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ABSTRACT 

 

Milk urea nitrogen (MUN) is one of the minor milk components (i.e. in low 

concentration) that can be determined by PLS models using milk mid-infrared (MIR) 

instruments. MUN, even though in such low concentrations in milk, is used in dairy 

herd improvement and payment testing laboratories to gain a more clear understanding 

of the efficiency of nitrogen utilization by ruminants for various purposes, such as 

protein feeding management and monitoring physiological consequences on the dairy 

cows (e.g. improved reproductive efficiency). In addition, MUN testing is used to help 

lower dairy farm environmental impacts due to excretion of urea in urine of dairy cows. 

Therefore, accurate MUN concentration information in a timely manner is of great 

importance for dairy herd feeding and reproduction management. Milk MIR instruments 

provide a method to measure MUN using PLS models. However, calibration samples 

and an accurate and reliable reference chemical method to obtain reference calibration 

values are needed for the measurement of MUN with milk MIR instruments.  

The objectives of the current study were to add reference chemistry for a milk 

urea nitrogen (MUN) parameter with a wide, well-distributed range of MUN 

concentrations to the modified milk calibration sample set made every four weeks at 

Cornell University, while maintaining orthogonality with variation in fat, protein, and 

lactose concentrations and to determine the within and between lab variation in an 

enzymatic spectrophotometric chemical reference method for MUN determination on 

the modified milk calibration samples and degree of uncertainty in MUN reference 

values. Changes in the modified milk samples’ formulation procedure were performed 

to include the desired range of MUN concentrations, particularly in the ultrafiltration 
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processing step. An enzymatic spectrophotometric reference method was used to 

obtain MUN reference values for the set of samples formulated. The MUN enzymatic 

spectrophotometric method was also used to obtain MUN concentrations for a set of 

individual-farm bulk tank raw milk samples. The within (RSDr) and between lab 

variation (RSDR) in the reference values for MUN were < 1%, and the average 

expanded analytical uncertainty for the mean MUN value of the 14-sample calibration 

set was 16.15 mg/100 g milk +/- 0.09 mg/100 g milk. 

Another objective was to use the modified milk calibration samples to evaluate 

and improve the performance of PLS models for prediction of MUN. The orthogonal 

sample set was used to determine when a PLS model did not correctly model out the 

background variation in fat, protein or lactose. The calculation and application of an 

intercorrection factor to eliminate that effect was shown to improve the model 

performance (i.e., 50 % reduction in standard deviation of the differences between 

instrument predictions and reference chemistry values for MUN).
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CHAPTER ONE 

 

INTRODUCTION 

Reference Methods for Testing of Major Milk Components 

 

 Chemical reference methods for milk component testing are highly repeatable 

and reproducible performance validated methods for the quantification of fat, protein, 

and lactose and are official methods of the Association of Official Analytical Chemists 

(AOAC, 2016).  The modified Mojonnier ether extraction method (AOAC method 

989.05; Barbano et al., 1988), the Kjeldahl true protein method (AOAC, method 991.22 

or 991.23; Barbano et al., 1991) and the enzymatic spectrophotometric anhydrous 

lactose method (AOAC method 2006.06; Lynch et al., 2007), and force air oven drying 

total solids method (AOAC method 990.20; Clark et al. 1989) are the official reference  

methods used in the USDA Federal Milk Market Orders for milk payment testing.  

Continued improvement in the within and between lab performance of these methods 

used in support of milk payment testing has been reported by Wojciechowski et. al. 

(2016). 

 Fat reference method: Mojonnier ether extraction. One of the most reliable 

methods for the determination of fat in milk is the Mojonnier method (AOAC method 

989.05). It is based on a 3-step extraction of fat from milk by adding a mixture of ethers 

in a Mojonnier-style flask (Barbano et al, 1988). The ether layer containing the fat is 

decanted onto a pre-weighed and dried dish, where the ether is evaporated in a hood and 

then dried in a forced air oven, until only the fat is left. These dishes are then cooled and 

weighed again to determine fat content as a percent by weight of the initial milk sample 
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(AOAC method 989.05). This method has excellent repeatability and reproducibility 

(Wojciechowski, et al. 2016).   

 Protein reference method: Kjeldahl nitrogen determination. The widely used 

reference method for determining protein in milk is based on the Kjeldahl nitrogen 

determination (Barbano et al., 1991). During Kjeldahl, the nitrogen in a sample is 

determined with the following steps: (1) acid digestion with sulfuric acid, retaining 

nitrogen as ammonium sulfate salt; (2) addition of sodium hydroxide and water to raise 

the pH to release ammonia from the digested solution; (3) distillation to trap ammonia 

in a boric acid solution; (4) titration with hydrochloric acid to determine ammonia 

content (AOAC, method 991.20). From the ammonia content, the nitrogen content can 

be determined. Depending on how the sample is prepared prior to these steps, different 

milk nitrogen fractions (e.g., nonprotein nitrogen, true protein, noncasein nitrogen, etc.) 

can be determined (Rowland, 1937, 1938a; b). 

 To determine true protein nitrogen, the protein in a milk sample is precipitated 

with the addition of 12% trichloroacetic acid (TCA) solution and filtered to isolate the 

precipitate from the filtrate and quantitatively transfer the precipitate to a Kjeldahl flask. 

The precipitate, containing the milk proteins, is analyzed by Kjeldahl (AOAC method 

991.22). The protein nitrogen can also be calculated by an indirect Kjeldahl method 

(AOAC method 991.23) by subtracting the non-protein nitrogen (quantified by running 

Kjeldahl on the TCA filtrate) (AOAC method 991.21) from the total nitrogen 

(quantified by running Kjeldahl on the milk sample as is) (AOAC method 991.20).  

 Finally, the conversion factor from nitrogen to protein for milk is 6.38, derived 

from the estimation that 15.67% of milk protein is nitrogen (Jones, 1941; Karman and 
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Van Boekel, 1986; Van Boekel and Dumas, 1987; Maubois and Lorient, 2016). 

Therefore, by multiplying the protein nitrogen content obtained from Kjeldahl (whether 

by the direct or indirect method) by 6.38, the true protein content is calculated. The 

direct true protein determination by Kjeldahl was reported (Barbano et al. 1991) to have 

better repeatability and reproducibility (lower RSDr and RSDR) than the indirect method 

(total nitrogen minus non-protein nitrogen) (AOAC, 2016). However, both methods are 

often used.  

 Lactose reference methods: HPLC and enzymatic spectrophotometric. There 

are several possible reference methods for the determination of lactose from milk. The 

oldest lactose determination method is the polarimetric method, based on the optical 

activity of lactose due to its chirality (AOAC method 896.01). There are also methods 

based on the characteristic that lactose is a reducing sugar, such as the Munson-Walker 

Gravimetric method (AOAC method 930.28). However, two of the most modern and, 

nowadays, most commonly used methods are HPLC (IDF standard 198: International 

Dairy Federation, 2007) and the enzymatic method (AOAC method 2006.06; Lynch et 

al., 2007).   

 In the HPLC method, a prepared and diluted, protein-free, fat-free milk sample 

is thoroughly filtered and an internal standard, D(+)-melezitose, is added. The lactose 

and internal standard are separated by a cationic exchange column and detected by a 

differential refractometer detector, using HPLC grade water as the mobile phase (IDF 

standard 198: International Dairy Federation, 2007). Unlike the enzymatic method, the 

determination of lactose by HPLC is a secondary method, as it relies on calibration with 
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high purity lactose calibration standards. However, it is very specific to lactose, and has 

very good differentiation between carbohydrates.  

  Another more recently developed and collaboratively studied method for lactose 

measurement is the enzymatic spectrophotometric method (AOAC method 2006.06).  

There are two versions of the enzymatic method, one that is a spectrophotometric 

method (AOAC method 2006.06; Lynch et al., 2007) and the other that is differential 

pH method (Luzzana et al., 2001; Luzzana et al., 2003; IDF standard 214: International 

Dairy Federation, 2010). In the enzymatic spectrophotometric method, the enzyme β-

galactosidase is added to a prepared and diluted, protein-free, fat-free milk sample to 

hydrolyze lactose to glucose and β-galactose. Then, β-galactose is oxidized by NAD to 

form galactonic acid and NADH. The amount of NADH formed can be determined with 

a UV spectrophotometric measurement at 340 nm and is stoichiometric to the amount 

of β-galactose formed during the hydrolysis reaction, and consequently, to the amount 

of lactose in the sample (AOAC method 2006.06). This method is very specific to 

lactose, and is considered a primary method, as it does not require calibration with 

lactose standards. The enzymatic method also has better repeatability and 

reproducibility than the other, well-known HPLC method for lactose (IDF Standards 

2007; AOAC, 2016).  

 

Rapid Methods for Milk Component Testing   

 

 Although chemical reference methods are of high accuracy and repeatability, 

more rapid methods for determination of milk components have been developed to 

reduce testing time, reduce cost, and increase efficiency. These rapid methods are all 
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secondary methods that require calibration with values from chemical reference 

methods such as the ones described in the previous section.  

 Milko-Testers for milk fat determination. One of the initial efforts to measure 

milk components more rapidly was the Milko-Tester. Milko-Testers are based on the 

principle of measuring fat photometrically in diluted milk samples by measuring the 

light scattering due to milk fat globules, a theory thoroughly explained by Haugaard and 

Pettinati (1969). The amount of light scattered is dependent on both the amount of fat 

globules, as well as the size of these globules. Therefore, the samples should be 

homogenized to obtain a uniform fat globule size and minimize the influence of this 

factor on the light scattering. Additionally, the samples are treated with a calcium ion 

chelating agent, such as sodium ethylenediaminetetraacetate (EDTA) (Shipe, 1972a), to 

eliminate the turbidity caused by casein micelles. This way, the light scattering can be 

attributed and correlated to the number of fat globules in order to measure fat 

concentration.  

 The accuracy of the results obtained from Milko-Testers has been studied and 

compared to different fat determination reference methods. For example, McDowell 

(1968) compared the Foss Milko-Tester to the Gerber method and the Werner-Schmid 

method, and Shipe (1969) compared it to the Babcock fat determination method in a 

collaborative study. Later, in a subsequent collaborative study, Shipe compared the 

Milko-Tester to the Babcock and Mojonnier methods. He also compared two different 

models of Milko-Testers, finding that the automatic model was as reproducible as the 

manual instrument, Mark II (Shipe, 1972b). Overall, the studies conducted to compare 

the Milko-Tester to traditional fat chemical reference methods have proven the Milko-
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Tester to be just as accurate or, in some cases, more accurate (Shipe, 1972a) than the fat 

reference methods. Since the time of those studies, the performance of the chemical 

reference methods for measurement of milk fat have been improved (Barbano et al., 

1998) and the Mojonnier method (AOAC method 989.05) has been recognized by the 

USDA Federal Milk Market Orders as their official reference method for fat.  The 

performance of that method and other reference methods has been improved, as reported 

by Wojceichowski et al. (2016). However, because the Milko-Tester is a secondary 

method, it requires calibration with fat values from a fat chemical reference method.  

 Dye binding for milk protein determination. Another example of a rapid 

method for measuring milk protein is dye binding. The basic principle to this method 

starts with the addition of a known amount of dye to a milk sample, which then forms a 

dye-protein complex that can be isolated by centrifugation or filtration. The amount of 

dye left in solution, which did not bind to any protein, can then be determined by a 

spectrophotometric method. The dye that did react with protein to form the complex can 

be calculated by subtracting the amount of dye left in solution from the amount of dye 

initially added, and it is stoichiometric to the concentration of protein originally in the 

milk sample (Sherbon, 1978).  

 There are two common dyes that have been used with dye binding: Orange G 

and Amido Black (Ashworth and Chaudry, 1962). The method was first developed by 

Fraenkel-Conrat and Cooper (1944) and was later applied to milk protein by Udy 

(1956). To calculate the final protein concentration, the most common method is to use 

protein data from calibration samples that have been run by Kjeldahl and the dye binding 
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method to create a calibration curve from which the protein in the test samples can be 

determined (Udy, 1956; Ashworth, 1959).  

