a multivariate 

model was used to develop the prediction method. The variables analyzed in ID were: crude 

protein (CP), leucine (Leu), lysine (Lys) and threonine (Thr) and in F: dry matter (DM), CP 

and energy (E). The DI values were: PC: R2 0.98, standard error of calibration (SEC) 0.330, 

standard error of prediction (SEP) 0.640; Leu: R2 0.95, SEC 0.040, SEP 0.102; Lys: R2 0.93, 
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SEC 0.077, SEP 0.143; Thr: R2 0.67, SEC 0.209, SEP 0.187. F values were: PC: R2 0.98, 

SEC 0.95, SEP 1.19; E (kcal/kg): R2 0.94, SEC 60.8, SEP 95.3; MS: R2 0.87, SEC 0.83, SEP 

1.15. The results show that the calibration robustness (SD/SEP) was good for PC, 3.34, Leu 

2.07 and Lys 2.48 and fair for Thr 1.94, the prediction (RPD) was good for PC 2.11 in ID. In 

F the R2 were high for PC 0.98 and E 0.94. The highest robustness was for PC 5.59 and its 

prediction was excellent 4.16 and good for E 2.53. It is concluded that NIRS can predict PC 

in ID and PC and E in F. In order to improve the estimation of amino acids in ID, the causes 

affecting the robustness of the calibrations should be explored. 
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Introduction 
 

 

Pig farms are increasingly obliged to improve their production efficiency as they are 

estimated to emit 9 % of total greenhouse gas emissions from livestock production; 27.4 % 

of this total is contributed by excreta, which is composed of 70.1 % methane and 29.9 % 

nitrous oxide(1). Nitrous oxide can be reduced by improving feed efficiency and thus 

decreasing nitrogen excretion(2). In this respect, the greatest mitigation potential is found in 

the semi-technified system, which is the result of an improvement in herd efficiency(1), 

although such a decrease in nitrogen excretion can be brought about in any system by 

improving the accuracy of feed formulation(3).  

 

One tool to achieve this objective is the determination of the digestibility of the raw materials 

and diets used to feed pigs, especially in a production system such as the Mexican one, which 

depends on a wide variety of raw materials, unlike the corn-soybean meal system used in 

some countries such as the United States and Brazil. However, developing these studies is 

time-consuming and costly, mainly because of the laboratory analyses that must be 

performed. The National Institute for Research on Forestry, Agriculture, and Livestock 

(Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias, INIFAP) has 

conducted several studies on ileal digestibility of amino acids and total protein and energy(4). 

Therefore, the ileal digesta and stool samples from these studies were used to generate the 

calibration model based on the partial least squares method to estimate the chemical 

composition of the ileal and stool contents in a near-infrared equipment.  
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The near infrared belongs to the electromagnetic spectrum, which is divided into regions 

according to the length of the emitted waves, the near infrared region (NIRS) is comprised 

between the wavelengths of 780 to 2,500 nm, and is characterized because its radiation does 

not modify the structure of matter, but produces vibration of its atoms, hence its wide use in 

industry and animal production(5,6). H, C, N, and O atoms form the functional groups C-H, 

N-H and O-H, which absorb part of the emitted energy and reflect part of it, creating 

absorption bands. The proportion and quantity of these functional groups found in the sample 

make its spectrum unique(7); so NIRS can accurately predict the chemical composition of 

scanned samples. However, before using it as a tool to predict the chemical composition of 

a sample, it is necessary to obtain prediction models for each type of sample and analyte to 

be analyzed. This process consists in associating the spectral information with the values 

obtained in the laboratory(8). Therefore, the objective of the present work was to obtain 

prediction models in a NIRS apparatus to estimate the crude protein, lysine, threonine, and 

leucine content in ileal digesta, as well as the dry matter, protein, and energy content in pig 

feces. 