 One important factor is that the protein composition (i.e., proportion of casein 

and milk serum protein) of the calibration samples must be as similar as possible to the 

test samples, because not all milk proteins have the same dye-binding capacity (DBC), 

because of differences in amino acid composition. For example, whey proteins have a 

stronger DBC than caseins, so the casein to whey protein ratio is important (Ashworth 

and Chaudry, 1962). In addition, there must also be awareness of what Kjeldahl protein 

value is being used (total nitrogen or true protein) to create the calibration curve 

(Sherbon, 1978). Just like these previous considerations, there are several other factors 

than can affect the accuracy and agreement of results obtained by the dye binding 

method, such as reaction time (Gaunt and Gacula, 1964). These should be monitored 

and controlled appropriately.  

 Development of MIR instruments for milk component testing. As the dairy 

industry developed a greater interest in having information on a wider variety of milk 

components, such as fat, protein, lactose and solids non-fat (SNF), a method with the 

ability to determine several milk components simultaneously was needed. Mid-Infrared 

spectroscopy was the technology behind the development of an instrument that could 

do this directly without the need for chemical reagents. The principle behind this method 

relies on the selection of specific wavelengths for each main milk component (fat, 

protein, and lactose), subtracting for the absorbance of IR light by water, and correlating 

the instrument response (absorbance) at that wavelength to the concentration of each 

component in milk (Goulden, 1964). 
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 The first instrument constructed for this purpose was the infra-red milk analyzer 

(IRMA) (Goulden ,1964). It was a dual beam instrument with water in one cuvette and 

a milk sample in a second cuvette of the same pathlength. The wavelengths for fat and 

lactose were initially chosen as regions in the spectrum where the molar extinction 

coefficients of the other two components were either negligible, or constant and could 

be added to the intercept term of the regression expression. This way, the concentrations 

of lactose or fat were proportional to the instrument signal at their respective 

wavelengths. As far as the wavelength for protein, it was chosen in a similar way, but a 

correction for the fat contribution to the instrument signal at this wavelength had to be 

made. The chosen wavelengths were as follows: fat was at 5.73 μm (now known as Fat 

A), where carbonyl bonds from the triglycerides are responsible for the absorption; 

protein was at 6.46 μm, where the amide N-H bonds are responsible for the absorption; 

and lactose was at 9.6 μm, where the sugar’s hydroxyl groups have a stronger absorption 

than those from protein (Goulden, 1964). Later, a second fat wavelength was added at 

3.5 μm (now known as Fat B), where the C-H bonds from the hydrocarbon chains of the 

fatty acids on the triglyceride are responsible for the absorption (Sjaunja, 1984). Total 

solids can be calculated by adding the protein, fat and lactose. SNF can be calculated 

by subtracting fat from total solids.  

 Because of milk’s high-water concentration (about 88%), the absorption of MIR 

by water in a milk sample is so large that it is difficult to gain information on light 

absorption by other components. For this reason, the IRMA was a double beam 

spectrophotometer with a sample cell and a reference cell (containing water) used to 

subtract out the water absorption (Biggs, 1967). However, as milk MIR instruments 
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developed, the reference cell was eliminated, and instruments used paired wavelengths 

for each milk component: the sample wavelength, and a reference wavelength to correct 

for changes in water displacement (Barbano and Clark, 1989). The reference 

wavelength should be close to the sample wavelength in the spectrum but is chosen so 

that the absorption at that reference wavelength does not vary with changes in 

concentration of the milk component being measured by the sample wavelength. To 

zero the instrument, water with a low concentration of triton X 100 (ca. 0.01 to 0.1%) 

was pumped through the single cuvette and absorption readings were taken at each filter 

wavelength and stored in memory to be subtracted from all sample absorption readings 

until the next zero adjustment. In this case the flow through cuvette path length for the 

zeroing solution and all samples is identical. The use of a reference wavelength, instead 

of a reference cell filled with water, significantly reduced variations due to water 

displacement and light scattering by fat droplets as well (Biggs et al., 1987). The IRMA 

has been compared to the traditional fat, protein, and lactose chemical reference 

methods, and proven to be of similar accuracy and repeatability, dependent on correct 

operation, interpretation, and calibration of the instrument (Biggs, 1972).  

 MIR with optical filters versus Fourier Transform Infrared (virtual filters). 

The first milk MIR instruments used optical filters, made with several layers of different 

minerals, which allowed the desired wavelength and a certain bandwidth to pass through 

to the sample (Stewart, 1970). These filters had a degree of inconsistency from 

instrument to instrument, and these inconsistencies could affect the transmission 

characteristics of the filters and, consequently, the MIR predictions. This was 

demonstrated for fat A and fat B filters by Smith et al (1995). Additionally, the optical 
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filters had the disadvantage that temperature variation affected the transmission 

characteristics of each filter, creating further inconsistency (Biggs et al., 1987). 

 With the development of the interferometer and Fourier-Transform Infrared 

technology, it became possible to obtain the entire spectrum of milk with background 

water absorbance subtracted, and a second generation of milk infrared instruments was 

developed (Agnet, 1998). Therefore, what is now known as “virtual” filters could be 

used by selecting a region in the FT-IR spectrum that contained the desired center 

wavelength and bandwidth, based on the already known wavelengths for each milk 

component (Barbano and Lynch, 2006). This made for a more consistent 

wavelength/bandwidth selection, providing the ability for every filter on each 

instrument for a specific component to be identical.   

 Optimization of wavelengths with virtual filters for measurement of major 

milk components. The four sample wavelengths for the major milk components were 

established as follows: 5.7 μm for fat A, 3.5 μm for fat B, 6.5 μm for protein, and 9.6 

μm for lactose (Goulden, 1964; Sjaunja, 1984), with a combination of fat A and fat B 

being used to calculate fat in some applications (Biggs and McKenna, 1989). The center 

wave lengths and band widths for the optical reference filters were not so well defined. 

It was most common to use a separate reference wavelength with each of the 4 sample 

wavelengths listed above. The reference wavelength was usually selected as a range of 

wavelengths that were close to the sample filter it was paired with. Doing this minimized 

the effect of light scattering on the predicted value because the impact of light scattering 

was similar for the sample and reference wavelength. Having 4 sample and 4 reference 

filters required the filter wheel in the instrument to rotate and stop 8 times (once for 
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each filter) for one sample measurement. This limited the speed of analysis in optical 

filter instruments. To gain analysis speed some models of infrared milk analyzers used 

only one reference filter wavelength (typically the protein reference wavelength) in 

combination with all 4 sample filters. This increased speed of analysis but reduced 

analytical accuracy. 

 The freedom to digitally select (using the instrument software) center 

wavelengths and bandwidths, by having the whole spectrum available due to FT-IR 

technology, provided the opportunity to optimize the center wavelengths and 

bandwidths to achieve the best analytical performance (Kaylegian et al., 2009b). The 

optimal wavelengths/bandwidths were chosen as those that brought the intercorrection 

factors (these are further discussed later in this chapter) closest to zero, minimized the 

standard deviation of the difference (SDD) between the MIR predictions and the 

reference values for each component, and showed the best repeatability. Kaylegian et 

al. (2009b) recommended the following optimized sample wavelengths with 

bandwidths, and reference wavelengths with bandwidths for each component: fat B 

sample, 3.508 μm with bandwidth of 0.032 μm; fat B reference, 3.556 μm with 

bandwidth of 0.030 μm; lactose sample, 9.542 μm with bandwidth of 0.092 μm; lactose 

reference, 7.734 μm with bandwidth of 0.084 μm; protein sample, 6.489 with bandwidth 

of 0.085 μm; protein reference, 6.707 μm with bandwidth of 0.054 μm; fat A sample, 

5.721 μm with bandwidth of 0.052 μm; fat A reference, 5.583 μm with bandwidth of 

0.050 μm. 

 Use of PLS models for major milk component determination. Another 

approach that was enabled by having access to the full MIR spectrum of milk samples 
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is the use of partial least squares (PLS) models to predict milk components. PLS is a 

multivariate statistical tool that can be used to make quantitative predictions from MIR 

spectra. It combines some of the principles and advantages of other common statistical 

methods, like classic least squares (CLS) and inverse least squares (ILS), and overcomes 

some of their weaknesses (Haaland and Thomas, 1988). A PLS model is made by 

collection of spectra from some number of milks that vary from milk to milk in the 

parameter to be modeled, and reference chemistry for the parameter to be modeled is 

available for the milk component of interest.  From this reference data and the spectra, 

the PLS modeling software calculates a beta coefficient (i.e., a positive or negative 

multiplier) for each wavelength where there is an actual absorbance reading.  If an 

analyst took 10 different sets of milk spectra and reference chemistry for estimation of 

one milk component, the analyst would get 10 different PLS equations that perform 

different and may have different sensitivity to external factors (e.g. homogenizer 

performance, type of preservative, preservative concentration, free fatty acid level, etc.). 

Thus, each new PLS model is different and the performance of each needs to be 

externally validated using unknown samples. A PLS model may be more or less 

sensitive to interference than traditional filter models for measurement of fat, protein, 

and lactose content of milk.     

 PLS models can be used to measure main milk components, these being fat, 

protein, and lactose, as demonstrated by Luinge et al. (1993). However, there is no 

evidence that PLS models provide a better prediction than the optimized and properly 

adjusted traditional fixed-wavelength filters of these main milk components. The USDA 

Federal Milk Market Order Laboratories use the optimized virtual filter wavelength 
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approach because of the robustness and traceability of this approach for milk payment 

testing. 

 Use of PLS models for minor milk component determination. PLS models can 

also be applied to determine other minor milk components and milk characteristics using 

MIR, such as: fat globule particle size to monitor homogenizer efficiency (Di Marzo et 

al., 2016); fatty acid chain length and degree of unsaturation to obtain structural 

information on milk fatty acids, and correct for the influence of these two characteristics 

on the traditional fat A and fat B measurements (Wojciechowski et al., 2016); groups of 

milk fatty acid for farm management (Woolpert et al. 2016); and milk urea nitrogen 

determination (Lefier, 1996).   

 

Calibration of milk MIR instruments and calibration sample sets 

 

 The accuracy of MIR predictions for milk component determination is strongly 

dependent on factors related to appropriate instrument function and calibration. To 

monitor instrument performance, precalibration procedures (e.g., pumping volume 

checks, water and milk repeatability, homogenizer efficiency, purging efficiency, zero 

shift) have been outlined by Lynch et al. (2006) to assure MIR instruments are in 

appropriate operating conditions before calibration. Once precalibration performance of 

the instrument is within tolerances, then calibration can be performed.  

 Precalibration of MIR instruments. Precalibration evaluations serve the 

purpose of monitoring MIR instrument performance, diagnosing MIR instrument 

problems, and keeping a record of adjustments that are made to the instrument (Lynch 

et al., 2006). There is a series of steps involved in the procedure detailed by Lynch et 
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al. (2006) to assure these objectives are met. These steps are the following: (1) flow 

system checks to monitor the flow system and homogenizer temperature; (2) 

homogenizer efficiency checks by using laser light-scattering particle size analysis    to 

determine the fat globule size and distribution of milk samples that have been run 

through the MIR homogenizer; (3) water repeatability to check the instrument 

mechanics and electronics; (4) zero shift to monitor the integrity of the cuvette window 

surface in the MIR instrument; (5) linearity checks to evaluate the correlation between 

the component concentration changes and the instrument’s uncorrected signal; (6) 

primary slope to check the responsiveness of the instrument signal to the changes in 

component concentration; (7) milk repeatability to check the consistency of milk 

readings on the instrument; (8) purging efficiency to monitor the amount of carry-over 

from one sample to the next; and (9) determination of intercorrection factors, which are 

necessary to compensate for water displacement and absorption by secondary 

components at a specific component wavelength. If the MIR instrument passes these 

checks, the intercorrection factors will be correctly calculated, and calibration can be 

performed. With the advent of FTIR MIR instruments, linearity of response has 

improved greatly, and it has become possible to calculate intercorrection factors and 

evaluate linearity using the orthogonal modified milk calibration sample set developed 

by Kaylegian et al. 2006.  The intercorrection factors for the traditional optimized virtual 

filters (i.e., fat A, fat B, protein, and lactose) defined by Kaylegian et al. (2006a) are 

calculated from the primary slope adjusted uncorrected data (i.e., secondary slope = 1, 

intercept = 0, and all intercorrection factors set to zero). 
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 Calibration of MIR instruments. Because determination of milk component 

concentrations by MIR milk analyzers is a secondary method, it requires calibration 

with reference values obtained from chemical reference methods. The basic principle is 

to run a set of samples with known reference values of the concentrations of each 

component (fat, protein, and lactose) through the MIR instrument to obtain linear 

regression equations of the known reference values as a function of the MIR 

intercorrected values for traditional filter models. With this, secondary slope and 

intercept adjustments are performed on each milk component to obtain corrected data. 

Higher numbers of samples used to calibrate allows for a smaller 95% confidence 

interval around the regression line (Kaylegian et al., 2006a). Ideally, the calibration 

samples should have a wide range of concentrations for each component, a uniform 

distribution of these concentrations within the range to minimize the influence of 

individual samples and minimized correlation of the changes in concentration between 

components. Calibration of partial least squares model predictions follows the same 

procedure without any primary slope or intercorrection factor adjustment. 

 Calibration sample sets made by blending preserved raw milks from different 

producers to obtain some degree of variation in component concentration is one 

approach to make a calibration set. However, to have more control over the set, and be 

able to obtain a wider range of concentrations, with uniform distributions, and an 

orthogonal component matrix, modified milk calibration samples sets have been made, 

such as those described by Kaylegian et al (2006a) and Leray (2017).   

 Application of information from precalibration and calibration to obtain 

corrected data for main components using traditional filter wavelengths. As explained 
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in more detail by Lynch et al. (2006), the final data obtained from the MIR instrument 

is usually a corrected data, which has been calculated from uncorrected data. 

Uncorrected data refers to the instrument output before intercorrection factors and 

secondary slope/intercept adjustments have been applied.  

 Slope and intercepts are made by analyzing a set of milk calibration samples by 

reference chemistry methods to establish chemical reference values.  These samples are 

analyzed with the infrared milk analyzer and then a linear regression of the chemical 

reference values for each component (Y) as a function of the instrument predicted values 

(X) is made to determine a slope and intercept.  There are two types of milk calibration 

samples that can be used: producer milk samples and modified milk samples (Kaylegian 

et al., 2006a; Kaylegian et al., 2006b). The differences in these two systems will be 

discussed below. 

 To calculate corrected (i.e., calibrated) infrared predictions of a milk component 

concentration (g/100 g milk), first, intercorrected data is obtained by applying 

intercorrection factors (determined during precalibration) to the primary slope adjusted 

uncorrected data using the following general equation: 

PCi = PCu + (SC1u) (SC1PC) + (SC2u) (SC2PC) 

where, PCi is the intercorrected primary component (or component of interest), PCu is 

the uncorrected primary component, SC1u is the first uncorrected secondary component, 

SC2u  is the second uncorrected secondary component, SC1PC is the intercorrection 

factor of the first secondary component on the primary component, and SC2PC is the 

intercorrection factor of the second secondary component on the primary component. 

Therefore, if the primary component (PC) is fat, the secondary components (SC1 and 
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SC2) would be protein and lactose; if the primary component (PC) is protein, the 

secondary components (SC1 and SC2) would be fat and lactose; and, if the primary 

component (PC) is lactose, the secondary components (SC1 and SC2) would be protein 

and fat.   

  Then, corrected data can be obtained by applying secondary slope and intercept 

(determined during calibration) to the intercorrected data, using the following general 

equation:  

PCc = (PCi) (SPC) + BPC 

where, PCc is the corrected primary component, PCi is the intercorrected primary 

component, SPC is the secondary slope of the primary component, and BPC is the 

intercept of the primary component.  

 Producer milk calibration samples. To calibrate milk MIR instruments, a set of 

calibration samples that cover a wide range of each of the component concentrations 

with even distributions within the concentration range for each component are needed. 

Calibration sample sets made from preserved raw producer milks are made by 

laboratories like the USDA Federal Milk Markets and are distributed to other 

laboratories for verification of accuracy of the calibration of MIR milk analyzers that 

are used for milk payment testing. They sometimes use techniques to obtain somewhat 

wider component ranges, such as cream gravity separation, followed by recombination 

of cream and skim milk (Kaylegian et al., 2006a).  However, many of these laboratories 

report difficulty in obtaining wide ranges and even distributions of component 

concentrations. These sets have a higher tendency to include high leverage samples, and 

they lack orthogonality between component variation within the sets, resulting in lower 
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accuracy of the calibration used to adjust slope and intercept of the MIR milk analyzer 

(Kaylegian et al., 2006a).  

 Modified milk calibration samples. To overcome many of the disadvantages 

inherent in the use of producer milk calibration samples, modified milk calibration 

samples can be made as described by Kaylegian et al., (2006a) and Leray (2017).  The 

process to make the modified milk calibration samples requires milk processing 

equipment (e.g., pasteurizer, tanks, ultrafiltration membranes, etc.) and use of 

ingredients such as gravity separated cream, skim milk, UF retentate, lactose 

monohydrate, water, and UF permeate to obtain a wider range and even distribution of 

concentrations of fat, protein, and lactose. 

 The production of these modified milk calibration samples, described by 

Kaylegian et al (2006a), is summarized in the following steps: (1) pasteurization of raw 

milk; (2) gravity separation of the pasteurized milk to obtain cream and skim milk; (3) 

drainage of the gravity separated cream into layers, which are then tested by IR to obtain 

their fat content, and mixed to obtain a final cream ingredient with a fat content between 

22-27%; (4) further reduction of the fat in the gravity separated skim milk by centrifugal 

separation; (5) ultrafiltration (UF) of the centrifugal separated skim milk to obtain a UF 

retentate (with twice the protein concentration of the skim milk) and a UF permeate 

(with little to no protein); (6) testing the 3 ingredients (combined cream, UF retentate, 

and UF permeate) by IR to obtain their fat, protein, and lactose contents; (7) use of a 

Microsoft Excel linear solver (Microsoft Corp., Seattle, WA) to input the ingredient 

compositions and the desired concentrations of each component for each sample in the 

set to obtain an output of the amount of each ingredient needed for each sample of a 
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specific batch size; (8) formulation of each of the samples using by following the solver 

output to combine the cream ingredient, UF permeate, UF retentate, pure lactose 

monohydrate, and water. The design (i.e., target composition of each component in each 

sample in a 14-sample calibration set) was described by Kaylegian et al. (2006a) to be 

orthogonal for fat, protein, and lactose to achieve no correlation of change in 

concentration among the 3 components and a uniform distribution of concentration of 

each of the 3 components within the full concentration range. The target range of fat, 

true protein, and lactose used in the modified milk calibration samples produced once 

every 4 weeks for the USDA Federal Milk Markets are 0.2 to 5.8%, 2.0 to 4.3%, and 

3.9 to 5.2%, respectively.      

 The modified milk sets have proven to reduce uncertainty of the instrument 

calibration, eliminate high leverage samples, provide a wider range with more uniform 

distributions of the component concentrations, as well as provide an orthogonal matrix 

where component concentrations vary independently (Kaylegian et al., 2006a). A 

validation of performance of MIR milk analyzers calibrated with modified milk sets 

versus producer milk sets was reported by Kaylegian (2006b). Kaylegian et al. (2006b) 

concluded that the instruments calibrated with the modified milk sets provided fat, 

protein, and lactose values that were much closer to the chemical reference values and 

improved within and between laboratory agreement of the MIR results for fat, protein 

and lactose compared to the same instruments calibrated with producer milk samples.  

 The modified milk calibration sets have been successfully designed to provide 

calibration of fat, protein, and lactose in milk MIR instruments. In addition, because of 

the use of the same cream ingredient to vary fat concentration from sample to sample, 
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the sample set also includes a wide and uniform concentration range (g/ 100 g milk) of  

milk fatty acids, such as palmitic, stearic, de novo, mixed, preformed, etc (because the 

relative ratios of the fatty acids are the same from sample to sample, but the total fat 

content varies from sample to sample). Therefore, the modified milk set also provides 

the ability to calibrate PLS prediction models for these fatty acid groups by MIR 

instruments. However, there are other milk components of interest that can be measured 

by MIR that are not currently included in the modified milk calibration set. For example, 

milk urea nitrogen (MUN), is of importance to the dairy industry, and PLS models exist 

for measurement of MUN by MIR. Hence, there is a need for a more robust milk 

calibration set with a wide range and uniform distribution of MUN concentrations 

within the range of MUN, while maintaining orthogonality with respect to fat, protein 

and lactose concentrations.  

 

Milk Urea Nitrogen (MUN)  

 

 Why measure MUN? In dairy cows, and mammals in general, urea is the 

primary form of nitrogen excretion. A clear understanding of the efficiency of nitrogen 

utilization by ruminants can have significant economic benefits for the dairy farmer, 

physiological consequences on the dairy cows such as improved reproductive efficiency 

(Ferguson and Chalupa, 1989; Larson et al., 1997; Rajala-Schultz et al., 2001), and can 

help lower dairy farm environmental impacts due to excretion of urea in urine of dairy 

cows (Kohn et al., 1997). Blood urea nitrogen (BUN) has been proven to be a useful 

indicator of the efficiency of protein nitrogen utilization in ruminants (Lewis, 1957), 

however blood sample collection is an invasive procedure and causes stress to the 
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animals. A less invasive alternative to BUN measurements is measurement of milk urea 

nitrogen (MUN). MUN is highly correlated to BUN, and closely related to crude protein 

concentrations in diets (Broderick and Clayton, 1997). In fact, MUN is also highly 

correlated to urinary nitrogen in dairy cows (Ciszuk and Gebregziabher, 1994; 

Kauffman and St-Pierre, 2001). Therefore, measuring MUN provides a method to 

monitor overall nitrogen utilization efficiency, as milk samples are constantly collected 

for payment testing and dairy herd monitoring. 

 MUN for monitoring nitrogen use efficiency. Animal agriculture is a large 

contributor to nitrogen pollution of water resources, particularly by ammonia 

volatilization from animal wastes (Howarth et al., 2002). In fact, Kohn et al. (1997) 

created a model for nitrogen management on dairy farms and showed that, by improving 

animal diets and herd management, nitrogen loss per unit of milk produced could be 

reduced by 36 to 40%. Therefore, monitoring nitrogen use efficiency by dairy cows by 

measuring MUN is an important tool in the process of decreasing environmental impact 

of animal agriculture. MUN can be used as an indicator for this. MUN can also be 

correlated to urinary nitrogen concentration to directly monitor nitrogen excretion 

(Jonker et al., 1998; Jonker et al., 2002). 

 MUN as a fertility indicator. Relationships between MUN and crude protein 

intake to reproductive efficiency in dairy cows have been reported. High crude protein 

feed concentrations have been shown to have negative influences on various 

reproductive parameters (Jordan and Swanson 1979; Canfield et al. 1990). For example, 

diets with higher crude protein concentrations can result in increased levels of urea in 

uterine secretions and lower uterine pH (Elrod et al., 1993; Jordan et al., 1983). 
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Additionally, high serum urea nitrogen concentrations have been linked to decreased 

conception rates when using artificial insemination in dairy cows (Ferguson et al., 

1993), and high levels of plasma urea nitrogen and MUN have been associated with 

decreased pregnancy rates after artificial insemination (Butler et al., 1996; Rajala-

Schults et al., 2001). Therefore, MUN is a powerful tool to monitor reproductive 

efficiency and fertility in dairy cows. 

 MUN for protein feeding management. The amount of protein and nonprotein 

nitrogen fed relative to the amount of protein and nitrogen required by a lactating dairy 

cow can be optimized to avoid excess nitrogen excretion and improve nitrogen use 

efficiency on dairy farms (Roseler et al., 1993; Nousiainen et al., 2004). Dairy farmers 

can find economic benefits due to reductions in feed costs by avoiding purchases of 

more protein supplements than necessary. MUN levels are sensitive to changes in 

protein intake and increases in MUN have been linked to excess protein feeding 

(Roseler et al., 1993; Nousiainen et al., 2004).  Many of the issues arising from 

inefficient nitrogen utilization can be addressed by monitoring MUN concentrations and 

variations in dairy cows to optimize protein feeding.  

  

Methods for measuring MUN 

 

 Colorimetric MUN reference methods. The colorimetric methods for 

determining MUN are considered direct methods, because they rely on the direct 

measurement of a colored complex formed by urea and a reagent (Lefier, 1996), usually 

by a spectrophotometric measurement. Of these, there are two main procedures: the 1,4-

Paradimethylaminobenzaldehyde (DMAB) method and the Diacetyl monoxime (DAM) 
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method (Lefier, 1996). In the DMAB method, urea reacts with the 1,4-

Paradimethylaminobenzaldehyde in an acidic alcohol solution to form a yellow 

complex. The absorbance by the solution containing this complex can then be measured 

at around 440 nm (Lefier, 1996). This method was used by Brown (1959) to determine 

urea in blood plasma samples and was then applied by McDowell (1972) to bovine milk 

samples by using a protein-free, trichloroacetic acid (TCA)-treated milk filtrate as the 

solution to be mixed with the 1,4-Paradimethylaminobenzaldehyde.  