 

 

Material and methods 
 

 

The study was carried out at the National Center for Research on Animal Physiology and 

Improvement (Centro Nacional de Investigación en Fisiología y Mejoramiento Animal, 

CENID-Fisiología), in Ajuchitlán Querétaro, Mexico. Ileal digesta and stool samples were 

obtained from previously performed experiments(9-15), ileal and fecal digestibility of dry 

matter (DM), energy (E), and crude protein (CP), and ileal digestibility of amino acids were 

determined (AA). In all experiments, the guidelines of the CIOMS(16) and the Mexican 

Official Standard for the production, care, and use of laboratory animals were respected(17).  

 

 

Animals, cages, and sample collection 

 

 

All pigs were housed in individual metabolic cages equipped with feeders, nipple water 

dispensers, and feces collection trays, all feed was in the form of meal and is described in the 

references cited; pigs were fed at 2.5 times their maintenance DE requirements(18). The 

facility has a temperature control system which was maintained at 19 ± 2 °C. Ileal digesta 

samples were freeze-dried, and feces samples were dried in a forced-air oven at 55 °C for 48 

h. Subsequently, freeze-dried digesta samples were ground through a 0.5 mm mesh, and dried 

stool samples, were through a 1 mm mesh in a laboratory mill (Arthur H. Thomas Co. 

Philadelphia, PA). 
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Laboratory analysis 

 

 

Dry matter and crude protein analyses were performed according to AOAC official methods 

934.01 and 976.05(19). The digestibility markers used in the experiments were determined for 

chromium oxide according to Fenton(20) and titanium oxide according to Myers(21). The AA 

were determined by AOAC(19) method No. 994.12, which consists of hydrolyzing the 

samples at 110 °C for 24 h in 6 mol/L HCl. Amino acid analysis was performed according to 

Henderson(22) or Csapó(23). Energy analyses were carried out in an adiabatic calorimetric 

pump (1281, Parr, Moline, IL). 

 

 

Procedure for obtaining samples in NIRS equipment 

 

 

The samples were placed in a quartz cup and scanned with a Nicolet 6700 FT-IR 

spectrophotometer (Thermo Fisher Scientific, Inc); the spectra were generated with the 

OMNIC™ software. The spectra were obtained in the near infrared (NIR) region (1000-2500 

nm); the data absorbance was expressed as the logarithm of the reciprocal of R "(log 1/R)", 

where R= reflectance. The spectra thus generated were fed with the values obtained in the 

laboratory. The multivariate statistical model used was partial least squares, the first or 

second derivative, and the Savitzky-Golay filters with the TQ Analyst v8™ software. The 

variables entered in TQ Analyst v8 were: dry matter, protein, energy, and amino acid content. 

Calibration was performed with 2/3 of the samples, and validation, with 1/3, either for stool 

sample or ileal content. The selection of the best predictive model was based on the 

minimization of the standard error of prediction (SEP) and of the standard error of cross-

calibration (SECV), and the maximization of the coefficient of determination (R2). In order 

to evaluate The predictive power of the calibration model was assessed considering the index 

known as RPD, i.e., the predictive deviation ratio. The predictive power of the calibration is 

considered as follows: if the RPD is less than 1.5, the calibration is not useful; if the RPD is 

between 1.5 and 2.0, the calibration may distinguish between low and high values; if the RPD 

is between 2.0 and 2.5, the calibration has possibilities to make quantitative predictions; if 

the RPD is between 2.5 to 3.0, the calibration prediction is good, and if RPD is greater than 

3.0, the calibration leads to excellent predictions (Williams, 2003) quoted by Saeys(24). 

Samples with differences of over 2.5 standard deviations were considered "outliers" and 

eliminated from the study. 
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Scanning of samples 

 

 

Ileal digesta: A total of 119 ileal digesta samples were used. The mathematical analysis 

utilized was partial least square (PMS). The mathematical treatment was 1,4,13,6 (the 

numbers represent the degree of the derivative, the width of the interval over which the 

derivative is calculated, the smoothness level, and the order level of the polynomial).  