 The DAM method has a similar principle, where, in a hot, acidic solution, the 

urea in the sample reacts with diacetyl monoxime to form a complex, of which the 

absorbance can be measured at around 520 nm (Lefier, 1996). The method has been 

applied to segmented flow analysis for the determination of urea in raw whole milk, 

making it a faster option for running a higher number of samples with an acceptable 

repeatability and accuracy when compared to the manual method (de Jong et al., 1992). 

It is the most often used of the two colorimetric methods and has gained popularity since 

becoming the basis for the Autoanalyser (Butler and Walsh, 1982). 

Enzymatic MUN reference methods. The principle behind the enzymatic 

determination method for MUN relies on measuring a byproduct of urea degradation. 

The fat and protein must first be precipitated and filtered out from the milk sample, 

commonly done with TCA. Then, the enzyme urease is added to the protein-free, fat-

free filtrate, causing a reaction where urea and water form ammonia and carbon dioxide 

(Lefier, 1996). Following this step, the amount of ammonia formed must be quantified 

to calculate the amount of urea by stoichiometry. Different methods are known and used 

to quantify the amount of ammonia formed. Some of these include a coulometric 
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titration with hypobromite ion (Christian et al., 1965), the phenate-hypochlorite method, 

also known as the Berthelot Reaction, which is a colorimetric method (Lubochinsky and 

Zalta, 1954; Baumgartner et al., 2002), and the NADPH/spectrophotometric method 

described in the next paragraph.  

In urea determination methods, the NADPH/spectrophotometric method for the 

quantification of ammonia formed is widely applied, and begins with the addition of 

reduced nicotinamide-adenine dinucleotide phosphate (NADPH), the enzyme glutamate 

dehydrogenase (GlDH), and an oxidizing agent, such as, 2-oxoglutarate, to cause a 

reaction between ammonia (as ammonium ions) and 2-oxoglutarate, which forms L-

glutamic acid, water, and NADP+. The amount of NADPH consumed can be determined 

by taking a UV-spectrophotometric measurement at around 340 nm, where NADPH 

strongly absorbs light, before and after the reaction occurs (Reichelt et al., 1964; 

Kaltwasser and Schlegel, 1966). Therefore, by knowing the amount of NADPH that was 

consumed, the amount of ammonia formed in the first reaction, and urea that was present 

in the original filtrate can be calculated stoichiometrically.  

The enzymatic MUN method, with different ammonia determination methods, 

can be automated using flow injection analysis to make the process faster, especially 

when running large numbers of samples (Andersson et al., 1986; Baumgartner et al., 

2002). However, the manual methods have lower detection limits, wider linear ranges, 

and better repeatability (Lefier, 1996).  

 Automated MUN reference methods. The colorimetric and enzymatic methods 

for MUN determination are classified as reference methods, because they do not require 

data from a primary method for calibration. Instruments have been developed to 
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automate some of these processes in the effort to make them more time-efficient. For 

example, the Bentley Chemspec (Bentley Instruments Inc., Chaska, MN) and Skalar 

(Skalar Inc., Norcross, GA) instruments apply the enzymatic urease step and the 

Bertholet reaction with spectrophotometry to determine the amount of ammonia formed.  

 The CL10 (Eurochem, 00040 Ardea, Rome, Italy) instrument also uses the 

urease enzymatic step but uses a differential pH measurement for ammonia 

determination (Kohn et al., 2004; Peterson et al., 2004). The CL-10 method is calibrated 

with a urea standard solution. The Beckman BUN Analyzer, an automated method for 

urea determination in blood serum or plasma, uses the urease step as well, but measures 

conductivity in order to calculate a rate function for the reaction. Since the rate is 

proportional to the concentration of the reactants, urea concentration in the sample can 

be determined (Chua and Tan, 1976).  

 Instruments based on infrared technology for the determination of MUN also 

exist. The Foss 4000 and Foss 6000 (Foss North America Inc., Eden Prairie, MN) are 

examples of these. The automated instruments that use the urease reaction as the initial 

step for MUN prediction (Bentley Chemspec, Skalar, and CL 10), as well as the 

infrared-based Foss 6000, have been reported to provide more consistent measurements 

that the Foss 4000 (Kohn et al., 2004; Peterson et al., 2004). Calibration of the 

instruments among laboratories using the same method is important to improve the 

reproducibility of results (Peterson et al., 2004).  

 It is also possible to measure MUN with the same MIR instruments that measure 

measure main milk components, by using PLS models for MUN prediction. The MIR 

method for MUN determination is discussed in the next section. 
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 FTIR for MUN measurement. Urea is minor component in milk and is present 

at very low concentration. The IR spectra for urea, after subtracting the water spectrum, 

shows 4 characteristic wavelengths. However, the absorptions at these wavelengths can 

be strongly influenced by other milk components. Some of the urea bands are strongly 

affected by water absorption, and others fall within the same range as strong bands for 

other major milk components (Lefier, 1996). Therefore, choosing a sample and 

reference wavelength, as is done for fat A, fat B, protein, and lactose, is not possible for 

measurement of urea content of milk. 

 To successfully measure MUN by MIR, instead of a fixed filter approach, PLS 

models are used. To create a PLS model, specific regions in the MIR spectrum are 

chosen with the goal of correlating absorbances at the ranges of wavelengths chosen to 

MUN concentration, while modeling-out interference from other milk components and 

sources of variation. 

 Fourier-Transform infrared for the determination of milk components is a 

secondary method, meaning that it requires calibration with data from a reference 

method. This reference method could be one of the colorimetric or enzymatic methods 

discussed previously. Therefore, MIR to predict MUN using PLS models requires 

calibration samples with a wide and well distributed range of MUN that can be used for 

slope and intercept adjustment. 

Next steps: Modifying current milk sample calibration set 

 

 The modified milk calibration sample set described by Kaylegian et al. (2006a) 

has wide, well-distributed, and orthogonal ranges for fat, protein, and lactose. Therefore, 

it provides useful points for calibration curves for these three components. However, 
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this sample set lacks a range like this for MUN concentrations. Therefore, the goal in 

this thesis project is to add a wide and well-distributed range of MUN to these modified 

milk samples, while maintaining orthogonality of the component concentration 

variations from sample to sample. The MUN enzymatic spectrophotometric method will 

also be described in detail, and its performance within and between laboratories will be 

determined. 
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CHAPTER 2 

 

CALIBRATION SAMPLES FOR MILK UREA NITROGEN 

 

ABSTRACT 

 

The objectives of the current study were to add reference chemistry for a milk 

urea nitrogen (MUN) parameter with a wide, well-distributed range of MUN 

concentrations to the modified milk calibration sample set made every four weeks at 

Cornell University, while maintaining orthogonality with variation in fat, protein, and 

lactose concentrations and to determine the within and between lab variation in an 

enzymatic spectrophotometric method on the modified milk calibration samples and 

degree of uncertainty in MUN reference values. Another objective was to use the 

modified milk calibration samples to evaluate and improve the performance of PLS 

models for prediction of MUN. Changes in the modified milk samples’ formulation 

procedure were performed to include the desired range of MUN concentrations, 

particularly in the ultrafiltration processing step. An enzymatic spectrophotometric 

reference method was used to obtain MUN reference values for the set of samples 

formulated. The within (RSDr) and between lab variation (RSDR) in the reference values 

for MUN were 0.43 and 0.77%, respectively, and the average expanded analytical 

uncertainty for the mean MUN value of the 14-sample calibration set was 16.15 mg/100 

g milk +/- 0.09 mg/100 g milk.  After slope and intercept adjustment to achieve a mean 

difference of zero with the calibration samples, it could be seen that the SDD of 

predicted versus reference MUN values among 3 different instruments and their PLS 

models were quite different. The orthogonal sample set was used to determine when a 
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PLS model did not correctly model out the background variation in fat, protein or 

lactose, calculate an intercorrection factor to eliminate that effect and improve the model 

performance (i.e., 50 % reduction in SDD between instrument predictions and reference 

chemistry values for MUN). 

 

INTRODUCTION 

 

 Milk component concentrations are measured for payment testing, dairy herd 

improvement, and dairy product process control. Validated chemical reference methods, 

like the Mojonnier ether extraction for milk fat (AOAC method 989.05; Barbano et al., 

1988), Kjeldahl direct method for true protein nitrogen determination (AOAC, method 

991.22; Barbano et al., 1991), and the spectrophotometric enzymatic analysis for milk 

lactose (AOAC method 2006.06; Lynch et al., 2007) are of very high accuracy and 

repeatability. However, these methods are quite expensive and time consuming. 

Therefore, more efficient methods are used routinely for milk component determination. 

The primary method for this is milk infrared (MIR) instruments, which provides the 

ability to simultaneously obtain information of many milk components for a high 

quantity of milk samples at a rate of 50 to 600 samples per hour. 

 Milk MIR instruments rely on the relationship between absorbance by milk 

component molecules and their concentrations in milk (Goulden, 1964). Fat, protein, 

and lactose are determined by fixed filter wavelengths (Kaylegian et al., 2009), where a 

sample wavelength and a reference wavelength exist for each of the three components. 

Other minor components are most commonly determined by the use of partial least 

squares (PLS) models (Haaland and Thomas, 1988), where, using reference data for the 
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milk component of interest and spectra for a large number of milks that vary in the 

parameter to modeled, a beta coefficient (i.e., a positive or negative multiplier) is 

determined for each wavelength where there is an actual absorbance reading, and a 

statistical prediction PLS model is generated for this parameter. PLS models can vary 

in performance depending on the characteristics of the population of milk samples used 

to develop the statistical model.  

 However, milk MIR determination, whether using the fixed wavelength 

approach or the PLS model approach, is a secondary method that requires calibration 

(i.e., slope and intercept adjustment) with a set of calibration samples with known values 

from chemical reference methods such as the ones mentioned previously. The basic 

principle of milk MIR calibration is to run a set of samples with known reference values 

of the concentrations of each component (fat, protein, and lactose) through the MIR 

instrument to obtain linear regression equations of the known reference values as a 

function of the MIR intercorrected values for traditional filter models. Linear regression 

slope and intercept adjustments are performed on each milk component to obtain 

corrected data (Kaylegian et al., 2006).  

 Milk MIR calibration samples can be made by selecting 10 or more preserved 

raw milks from different producers to obtain a good range with sample-to-sample 

variation in component concentration. However, to have more control over the set, and 

be able to obtain a wider range of concentrations, with uniform distribution of 

concentration, and an orthogonal component matrix, modified milk calibration samples 

sets can be made, such as those described by Kaylegian et al. (2006). These calibration 

samples by Kaylegian et al. (2006) successfully provide wide, well-distributed, and 
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orthogonal ranges for fat, protein, and lactose calibration and are used in many 

commercial and USDA laboratories in the US.  

Milk urea nitrogen (MUN) is one of the minor milk components (i.e. in low 

concentration) that can be determined by PLS models (Lefier, 1996). MUN, even 

though in such low concentrations in milk, is used in dairy herd improvement and 

payment testing laboratories to gain a more clear understanding of the efficiency of 

nitrogen utilization by ruminants for protein feeding management (Roseler et al., 1993; 

Nousiainen et al., 2004) and monitoring physiological consequences on the dairy cows 

such as improved reproductive efficiency (Ferguson and Chalupa, 1989; Larson et al., 

1997; Rajala-Schultz et al., 2001).  In addition, MUN testing is used to help lower dairy 

farm environmental impacts due to excretion of urea in urine of dairy cows (Kohn et al., 

1997). Therefore, accurate MUN concentration information in a timely manner is of 

great importance for dairy herd feeding and reproduction management. Milk MIR 

instruments provide a method to measure MUN using PLS models, and reference 

chemical methods to obtain reference calibration values are available for MUN (Lefier 

et al), such as the enzymatic spectrophotometric method (Megazyme Urea/Ammonia 

Assay Kit (Rapid), product code K-URAMR). However, reliable calibration samples 

with a wide, well-distributed range of MUN are not readily available.  