 

Feces: A total of 222 samples were utilized. The statistical model used was the partial least 

square (PMS), and the mathematical treatment utilized was 1,4,11,5 (see explanation above). 

 

Graphs. The graphs were made using the "ggplot2"(25) and "patchwork"(26) packages of R 

software(27).  

 

 

Results 
 

 

Spectra 

 

 

Representative spectra of ileal digesta and feces samples are shown in Figure 1. 

 

Figure 1: Representative spectra of ileal digesta and feces samples 
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Calibration for ileal digesta analysis 

 

 

A total of 119 samples were used, of which 9 were eliminated because they were considered 

to be "outliers" according to the aforementioned criteria. Thus, the models were developed 

over 110 samples. 

 

Protein. The mean and standard deviation (SD) for protein were 15.57 ± 2.15, ranging from 

11.1 to 20.8 (Table 1). The coefficient of determination R2 was 0.98, the calibration standard 

error (SEC), cross-validation standard error (SECV) and prediction standard error (SEP) 

were 0.330, 1.020 and 0.640, respectively. Its RPD was 2.11 and the SD/SEP ratio was 3.34 

(Table 2, Figure 2A). 

 

Table 1: Statistics of the analyzed nutrients in ileal digestaa 

Item Protein Leucine Lysine Threonine 

N 110 110 110 110 

Mean 15.57 0.85 0.58 0.71 

SDb 2.15 0.21 0.29 0.36 

minimum 11.1 0.33 0.17 0.32 

maximum 20.8 1.31 1.82 2.13 
aThe values represent the percentage content of the nutrient in the dry matter, except for energy, which is 

expressed in Kcal/kg. 
bSD = standard deviation. 

 

Table 2: Results of analyte calibrations in the ileal digesta 

Calibration First  Second 

Parameter Protein  Leucine Lysine Threonine 
 

Lysine 

R2a 0.98 0.95 0.93 0.67  0.92 

SECb 0.330 0.040 0.077 0.209  0.070 

SECVc 1.020 0.123 0.217 0.230  0.137 

SEPd 0.640 0.102 0.143 0.187  0.115 

RPDe 2.11 1.70 1.31 1.57  2.08 

SD/SEPf 3.34 2.07 2.00 1.94  2.48 
aCoefficient of determination; bStandard error of calibration; cStandard error of cross-calibration; dStandard 

error of prediction; eRatio of the standard deviation to the standard error of the cross-calibration; fRatio of the 

standard deviation to the SEP (SD/SEP). 
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Figure 2: Relationship between the predicted values by NIRS and those determined in the 

laboratory for ileal digesta 

 
Table 2 reports the values of the equations 

 

Leucine. The mean and the standard deviation were 0.85 ± 0.21, with a range of 0.33 to 1.31 

(Table 1). The coefficient of determination R2 was 0.95. The values for SEC were 0.040; for 

SECV, 0.123, and for SEP, 0.102. The results obtained for RPD were 1.70, and for the 

SD/SEP ratio, 2.07 (Table 2, Figure 2B).  

 

Lysine. The mean and the standard deviation were 0.58 ± 0.29, with a range of 0.17 to 1.82. 

The coefficient of determination R2 was 0.93. The values were 0.077 for SEC, 0.217 for 

SECV, 0.143 for SEP, and 1.31 for RPD, and the SD/SEP ratio was 2.00.  

 

In order to improve the lysine prediction model, a second calibration was performed for 

lysine only. The SD/SEP and RPD statistics improved, and there was a minimal decrease 

(one percentage point) in R2. The mean standard deviation, and the minimum and maximum 

values were the same as described in the previous paragraph; therefore, the coefficient of 

determination (R2) was 0.92. The results were 0.070 for SEC, 0.137 for SECV, and 0.115 for 

SEP. The result obtained for RPD was 2.08, and 2.48 for SD/SEP. (Table 2, Figure 2C). 