The objectives of the current study were to add reference chemistry for a MUN 

parameter with a wide, well-distributed range of MUN concentrations to the modified 

milk calibration sample set described by Kaylegian et al. (2006), while maintaining 

orthogonality with variation in fat, protein, and lactose concentration and to determine 

the within and between lab variation in the enzymatic spectrophotometric method on 
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the modified milk calibration samples and degree of uncertainty in MUN reference 

values. In addition, another objective was to use the modified milk calibration samples 

to evaluate and improve the performance of PLS models for prediction of MUN. 

 

MATERIALS AND METHODS 

 

Experimental Design 

 

Overview of Current Modified Milk Calibration Sample Production. The 

original modified milk calibration samples are made as described by Kaylegian et al. 

(2006), where the main steps involve: milk pasteurization; gravity separation of the 

pasteurized milk to produce gravity separated cream (upper 10%) and low-fat milk 

(lower 90%); mechanical separation of the low-fat milk to obtain skim milk; and, 

finally, ultrafiltration (UF) of the skim milk to produce a retentate with twice the protein 

concentration of the skim milk, and a protein-free UF permeate. The gravity cream 

phase is drained from the gravity separation tank in layers, where the first layer removed 

(bottom layer) is about 10% of the gravity cream layer and rest of layers are about 20% 

each of the gravity cream layer. The bottom cream layer is the lowest in fat, and the top 

layer is the highest. Each cream layer is tested for its fat content by MIR.  Based on the 

MIR results for each layer, selected layers are combined to obtain a final cream 

ingredient with a fat content between 22 and 27%. The top gravity cream layer is not 

used because milk somatic cells, spores, and bacteria concentrate in this layer, as 

described by Caplan et al. (2013) and Geer and Barbano (2014). With combinations of 

these ingredients (gravity cream, UF permeate, and UF retentate), plus α-lactose 

monohydrate and distilled water as needed to increase the lactose range, a set of 14 
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samples with a controlled concentration range of anhydrous lactose, true protein, and 

fat are formulated. Given the composition of each ingredient, and the target 

compositions of the 14 samples, an Excel (Microsoft Corp., Seattle, WA) solver is used 

to create an orthogonal design, meaning that there is no correlation in the change in 

concentration of each component (fat, protein, and lactose) with each other within the 

14 samples. Additionally, the concentrations of each component within the set is evenly 

distributed throughout its range to avoid high leverage samples (Kaylegian et al., 2006) 

when using the samples to adjust slope and intercept of MIR milk analyzers. The 

modified milk calibration sample described above had been made for approximately 20 

years at the Cornell University pilot plant facilities once every 4 weeks for the purpose 

of the USDA milk proficiency testing for chemical methods (Wojciechowski, 2016) and 

as a set for calibrating MIR milk analyzers. 

 For this study, adding a fourth component, MUN, to these calibration samples 

was done in a way that maintained the orthogonality of the set for all four components 

(protein, fat, lactose and MUN) simultaneously, while still reaching the goal of 

obtaining a wide and well distributed concentration range of MUN throughout the 

sample set. For this, some modifications were done to the modified milk calibration set 

production process.  

Production of Modified Milk Calibration Samples to include MUN. The 

method of production for the modified milk calibration set described by Kaylegian et 

al. (2006) was used with the modifications described below. 

Redesign of the calibration set. The concentrations of fat, protein and anhydrous 

lactose for each of the 14 samples in the modified milk calibration set described by 
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Kaylegian et al. (2006) was unchanged. The addition of the MUN parameter was done 

by selecting target MUN concentrations for each sample in the set in such a way that 

the MUN concentration from sample-to-sample varied independently from the other 

three parameters. Therefore, just as fat, protein, and lactose variations from sample to 

sample were uncorrelated, so was the variation in MUN to these three components. The 

default target composition of each sample for the redesigned sample set is given in Table 

2.1. 

Table 2.1. Default target compositions for each sample in the redesigned modified 

milk calibration set, including MUN. 

Sample 

number 

Fat 

(g/100g) 

True Protein 

(g/100g) 

Anhydrous Lactose 

(g/100g) 

MUN 

(mg/100g) 

1 0.20 4.30 4.00 15.00 

2 0.62 2.27 4.55 16.00 

3 1.05 3.96 5.10 8.00 

4 1.47 2.61 4.96 11.00 

5 1.89 3.62 4.28 17.50 

6 2.32 2.95 4.55 8.50 

7 2.74 3.28 4.55 10.00 

8 3.16 3.12 4.42 20.00 

9 3.58 3.45 4.68 10.00 

10 4.01 2.78 4.14 13.50 

11 4.43 3.79 4.82 18.70 

12 4.85 2.44 4.00 9.00 

13 5.28 4.13 4.55 12.00 

14 5.70 2.10 5.10 14.00 

 

Challenges faced when adding MUN to the calibration sample set. The 

production of modified milk calibration samples (Kaylegian et al., 2006), with a 

modification to include MUN as a fourth component, required an approach for reaching 

lower and higher MUN concentrations in certain samples to obtain a wide concentration 

range in the set. Additionally, the variation from month-to-month in MUN levels of the 
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raw milk used to formulate the samples had to be considered.  Variation in feeding and 

feeding management can affect the level of MUN in the starting raw milk (Cornell 

University Dairy bulk tank milk) used in the sample production process.  Therefore, 

modifications to the procedure had to assure the ability to obtain a wide, well distributed, 

orthogonal design of all 4 components within the set every month, regardless of the 

changes in the starting milk MUN levels. When the starting level of MUN in the bulk 

tank milk used to make the calibration sample set increased or decreased, the MUN 

concentration range in the calibration set would be shifted up or down, respectively.  

Obtaining a wide range of MUN concentrations. To reach higher MUN 

concentrations, pure urea (Thermo Fisher Scientific, 168 Third Avenue, Waltham, MA 

USA 02451, Urea, U15-500) was added to selected samples based on the calculation by 

the solver to achieve MUN levels higher than the starting bulk milk. To reach lower 

MUN concentrations in the set, an ingredient with a lower MUN concentration was 

needed. The simplest ingredients to reduce MUN concentration were UF retentate and 

water. Adding too much water as an ingredient causes difficulties in maintaining good 

calibrations for the various milk solids parameters (i.e., total solids, solids not fat, and 

other solids). To minimize the need to add water to achieve lower MUN concentrations 

in some samples, a modification of the skim milk UF procedure was made to increase 

the target protein concentration in the UF retentate from about 6% (used by Kalylegian 

et al., (2006) to achieve a retentate protein content two times greater than the protein 

content of the starting milk, to approximately 8.2% true protein to produce a retentate 

with a lower MUN content (the selection of this protein value is explained in the 

following section). The removal of more UF permeate from the skim milk resulted in 
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an increased ratio of protein to MUN in the retentate. The MUN concentration of the 

permeate remained unchanged. This allowed for lower MUN samples to be formulated. 

Finding the optimum protein concentration for the UF retentate ingredient. A 

sensitivity analysis was performed, by calculating different retentate protein 

concentrations using different starting whole milk MUN concentrations in the Excel 

solver to find an optimum retentate protein concentration. This retentate protein 

concentration had to be high enough (had enough permeate removed) to be able to reach 

the low end of the MUN range in the sample set, and high enough for the formulations 

to be less vulnerable to the month-to-month raw milk MUN variations.  However, it 

could not be too high, to avoid large additions of water and α-lactose monohydrate in 

the formulations. This optimum protein concentration of the retentate was 8.2%.  

Nonetheless, even with the carefully selected retentate protein level, during the 

formulation of the samples, we still had the issue that MUN content of the starting raw 

milk used to make calibration samples was going to vary from one day of calibration 

sample manufacture to another. There were two options: 1) measure the MUN of the 

raw milk and use the solver to calculate the formulation of the 14 samples based on 

actual MUN content of the milk and ingredients, or 2) choose an average level of MUN 

in the starting raw milk (about 10.5 mg MUN/100 g milk) and all the ingredients and 

keep those constant in the calculation of the formulation, even though the starting milk 

might  have a different MUN concentration. The ideal situation would be that the raw 

milk would have about 10.5 mg MUN/100 g milk and would not vary much. However, 

under option 1 above, if the raw milk MUN was very low (e.g. 6 mg MUN/100 g milk) 

or very high (e.g. 14 mg MUN/100 g milk) this would cause a large change in the 
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amount of added water used in the formulation of the samples and large variation in 

added water from set to set would cause other problems in analytical performance of 

the calibration set on the main components.  If option 2 was chosen and the MUN of the 

raw milk differed from 10.5 mg/100 g milk by a large amount, then the proportion of 

water in the formulation of the 14 samples would not be affected, but the mean MUN 

concentration for the set would be shifted higher or lower, with the width of the range 

of concentrations remaining about the same (e.g. MUN range of the set from 9.71 to 

21.75 mg MUN/100 g milk on a month where milk MUN concentration is 9.38 mg/100 

g milk, versus a range of the set from 13.87 to 25.98 mg MUN/100 g milk on a month 

where milk MUN concentration is 13.81 mg/100g milk). It was decided that option 2 

was the better approach assuming that, even if the range of MUN in the samples shifted, 

but it was still a wide range and had a good distribution of concentrations throughout 

the range, then the MIR calibration was still expected to be accurate because the 

relationship between MUN reference values and instrument predicted MUN is very 

linear. 

Calculation of formulations. An Excel (Microsoft Corp., Seattle, WA) linear 

solver function was used to determine the formulations for the samples, similar to the 

solver described by Kaylegian, et al. (2016). However, the new solver was designed to 

include four parameters for the 14 samples, instead of three. The solver input data was 

the composition of each ingredient (gravity cream, UF retentate, UF permeate, lactose 

monohydrate, and urea), and the minimum and maximum values of fat, true protein, 

anhydrous lactose, and MUN that were desired in the sample set. Percentiles within the 

specified concentration range of each component were chosen to result in the target 
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concentrations for each sample (shown in Table 2.1), which were selected to achieve an 

orthogonal set. The output of the solver indicates the weight of each ingredient required 

for each of the 14 samples for a specific batch size. 

 

Reference Chemical Analysis for Primary Milk Components 

 

 Reference values for the primary milk components of the calibration samples 

were determined using the following validated methods (AOAC, 2016): for fat, 

Mojonnier ether extraction (AOAC method 989.05; Barbano et al., 1988); for true 

protein, Kjeldahl direct method for true protein nitrogen determination (AOAC, method 

991.22; Barbano et al., 1991); for lactose, spectrophotometric enzymatic analysis 

(AOAC method 2006.06; Lynch et al., 2007).  

Reference Chemical Analysis for MUN  

 

 Reference values for MUN were determined using the enzymatic 

spectrophotometric urea determination method described below.  

Principle. Milk was first diluted with a reagent designed to precipitate fat and 

protein which are removed by filtration. The method used for quantifying MUN is based 

on two main reactions. In the first reaction, urea and water form ammonia and carbon 

dioxide in the presence of the enzyme urease (EC 3.5.1.5). In the second reaction, 

ammonia (as ammonium ions) reacts with 2-oxoglutarate, in the presence of reduced 

nicotinamide-adenine dinucleotide phosphate (NADPH) and the enzyme glutamate 

dehydrogenase (GlDH) (EC 1.4.1.2), to form L-glutamic acid, water, and NADP+. The 

molecule that absorbs light during the spectrophotometric measurement at 340 nm is 

NADPH. Using Beer’s Law, with the difference of absorption before and after the 
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reactions have taken place, the amount of NADPH that was consumed can be 

determined. Therefore, by knowing how much NADPH was consumed, the amount of 

urea that was present can be calculated stoichiometrically. From the amount of urea, the 

amount of MUN can be calculated.  

Reagents and Apparatus. A 0.3 M trichloroacetic acid (TCA) (Sigma-Aldrich 

T6399-500G) solution was made. Reagents for the enzymatic assay part of the 

procedure came from the Megazyme (Bray Business Park, Bray, Co. Wicklow, Ireland) 

Urea/Ammonia Assay Kit (Rapid) (product code K-URAMR). The kit included the 

following reagents: Buffer (18 mL, pH 8.0) plus 2-oxoglutarate and sodium azide 

(0.02% w/v) as a preservative, NADPH solution (which was dissolved in 12 mL of 

distilled water, and portioned out to 1 mL aliquots into flex tubes), Glutamate 

dehydrogenase (GlDH) suspension, Urease solution, and urea control powder. The urea 

control powder was not used because the urea standard for the enzymatic assay was 

made with the same urea source used to make the modified milk calibration samples 

(Thermo Fischer Scientific Urea, U15-500). A UV/vis Spectrophotometer (Shimadzu 

Corporation UV-1800 120V) was used for the measurement of NADPH absorbance at 

340 nm. 

Statistical Analysis for Reference Chemistry Data. For performance statistical 

analysis of the MUN enzymatic spectrophotometric method, the AOACI statistical 

procedures were used to determine within laboratory statistics, referring to the method 

repeatability (sr, RSDr, r value), as well as between laboratory statistics, referring to the 

method reproducibility (sR, RSDR, R value). The meaning and relevance of each of these 

values is explained by Lynch (1998). The Microsoft Excel AOACI Interlaboratory 
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Statistical Program, version 1.11, was used to calculate these statistics and identify 

outliers following the guidelines for Interlaboratory Studies of AOAC International 

(AOACI, 2005), as performed by Wojciechowski et al. (2016). Statistical outliers were 

identified using the Cochran, single Grubbs and double Grubbs tests with a significance 

level of 2.5%. Standard uncertainty and expanded uncertainty of chemical reference 

value were calculated as described by Ellison et al. (2000). 

 

Mid-Infrared Analysis of the Redesigned Modified Milk Calibrations Samples.  

The concentrations of the primary milk components (lactose, fat, and protein) 

and MUN in the redesigned modified milk calibration sets were also determined using 

milk Mid-Infrared instruments, for the purpose of creating a calibration curve to 

determine and perform secondary slope and intercept adjustment. The primary 

components were determined using the virtual filters of fat A, fat B, protein, and lactose 

with their respective sample and reference wavelengths (Kaylegian et al., 2009). MUN 

was determined by PLS models, which varied by instrument model and manufacturer. 

 

IR Analysis 

 

Instrument precalibration. The 3 infrared milk analyzers used to determine 

MUN in this study were precalibrated, as explained by Lynch et al. (2006), to assure 

they were functioning appropriately, electrically and mechanically, before calibration. 

Calibration. Calibration of each instrument was performed for fat A, fat B, 

protein, and lactose, using the redesigned modified milk calibration set that included 

MUN, as specified by Kalyegian et al. (2006). This calibration refers to the adjustment 

of secondary slope and intercept using a linear regression of reference chemistry values 
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as a function of intercorrected MIR predictions for each component (Kaylegian et al., 

2006). Similar slope and intercept adjustments were done for MUN as well, the main 

difference being that this was a linear regression of MUN reference values as a function 

of MIR MUN PLS model predictions (not intercorrected values from specific 

component filters), as MUN is determined by milk infrared instruments using PLS 

models, not specific wavelength filters. 

Evaluation of Calibration Set Performance. The redesigned modified milk 

calibration sets, which included the MUN component, were run on three MIR 

instruments in three different laboratories. Nine laboratories, most of them USDA 

Federal Milk Market laboratories, also ran reference chemistry for fat, protein, lactose, 

and MUN, using the reference methods mentioned previously, and an all-lab mean was 

calculated for these reference values (Kaylegian et al., 2006). Each of the three MIR 

instruments were calibrated with this new modified milk calibration set, using the all-

lab mean reference values. 

 

RESULTS AND DISCUSSION 

 

 Calibration Set Formulation and Reference Chemistry. The redesigned 

modified milk calibration set was formulated using an Excel (Microsoft Corp., Seattle, 

WA) linear solver spreadsheet, where the concentrations of each component in each 

ingredient (combined cream, UF retentate, UF permeate, lactose monohydrate, urea, and 

water) were the input. This input is shown in Table 2.2, where the ingredient 

concentrations for the sample set formulated on April 29, 2019 are used as an example. 

This table indicates that, on this month, the cream contained 23.40 g/100g of fat, 2.44 
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g/100g of protein, 3.64 g/100g of lactose; the retentate contained 0.15 g of fat (this value 

was kept constant from month to month), 7.9451 g/100g of protein, 4.5690 g/100g of 

lactose; the permeate contained zero fat (this value was kept constant from month to 

month), 0.0700 g/100g of protein (this value was kept constant from month to month), 

and 4.7585 g/100g of lactose. The pure lactose monohydrate ingredient contained 95 

g/100g of anhydrous lactose, and the pure urea ingredient contained 46.640 g/100g 

nitrogen (these values were kept constant from month to month). The MUN values for 

the cream, retentate, and permeate were kept constant from month to month, in an effort 

to avoid issues in being able to reach the desired target concentrations on months where 

the starting milk MUN was too high or too low (as explained previously). The values 

that were adjusted every month were obtained from MIR instrument predictions, where 

the ingredients were run on the MIR right after they were made in the pilot plant to 

obtain the concentration values and input them into the solver.  

Table 2.2. Example of Excel Solver input from 4/29/2019, where the composition of 

each ingredient was entered. 

Ingredient 
Fat 
(g/100g) 

Protein 
(g/100g) 

Anhydrous 
Lactose 
(g/100g) 

MUN (mg/dl) 
(mg/100g) 

Cream 23.4000 2.4400 3.6400 8.6297 

Retentate 0.1500 7.9451 4.5690 10.0057 

Permeate 0.0000 0.0700 4.7585 6.0034 

Lactose MonoHyd. 0.0000 0.0000 95.0000 0.0000 

Urea-N 0.0000 0.0000 0.0000 46640.0000 

Water 0.0000 0.0000 0.0000 0.0000 

 

The target concentrations and amount to be made of each sample were also 

specified in the spreadsheet before running the solver. Once the solver was run, the 

output included the amount of each ingredient needed to formulate each sample for the 
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batch size that was specified. An example of this output is shown in Table 2.3, where 

the output values from the sample set made on April 29, 2019 are used as an example. 

The weight of each ingredient that was needed to formulate each sample is shown in 

Table 2.3. 

Table 2.3. Example of the Excel Solver output from 4/29/2019. The amount of each 

ingredient is shown for the formulation of each 14,960 g of the 14 samples in the set. 

Formulations 

Sample 

Cream 

(g) 

Retentate 

(g) 

Permeate 

(g) 

Lactose  

Monohydrate 

(g) 

Urea 

(g) 

Water 

(g) 

Total 

(g) 

1 76 8031 4806 0.00 2.456 2044 14960 

2 372 4069 10113 0.00 2.889 403 14960 

3 622 7206 7030 80.55 0.000 21 14960 

4 910 4547 9447 54.15 1.168 0 14960 

5 1169 6407 6409 0.00 3.198 973 14960 

6 1448 5029 8368 0.00 0.303 115 14960 

7 1715 5591 7624 0.00 0.710 29 14960 

8 1988 5190 7390 0.00 3.983 388 14960 

9 2255 5750 6927 27.12 0.665 0 14960 

10 2534 4390 6861 0.00 2.036 1173 14960 

11 2793 6231 5875 58.13 3.389 0 14960 

12 3080 3586 6776 0.00 0.675 1517 14960 

13 3331 6712 4895 20.87 1.163 0 14960 

14 3626 2766 8458 107.48 2.138 0 14960 

Total 25920 75505 100980 348.00 25 6662 - 

 

Once the sample set was made, split into sample vials (about 312 sets of 14 milks 

each), and sent to the collaborating laboratories, each lab ran reference chemistry on the 

set for each component using the AOAC reference methods for fat, true protein, and 

lactose, as described by Kaylegian et al. (2006), and the enzymatic spectrophotometric 

method for MUN, as described above. An all-lab mean was calculated (Wojceichowski 

et al., 2016) for each component of each sample, and these were the reference values 
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used to calibrate the MIR instruments. These all-lab mean reference values are shown 

in Table 2.4 for the sample set made on April 29, 2019. Table 2.4 also contains the 

method performance statistics for each of the chemical methods of the respective milk 

components (Wojciechowski et al., 2016). Both relative repeatability within a 

laboratory (RSDr) and relative reproducibility among laboratories (RSDR) were < 1% 

of the mean reference chemical value, indicating that all four methods perform well. 

The expanded uncertainty values for each reference chemical method of each sample 

are shown in Table 2.5. These values indicate the 95% confidence interval (+/-) around 

the mean reference value. 

Table 2.4. Reference chemistry for the redesigned modified milk calibration set made 

4/29/2019, including MUN, and method within lab repeatability and between lab 

reproducibility performance statistics for each chemical method. 

Sample 

Fat  

(g/100 g milk) 

Protein  

(g/100 g milk) 

Lactose  

(g/100 g milk) 

MUN  

(mg/100 g milk) 

1 0.2133 4.2398 3.9987 17.2202 

2 0.6428 2.2252 4.5510 20.0106 

3 1.0739 3.8928 5.1035 10.9755 

4 1.5040 2.5613 4.9658 14.7711 

5 1.9359 3.5679 4.2842 20.3876 

6 2.3626 2.8953 4.5524 11.8928 

7 2.7995 3.2392 4.5569 13.1489 

8 3.2222 3.0771 4.4231 23.1994 

9 3.6521 3.4044 4.6880 12.9522 

10 4.0819 2.7397 4.1438 16.3726 

11 4.5157 3.7462 4.8277 21.4848 

12 4.9409 2.4062 4.0101 11.8694 

13 5.3743 4.0803 4.5549 14.3514 

14 5.7964 2.0785 5.1015 17.4475 

Mean 3.0082 3.1538 4.5544 16.1489 

Sr 0.0034 0.0051 0.0082 0.0698 

SR 0.0061 0.0139 0.0162 0.1247 

RSDr 0.1138 0.1612 0.1810 0.4321 

RSDR 0.2013 0.4400 0.3564 0.7723 

r-value 0.0096 0.0142 0.0231 0.1954 

R-value 0.0170 0.0389 0.0454 0.3492 
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Outliers 13 2 10 6 

% outliers 5.80 0.89 3.97 2.38 

Total tests 224 224 252 252 

Laboratories 8 8 9 9 
1Mean component concentrations, standard deviation of repeatability (sr), standard 

deviation of reproducibility (sR), repeatability limit (r-value), and reproducibility value 

(R-value) are expressed in terms of g/100 g (or mg/100 g for MUN) of milk. Relative 

standard deviation of repeatability (RSDr) and relative standard deviation of 

reproducibility (RSDR) are expressed as percentages. 

 

Table 2.5. Expanded (95% confidence interval) uncertainty (+/-) around mean 

reference value for each sample for each component. 

Sample 

Fat  

(g/100 g milk) 

Protein  

(g/100 g milk) 

Lactose  

(g/100 g milk) 

MUN  

(mg/100 g milk) 

1 0.0040 0.0196 0.0093 0.0737 

2 0.0031 0.0076 0.0132 0.0577 

3 0.0031 0.0121 0.0151 0.1010 

4 0.0026 0.0084 0.0142 0.0805 

5 0.0019 0.0133 0.0119 0.0904 

6 0.0028 0.0088 0.0116 0.0809 

7 0.0015 0.0062 0.0082 0.0922 

8 0.0030 0.0108 0.0062 0.1166 

9 0.0044 0.0116 0.0142 0.0953 

10 0.0034 0.0102 0.0081 0.0576 

11 0.0066 0.0119 0.0056 0.0775 

12 0.0074 0.0100 0.0114 0.0823 

13 0.0094 0.0134 0.0148 0.0956 

14 0.0050 0.0078 0.0154 0.1117 

Mean 0.0047 0.0113 0.0118 0.0883 

 

 

Modified milk calibration set for MUN PLS model diagnostics. The milk 

calibration sample set with the modification to include a wide, well distributed range of 

MUN that is orthogonal with respect to fat, protein, and lactose can also be used to 

identify weaknesses in MUN PLS prediction models used on MIR milk analyzers. 

Because the 14 modified milk calibration set of samples have a wide range of MUN 

concentrations, but still maintain orthogonality in the set relative to the concentrations 
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of the other main milk components (fat, protein, and lactose), correlations between the 

MUN predictions by a PLS model from each instrument and concentrations of primary 

milk components can be used to diagnose weaknesses in the PLS models. The way to 

identify these weaknesses in PLS models is by graphing the residual differences 

between the MUN PLS model prediction from the MIR instrument and the MUN 

reference value as a function of the concentrations of each primary milk component. For 

example, in Figure 2.1, this type of graph is shown for a MUN PLS model from MIR 

instrument 1 that does not “model-out” correctly for background variation in fat 

concentration from sample-to-sample. This is concluded from the slope of the linear 

regression in the residual plot being significantly (P < 0.05) different from a slope of 

zero in Figure 2.1.  In this case the estimate values for MUN relative to the reference 

values for MUN increases with increasing fat content for the PLS model used on 

instrument 1. If the MUN PLS model was correctly compensating for background 

sample to sample variation in fat content, the slope of the residual plot would not be 

significantly different from a slope of zero. Another example is shown in Figure 2.2 for 

a different PLS model from another MIR instrument 2. The failure to model out the 

effect of background variation is a similar weakness as observed in instrument 1 (Figure 

2.1), except that the PLS model in this instrument is not correctly modeling out the 

sample-to-sample variation in protein, instead of fat.  
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Figure 2.1. PLS model diagnostic graph for Instrument 1 showing the difference 

between the MUN PLS model prediction value and the MUN reference value versus 

the reference chemistry concentration values for fat of the modified milk calibration 

samples from 4-29-19. 