 

Threonine. The mean and standard deviation for threonine were 0.71 ± 0.36, with a range of 

0.32 to 2.13 (Table 1). The coefficient of determination R2 was 0.67. The values of SEC, 

SECV and SEP were 0.209, 0.230 and 0.187, respectively. Its RPD was 1.57, and the SD/SEP 

ratio, 1.94 (Table 2, Figure 2D). 
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Calibration for fecal analysis 

 

 

Of the 222 samples, 20 considered "outliers" were eliminated. Table 3 shows summary 

statistics generated by NIRS. 

 

Table 3: Statistics of the analyzed nutrients in the fecesa 

Item Protein Energy Dry matter 

N 202 202 202 

Mean 20.05 4444 93.43 

SD 6.65 269 2.48 

Minimum 4.50 3684 85.83 

Maximum 29.20 4966 97.50 
aThe values represent the percentage content of the nutrient in the dry matter, except for energy, which is 

expressed in Kcal/kg. 
bSD= Standard deviation. 

 

Protein. Its mean and standard deviation were 20.05 ± 6.65, respectively, with a range of 4.5 

to 29.2 (Table 3). Its coefficient of determination R2 was 0.98. The value of SEC was 0.950; 

that of SECV was 1.600, and that of SEP was 1.190. The statistics for RPD and SD/SEP were 

above 4, i.e., of 4.16 and 5.59, respectively (Table 4, Figure 3A). 

 

Table 4: Results of analyte calibrations in the feces 

Parameter Protein Energy Dry matter 

R2a 0.98 0.94 0.87 

SECb 0.950 60.8 0.830 

SECVc 1.600 106.3 1.390 

SEPd 1.190 95.3 1.150 

RPDe 4.16 2.53 1.78 

SD/SEPf 5.59 2.82 2.16 
aCoefficient of determination; bStandard error of calibration; cStandard error of cross-calibration; dStandard 

error of prediction; eRatio of standard deviation to the standard error or cross-calibration; fRatio of the 

standard deviation to the SEP (SD/SEP). 
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Figure 3: Relationship between the predicted values by the NIRS and those determined in 

the Laboratory for the feces 

 
Table 4 reports the values of the equations. 

 

Energy. The mean and standard deviation were 4,444 ± 269, ranging from 3,684 to 4,966 

(Table 3). The coefficient of determination R2 was 0.94. The results for errors were 60.8 for 

SEC, 106.3 for SECV, and 95.3 for SEP. The results obtained for RPD were 2.53, and 2.82 

for SD/SEP (Table 4, Figure 3B).  

 

Dry matter. The mean and standard deviation were 93.43 ± 2.48, with a range of 85.83 to 

97.50 (Table 3). The coefficient of determination R2 was 0.87; the values of SEC, SECV, 

and SEP were 0.830, 1.390, and 1.150, respectively. Its RPD was 1.78, and the SD/SEP ratio 

was 2.16 (Table 4, Figure 3C).  

 

 

Discussion 
 

 

The basis of the spectroscopy technique is based on the interaction of light with the 

molecular composition of matter; in the near infrared (wavelengths between 800 and 2,500 

nanometers), energy causes the bonds to excite and vibrate in two ways: shortening (high 

energy) or bending (low energy). This can be understood as follows: molecules are a set of 

atoms joined by bonds, and each bond vibrates at a certain frequency that depends on the 

chemical group involved in it; therefore, the energy of an incident light ray will be absorbed 
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when its frequency is identical to the natural frequency of the intermolecular bond (7). Thus, 

the arrangement of chemical bonds in a sample makes the spectra unique (28). The organic 

bonds (C-H, N-H, O-H) react at different wavelengths and react at different wavelengths 

(C-H, N-H, O-H): O-H bonds react in the region between 1,450 nm and 1,900 nm; N-H 

bonds react in the region between 2,080 to 2,220 nm and 1,560 to 1,670 nm, and C-H bonds 

react in the region between 1,100, 1,600, 1,700-1,800, 2,000, and 2,200-2,400 nm(7,29,30).  