 

Figure 2.2. PLS model diagnostic graph for Instrument 2 showing the difference 

between the MUN PLS model prediction value and the MUN reference value versus 

the reference chemistry concentration values for true protein of the modified milk 

calibration samples from 4-29-19.  

 

PLS model diagnostic graphs for a different PLS model from MIR instrument 3 

are shown in Figures 2.3, 2.4, and 2.5. Lower correlations among the differences in 
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MUN values (PLS MUN value minus reference MUN value) and the concentrations of 

the primary milk components (fat, true protein, and lactose) are shown in Figures 2.3, 

2.4 and 2.5, and slopes of the regression lines that are not significantly different from 

zero (P > 0.05) indicate that the PLS model used on instrument 3 is working well. 

However, there is room for improvement in some MUN PLS prediction models.  

 

Figure 2.3. PLS model diagnostic graph for Instrument 3 showing the difference 

between the MUN PLS model prediction value and the MUN reference value versus 

the reference chemistry concentration values for true protein of the modified milk 

calibration samples from 4-29-19.  

 

y = -0.5648x + 1.7813
R² = 0.2812

-4

-3

-2

-1

0

1

2

3

4

2.0 2.5 3.0 3.5 4.0 4.5

IR
 m

in
u

s 
re

fe
re

n
ce

 M
U

N
 

(m
g/

1
0

0
g)

Reference true protein (g/100g)

True protein on MUN
Instrument 3



73 

 

 

Figure 2.4. PLS model diagnostic graph for Instrument 3 showing the difference 

between the MUN PLS model prediction value and the MUN reference value versus 

the reference chemistry concentration values for fat of the modified milk calibration 

samples from 4-29-19. 

 

 

Figure 2.5. PLS model diagnostic graph for Instrument 3 showing the difference 

between the MUN PLS model prediction value and the MUN reference value versus 

the reference chemistry concentration values for lactose of the modified milk 

calibration samples from 4-29-19.  
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weaknesses, then that weakness needs to be corrected by the instrument manufacturer.  

This would be done by adding new spectra and the matching reference chemistry to the 

set of spectra and reference chemistry that was used to make the original PLS model.  

In the case of the example in Figure 2.2 (Instrument 2) where the effect of background 

variation of protein is not modeled out correctly, the PLS modeler would need to obtain 

additional samples to add to the modeling set. The fundamental problem is that in the 

population of modeling samples, if the PLS modeler did a linear regression of the MUN 

as a function of protein concentration, the result would be that there was a fairly strong 

correlation of MUN increasing as true protein increases in the samples in the PLS 

modeling set.  Samples that break that correlation need to be added to the PLS modeling 

set. This will help reduce this weakness to background variation in protein in the new 

PLS model.   

Is there anything that a user can to when they have a manufacture provided PLS 

model that has this type of weakness in instrument 2 that is shown in Figure 2.2?  Using 

the 14 sample modified milk calibration set described in the current study, a correction 

to a PLS could be created. In fact, even though developing a better PLS model by the 

instrument manufacturer would be the best solution, by knowing which primary 

component is not being “modeled-out” correctly, the predicted MUN values from the 

model containing the weakness can be improved by applying an intercorrection factor 

for the effect of this primary component (i.e., protein) on MUN. The intercorrection 

factor would be applied as follows:  

MUN2 = MUN1 + (ICPC) (PC) 



75 

 

Where: MUN2 = intercorrected MUN value after applying the determined 

intercorrection factor; MUN1 = MUN value obtained from the PLS model containing a 

weakness; ICPC = intercorrection factor for the effect of the primary milk component on 

MUN; PC = concentration of the primary milk component.  

 Following the intercorrection step, a standard slope and intercept adjustment is 

performed just as in routine milk MIR calibration (Kaylegian et al., 2006) to obtain a 

final corrected MUN value as follows:  

MUN3 = (S)(MUN2) + (B) 

Where: MUN3 = corrected MUN value after applying slope and intercept adjustment; 

MUN2 = intercorrected MUN value; S = slope from the linear regression of the graph 

of MUN2 versus MUN reference values; B = intercept from the linear regression of the 

graph of MUN2 versus MUN reference values. After application of the calculation for 

intercorrection described above to the data represented in Figure 2.2, the residual plot 

for MUN predictions by instrument 2 is shown in Figure 2.6.  

A demonstration of how a slope and intercept adjustment with a set of calibration 

samples improves the mean accuracy of a PLS model prediction by making the mean 

difference between the reference chemistry and instrument PLS model predictions (i.e., 

mean difference: MD) equal zero is shown in Table 2.6 for all 3 instruments.  However, 

the standard deviation of the differences (SDD) between reference chemistry and 

instrument predictions for the 14 milks is very different from one instrument to another 

(Table 2.6).  Instrument 2 had a SDD that was more than twice that of the other two 

instruments and that did not decrease after adjustment of the slope and intercept with 

the calibration samples (Table 2.6). The difference in SDD among the 3 instruments 
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after calibration represents fundamental differences in the performance of the 3 different 

PLS models on these instruments.  Using the data from Figures 2.2 and 2.6, an 

intercorrection factor can be calculated for instrument 2 to correct for influence of 

background variation in protein on the MUN prediction. 

Table 2.6. Mean (MD) and standard deviation (SDD) of the differences between the 

PLS model predicted MUN value and the chemical reference MUN value for each 

instrument before and after slope and intercept (S/I) adjustment using the modified 

milk calibration sample set.  

 Before S/I adjustment After S/I adjustment 

 MD  SDD MD SDD 

Instrument 1 -0.1921 0.6415 0.0000 0.5934 

Instrument 2 -1.3224 1.9582 0.0000 1.9481 

Instrument 3 0.1029 0.7838 0.0000 0.7444 

 

 As an example of this type of correction for PLS model weaknesses, an 

intercorrection factor for the effect of protein variation on MUN and slope/intercept 

adjustment were applied to the MUN predicted values from the PLS model from 

Instrument 2 (which was previously shown in Figure 2.2). Figure 2.6 shows the PLS 

model diagnostic graph for the intercorrected and slope/intercept adjusted data from 

Instrument 2. Applying the intercorrection factor to the data from instrument 2 and 

adjusting the slope and intercept reduced the SDD from 1.94 to 0.99 mg MUN/100 g 

milk (Table 2.7). 
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Figure 2.6. PLS model diagnostic graph for Instrument 2, after protein intercorrection 

factor and slope/intercept (S/I) adjustment were applied, showing the difference 

between the corrected MUN PLS model prediction value and the MUN reference value 

versus the reference chemistry concentration values for true protein of the modified milk 

calibration samples from 4-29-19.  

 

Table 2.7. Mean (MD) and standard deviation (SDD) of the difference between the 

PLS model predicted MUN value and the chemical reference MUN value for 

instrument 2 before and after protein intercorrection and slope and intercept (S/I) 

adjustment were applied to reduce SDD.  

 

Before intercorrection and S/I 

adjustment 

After protein intercorrection 

and S/I adjustment 

Instrument 

2 

MD SDD MD SDD 

-1.3224 1.9582 0.0004 0.9912 

 

CONCLUSIONS 

 

 The modified milk calibration sample set was redesigned to obtain a wide, well-

distributed range of MUN by modification of the ultrafiltration and formulation 

procedure to produce a 14 sample set where the variation in concentration of MUN was 
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not correlated (i.e., orthogonal) with changes in the fat, protein, and lactose in the 14 

milk sample set.  The within (RSDr) and between lab variation (RSDR) in the reference 

values for MUN were 0.43 and 0.77%, respectively, and the average expanded 

analytical uncertainty for the mean MUN value of the 14-sample calibration set was 

16.15 mg/100 g milk +/- 0.09 mg/100 g milk.  After slope and intercept adjustment to 

achieve a mean difference of zero with the calibration samples, it could be seen that the 

SDD of predicted versus reference MUN values among 3 different instruments and their 

PLS models were quite different. The orthogonal sample set was used to determine 

when a PLS model did not correctly model out the background variation in fat, protein 

or lactose, calculate an intercorrection factor to eliminate that effect and improve the 

model performance (i.e., 50 % reduction in SDD between instrument predictions and 

reference chemistry values for MUN). 
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CHAPTER 3  

 

ENZYMATIC METHOD PERFORMANCE FOR MILK UREA NITROGEN 

 

ABSTRACT 

 

The objective of the current study was to determine the within- and between- 

laboratory performance of an enzymatic spectrophotometric method for MUN 

determination. This method involves the hydrolysis of urea into ammonia and carbon 

dioxide, and the absorption at 340 nm by the reducing agent nicotinamide-adenine 

dinucleotide phosphate. The within- and between- laboratory performances 

(repeatability and reproducibility, respectively) of the MUN enzymatic 

spectrophotometric method were determined using both modified milk samples and 

individual bulk tank raw milk samples. The average relative standard deviation of 

repeatability and reproducibility were 0.57% and 0.85%, respectively, for this method 

when testing individual farm milks. The spectrophotometric MUN method 

demonstrated better within and between laboratory performance than other MUN 

determination methods reported in the literature. The method also showed similar 

performance statistics to other AOAC accepted chemical reference methods for primary 

milk component determinations, with the average of all RSDr and RSDR values being < 

1%. An official collaborative study of the enzymatic spectrophotometric MUN method 

to achieve IDF/AOACI/ISO official method status is needed. 

 

INTRODUCTION 
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 Urea is a minor component in milk that is present in low concentration. In dairy 

cows, and mammals in general, urea is the primary form of nitrogen excretion.  Urea is 

present in both blood and milk. When blood urea is high, milk urea is high. A clear 

understanding and control of the efficiency of nitrogen utilization by ruminants can have 

significant economic benefits for the dairy farmer, due to the physiological 

consequences on the dairy cows such as improved reproductive efficiency when blood 

and milk urea are not too high (Ferguson and Chalupa, 1989; Larson et al., 1997; Rajala-

Schultz et al., 2001). Avoiding high blood and milk urea can help lower dairy farm 

environmental impacts due to excretion of urea in urine of dairy cows (Kohn et al., 

1997). Blood urea nitrogen (BUN) has been proven to be a useful indicator of the 

efficiency of protein nitrogen utilization in ruminants (Lewis, 1957), however blood 

sample collection is an invasive procedure and causes stress to the animals. A less 

invasive alternative to BUN measurements is measurement of milk urea nitrogen 

(MUN). MUN is highly correlated to BUN, and closely related to crude protein 

concentrations in diets (Broderick and Clayton, 1997). In fact, MUN is also highly 

correlated to urinary nitrogen in dairy cows (Ciszuk and Gebregziabher, 1994; 

Kauffman and St-Pierre, 2001). Therefore, measuring MUN provides a method to 

monitor overall nitrogen utilization efficiency, as milk samples are constantly collected 

for payment testing and dairy herd monitoring. 

 A fast and efficient way to measure milk urea nitrogen is through milk mid-

infrared (MIR) instruments. These instruments rely on the relationship between 

absorbance by milk component molecules and their concentrations in milk (Goulden, 

1964). Fat, protein, and lactose are determined by fixed filter wavelengths (Kaylegian 
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et al., 2009), where a sample wavelength and a reference wavelength exist for each of 

the three components. Other minor components, such as MUN, are most commonly 

determined using partial least squares (PLS) models (Haaland and Thomas, 1988). 

However, milk MIR determination of MUN is a secondary method that requires 

calibration with known values from chemical reference methods. Examples of reference 

methods with high accuracy, repeatability, and reproducibility used to obtain reference 

values for the calibration of fat, protein, and lactose measurement by MIR are: 

Mojonnier ether extraction for milk fat (AOAC method 989.05; Barbano et al., 1988), 

Kjeldahl direct method for true protein nitrogen determination (AOAC, method 991.22; 

Barbano et al., 1991), and the spectrophotometric enzymatic analysis for milk lactose 

(AOAC method 2006.06; Lynch et al., 2007), respectively. Therefore, an accurate 

reference chemical method for the determination of milk urea nitrogen (MUN) is 

necessary if MUN is to be measured by milk MIR instruments. 