 

 

Protein and aminoacids 

 

 

This is the first work in which the NIRS technology was used to predict protein and amino 

acid content in ileal digesta in pigs. The results obtained show that, based on the R2 statistic 

= 0.97 and the RPD value of 2.11, the calibration for crude protein is acceptable for predicting 

ileal digesta composition. These values are in agreement with those indicated by Saeys(24), 

who report that the calibration to estimate pig excreta N had a R2= 0.89 and an RPD above 

3.0, suggesting that NIRS can predict crude protein content. According to the RPD statistic 

(1.70, 1.31, and 1.57), the lysine and leucine concentration prediction is unreliable, but the 

calibration obtained can be used to estimate their concentration in the ileal digesta. However, 

in the case of threonine, the results were not favorable, as the calibration and prediction 

values obtained and the RPD (R2=0.67, SEP=1.87, and RPD=1.57) suggest that this is a 

poorly performing calibration and therefore it is not recommended. The low reliability of 

threonine prediction may be due to its richness in endogenous ileal protein losses, given that 

mucin is rich in threonine and mucin secretion is modulated by several dietary factors such 

as fiber and antinutritional factors(31,32). Thus, the concentration of threonine is more variable 

than that of the amino acids lysine and leucine; this argument is supported by the ability of 

NIRS to predict amino acid content in wheat (213 samples), barley (185 samples), and corn 

(258 samples)(33), since the variability in amino acid content in these samples is lower than 

in ileal digesta. The prediction was improved in the (second) calibration, in which only lysine 

was included; this was attributed to the fact that the correlations obtained were only for that 

amino acid ⸻a similar situation to that reported by Owens et al(34), who predicted more than 

20 wheat traits and obtained good predictions for only a few of them, including protein. The 

results of the present work for predicting stool protein content were superior to or equal to 

those obtained in previous studies(35-38). 

 

The range of crude protein values in pig feces (45 to 292 g/kg) is higher than that reported in 

previous works(35,36,38), due to the diets used in them; for example, in the study by 

Bastianelli(36), the samples came from a single experimental diet, whereas in the present study 

they came from several experiments and, consequently, from different diets. However, the 

greater variation in the data of the present work makes the resulting calibration more robust; 



Rev Mex Cienc Pecu 2023;14(3):488-504 
 

498 

this can be seen in the R2, which is higher than those reported in those other works (0.98 vs 

0.84, 0.88, and 0.89)(35,36,38) and indicates that the calibration was excellent. According to 

Saeys(24) calibration can be used to predict the crude protein content of the stools. This is 

reflected in the results of the present study, where the error for prediction was 11.9 g/kg, a 

lower value than those reported in other studies. In addition, the calibration is considered to 

have an RPD statistic value of 4.15, which is higher than the value of 3 recommended by 

Saeys(24), which indicates that the prediction is accurate and reliable.  

 

 

Gross energy 

 

 

The energy prediction is achieved thanks to the organic C-H bond absorption bands present 

in the scanned samples and corresponds to those bonds present in the carbohydrates, lipids, 

and protein of the food. Carbohydrates present in the feed constitute the main fraction of the 

pigs’ diet, and are classified into sugars (mono and disaccharides), oligosaccharides, and 

polysaccharides (starch and non-starch polysaccharides (NSP)). Most of the disaccharides 

and starch are digested and absorbed in the small intestine as shown by the work of Reis et 

al(10); while the pig's digestive enzymes do not hydrolyze NSP, and therefore their 

degradation is carried out by the microflora of the cecum and colon through fermentation(39).  

 

The dietary protein source varies in its amino acid content according to the pig's stage of 

production. For example, piglets consume mainly animal sources such as whey proteins, fish, 

animal plasma, etc., which are highly digestible. As the pig’s digestive system matures, 

vegetable proteins (mainly from soybean meal and other oilseeds) increase until only 

vegetable proteins are used, their digestibility being more variable than that of carbohydrates 

or fats(40). In ileal digesta samples, these bonds correspond mostly to the undigested bonds of 

the consumed feed and to the endogenous losses contributed by the animal's organism(41). 

Substrates not absorbed in the small intestine reach the large intestine and are fermented by 

the microbiota or excreted in the feces(42). In the case of amino acids, they can be used for 

microbial protein synthesis or fermented and used as a source of energy(43). Therefore, the C-

H bonds in the feces correspond mainly to the bonds in the microbiota and the fermentation 

products produced by it. 

 

The results obtained in the calibration to predict energy were excellent; the R2 was 0.94, 

which indicates an excellent calibration that can be used in the prediction of the energy 

content of feces(24). The results of the present study are consistent with other studies(37,38). In 

addition, the robustness of the energy prediction (RPD of 2.52) means that quantitative 

predictions are possible. 
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The results regarding the predictive ability of stool protein and energy content are similar to 

those of Cruz-Conesa(44), whose objective was to develop predictive models to estimate the 

chemical composition of the feces of three different poultry species: broilers, layers, and 

turkeys. These authors(44) reported that their calibrations accounted for over 93 % of the 

variation, and the RPDs were greater than 3.7, concluding that NIRS is capable of estimating 

feces' protein and energy content. 

 

 

Dry matter 

 

 

The chemical composition of the samples is affected by the collection site (ileal or fecal), 

since, although most of the water is reabsorbed in the small intestine, the large intestine is 

where the digesta is dehydrated(45); therefore, the feces had a higher dry matter content. 

 

The moisture content of the samples has a direct impact on the generation of the spectrum, 

as water increases the absorption of light producing a higher absorption in the whole 

spectrum, on the other hand, the solid particles cause the light to be reflected and thus to 

reduce the absorption and generate higher peaks. For example, the region between 1,450 nm 

and 1,900 nm corresponds to the O-H chemical bonds present in water; consequently, there 

are more pronounced peaks in this region.  

 

The coefficient of determination of the calibration for dry matter R2 was 0.87, which indicates 

that the calibration is accurate and reliable for determining the dry matter content in ileal 

samples according to Saeys(24), with a calibration error of 8.3 g/kg DM. On the other hand, 

the prediction error was 11.5 g/kg, and the RPD was 1.78; this value indicates that a 

quantitative approximation of the dry matter in the feces samples is possible(24). The 

relatively low prediction values obtained for dry matter compared to protein and energy 

values result from the fact that the scanned samples were from experiments that had 

previously been analyzed for digestibility, and, therefore, the samples had been stored. 

Although the samples were stored correctly, they may have become rehydrated with ambient 

moisture. This argument is supported by the work of Garnsworthy et al(46), who evaluated 

156 wheat grain samples and compared the dry matter values obtained by NIRS on the 

previously dehydrated samples versus the dry matter values obtained on the samples that 

were dehydrated at the time of scanning, lower values were observed in the previously 

dehydrated samples. Another factor is that the variation of the laboratory analysis of the dry 

matter was narrow (2.48 %); this small variation means that, when the samples are hydrated, 

they easily fall out of the calibrated range, affecting the results.  
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Conclusions and implications 
 

 

It is concluded that NIRS can be used as a rapid and reliable analytical tool for predicting 

crude protein content of ileal digesta and crude protein and energy content of feces. In order 

to improve the estimation of amino acid content in ID, possible causes affecting the 

robustness of the calibrations should be explored The use of NIRS represents a reduction in 

the cost of experiments and less time to generate the results of the chemical content of the 

samples. 
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