The MUN enzymatic spectrophotometric method is currently used in the USDA 

Federal Milk Market Laboratories as the reference method for the calibration of infrared 

instruments for the determination of MUN. The objective of the current study was to 

determine the within and between laboratory performance of an enzymatic 

spectrophotometric method for MUN determination.   

 

MATERIALS AND METHODS 

 

MUN Enzymatic Spectrophotometric Method 

 

Principle. The fat and protein must be precipitated and removed from the milk 

to obtain a clear solution. The enzymatic method for quantifying MUN used in our study 
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is based on two enzymatic reactions. In the first reaction, urea and water form ammonia 

and carbon dioxide in the presence of the enzyme urease (EC 3.5.1.5). In the second 

reaction, ammonia (as ammonium ions) reacts with 2-oxoglutarate, in the presence of 

reduced nicotinamide-adenine dinucleotide phosphate (NADPH) and the enzyme 

glutamate dehydrogenase (GlDH) (EC 1.4.1.2), to form L-glutamic acid, water, and 

NADP+. The molecule that absorbs during the spectrophotometric measurement at 340 

nm is NADPH. Using Beer’s Law, with the difference of absorption before and after 

the reactions have taken place, the amount of NADPH that was consumed can be 

determined. The amount of NADPH consumed is directly proportional to the amount of 

urea that was present in the milk sample and can be calculated stoichiometrically using 

the extinction coefficient for NADPH and the molecular weight of urea. Milk urea 

nitrogen is calculated as urea times 0.46646. 

Urea standard solution preparation. A reference standard urea solution (of 

approximately 0.007% (%w/w)) was prepared in one laboratory and distributed to all 

laboratories with the milk samples. The MUN reference solution was prepared as 

follows: 0.7 g of urea (>99.0 purity Fischer Scientific Urea, U15-500) were weighed 

into a plastic weighing boat (Dyn-A-Med #80051), using an analytical balance (Mettler 

Toledo AT400, 1900 Polaris Pkwy, Columbus, OH 43240, USA). The urea was 

transferred to a 1 L class A volumetric flask, and the empty boat was reweighed. The 

transferred amount of urea was determined ([weight of boat and urea] – [weight of 

empty boat]). The volumetric flask with urea was then tared on an analytical balance 

(Mettler Toledo PG5002-S) and distilled water was added to the mark at 20oC. The tared 

flask was weighed to obtain the weight of water added. The solution was mixed by 



87 

 

inversion and portioned into 60 mL plastic vials (Capitol Plastic Products #CPP02SKT) 

to send to the different laboratories. The concentration (%w/w) of the urea standard 

solution was determined by dividing the weight of transferred urea by the weight of 

water added. 

Milk Sample Preparation. About 5 g of milk were weighed into a previously 

weighed 125 mL Erlenmeyer flask using a balance readable to 0.1 mg (Mettler Toledo 

Model AX304) with the capacity to accommodate the final solution weight (ca 20 g) 

and container. The weight of milk added to the flask ([weight of flask with milk] – 

[weight of flask]) was determined (Wm). Next, 15 mL of a 0.3 M solution of 

trichloroacetic acid (TCA) (Sigma-Aldrich T6399-500G) were added, using 3 additions 

from a 5 mL bottle-top dispenser (Brinkmann Dispensette), to the solution and mixed 

by swirling. The flask and its contents were immediately weighed (Wp). The contents 

of the flask were then filtered through a fluted filter paper (Whatman #1, M 15 cm) and 

the filtrate collected in a 125 mL Erlenmeyer flask. If the filtrate was not clear, the 

sample preparation had to be repeated.  For duplicate spectrophotometric analysis of a 

milk, two milk test portions and two filtrations were done. After the filtrate was 

collected, about 1 mL was pipetted into a capped 1.5 mL flex tube (Eppendorf, 102 

Motor Parkway, Hauppauge, New York, Safe-Lock Tubes #022363204) and stored at 

4C. The assay was run within 4 hours of the test sample preparation. 

Enzymatic assay. The reagents used in the enzymatic assay were premade from the 

Megazyme Urea/Ammonia Assay Kit (Rapid) (Megazyme, Bray Business Park, 

Southern Cross Road, Bray, Co. Wicklow, IE, product code K-URAMR). The 

refrigerated filtrate and reagent solutions were brought to 19 to 23C and mixed by 
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swirling to ensure uniformity. Disposable plastic cuvettes with nominal 1 cm light path 

(2.5 mL disposable cuvettes) in boxes of 100 (BrandTech, 11 Bokum Rd, Essex, CT 

06426, USA, #759070D) were obtained from one supplier and a relative path length 

correction for each 100 cuvette batch was determined as described by Lynch et al. 

(2007). Cuvettes were matched by mold or cavity identification to minimize deviation 

in path length between cuvettes within a single analysis session. One labeled cuvette 

and labeled cap (Fischer Scientific #14385999) was used for each filtrate. The cuvette 

and cap were weighed (Wc) (to the nearest 0.1 mg) using the same balance as for the 

milk preparation (0.1 mg, Mettler Toledo AX304). Then, 0.1 mL of the filtrate was 

pipetted using an air displacement pipette (Gilson Pipetman P100, Parmenter Street P.O. 

Box 620027 Middleton, WI 53562-0027 USA) into the bottom of the cuvette and 

immediately weighed (Wi) again with the cap. Next, the following solutions were 

pipetted into the cuvette in this specific order: 2.00 mL of distilled water using an air 

displacement pipette (Gilson, Pipetman P5000), 0.30 mL of buffer solution (Bottle 1 

from Megazyme kit: buffer pH 8.0, plus 2-oxoglutarate and sodium azide (0.02% w/v)) 

using an air displacement pipette (Mettler-Toledo Rainin, 7500 Edgewater Drive, 

Oakland CA 94621, USA, Classic PR-1000), 0.20 mL of NADPH (Bottle 2 from 

Megazyme kit) using an air displacement pipette (Gilson Pipetman P200), 0.02 mL of 

glutamate dehydrogenase (GlDH) suspension (Bottle 3 from Megazyme kit) using a 

positive placement pipette (Gilson Microman M25). The glutamate dehydrogenase 

solution was added to the side of the cuvette with caution to not immerse the tip of the 

pipet in the liquid in the cuvette. There was no weighing in between, nor at the end of 

any of these additions. The cuvette was then capped securely, and its contents mixed 
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gently by inversion. A minimum of five minutes was waited before reading absorbance 

at 340 nm (UV/vis Spectrophotometer, Shimadzu Corporation UV-1800 120V). The 

spectrophotometer was zeroed on air, and an absorbance measurement (A1) was read. 

If reading multiple cuvettes, the zero was monitored and re-zeroed as necessary.  

After the first absorbance reading, 0.05 mL of urease solution (Bottle 4 from 

Megazyme kit) were added using an air displacement pipette (Gilson Pipetman P100) 

to the cuvette by gently removing one corner of the cap on the cuvette and pipetting the 

urease solution, taking care to not lose any of the cuvette solution in the process. The 

cuvette was then recapped immediately. Each cuvette was mixed by inversion and held 

at 19 to 23oC for 10 minutes. The cuvette with cap was reweighed (Wt), and a second 

absorbance reading (A2) was taken after the cuvette was incubated at 19 to 23ºC (room 

temperature) for 10 minutes. The orientation of each cuvette in the spectrophotometer 

was the same for both the A1 and A2 readings. Duplicates of each milk sample were 

prepared and analyzed.  

Two test portions of the urea reference standard solution were run each time a 

batch of samples were run through the assay by substituting 0.1 mL of the urea standard 

solution for the filtrate in the determination. Two reagent blanks were run each time the 

assay was conducted by substituting 0.1 mL of distilled water for the filtrate in the 

determination. For the multiple solution additions during the enzymatic assay, if 

working with multiple cuvettes, the addition of one solution was made to all the cuvettes 

and all cuvettes were weighed where the procedure indicates; then, the next solution 

was added to all the cuvettes, and so forth, instead of adding all the solutions to one 

cuvette and then doing the same to the other cuvettes. 
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Calculating the weight of filtrate and final contents of the cuvette. The 

following calculations were done to get the weight of the filtrate and final contents of 

the cuvette, where Wf = weight, g, of filtrate added to cuvette; Wi = weight, g, of cuvette 

containing the filtrate; Wc = weight, g, of empty cuvette; Ws = total weight, g, of final 

contents of the cuvette; Wt = weight, g, of cuvette containing the all assay additions:  

𝑊𝑓 =  𝑊𝑖 − 𝑊𝑐 

 

𝑊𝑠 = 𝑊𝑡 − 𝑊𝑐 

 

Calculating the average absorbance of the blanks. The following calculation 

was done to get the average absorbance of the blanks, where B = average absorbance of 

the blanks; A2blank1 = absorbance of the first blank after the addition of urease; A1blank1 

= absorbance of the first blank prior to the addition of urease, A2blank2 = absorbance of 

the second blank after the addition urease; A1blank2 = absorbance of the second blank 

prior to the addition of urease. 

 

𝐵 =
(𝐴2𝑏𝑙𝑎𝑛𝑘1 − 𝐴1𝑏𝑙𝑎𝑛𝑘1) + (𝐴2𝑏𝑙𝑎𝑛𝑘2 − 𝐴1𝑏𝑙𝑎𝑛𝑘2)

2
 

 

Calculating urea concentration. The following calculation was done to get the 

urea concentration, where: Wm = weight, g, of milk sample and 125 mL Erlenmeyer 

flask; Wp = weight, g, of total milk sample preparation solution and 125 mL Erlenmeyer 

flask; Wf = weight, g, of filtrate added to cuvette; Ws = total weight, g, of final contents 

of the cuvette; A1 = Absorbance value 1 (A1); A2 = Absorbance value 2 (A2); B 

=Average blank absorbance value; 60.0553 = molecular weight, g/mol, of urea; 6300 = 
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extinction coefficient of NADPH at 340 nm (L x mol-1 x cm-1); P = adjustment to correct 

for path length of disposable cuvettes from a single box (determined separately for each 

box of cuvettes);    2 = stoichiometric factor; 2 moles of NADPH are consumed for each 

mole of urea; 100 = conversion factor for g/L to mg/100g: 

 

𝑈𝑟𝑒𝑎 (
𝑚𝑔

100𝑔
) =

𝑊𝑠  × 60.0553

6300 × 𝑊𝑓 × 𝑃 × 2
 × (𝐴2 − 𝐴1 − 𝐵) ×

𝑊𝑝

𝑊𝑚
 × 100 

   

Calculating milk urea nitrogen. Based on the molecular structure of urea, the 

nitrogen content of urea is 46.646% by weight. Therefore, the following calculation was 

done to calculate milk urea nitrogen concentration, where: Urea = Urea (mg/100g): 

 

𝑀𝑖𝑙𝑘 𝑈𝑟𝑒𝑎 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 (
𝑚𝑔

100𝑔
) = 𝑈𝑟𝑒𝑎 × 0.46646 

 

Performance Evaluation of the Enzymatic Spectrophotometric MUN Method 

 

Modified milk calibration sample set to evaluate method performance. 

Modified milk calibration samples, prepared in the Cornell University Pilot Plant as 

described by Kaylegian et al. (2006), were shipped to a total of 9 laboratories (most of 

them USDA Federal Milk Market Laboratories), where they were analyzed by reference 

chemical methods for all the main milk components, and MUN. The methods used to 

determine fat, protein, and lactose in the sample set were the following validated 

methods (AOAC, 2016): for fat, Mojonnier ether extraction (AOAC method 989.05; 

Barbano et al., 1988); for true protein, Kjeldahl analysis for direct protein nitrogen 
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determination (AOAC, method 991.22; Barbano et al., 1991); for lactose, 

spectrophotometric enzymatic analysis (AOAC method 2006.06; Lynch et al., 2007). 

MUN was determined by the enzymatic spectrophotometric method described in this 

study. This set of samples, analyzed by all laboratories, provided the opportunity to 

evaluate the analytical performance of the MUN enzymatic spectrophotometric method 

within and between laboratories, similar to what was done by Wojciechowski et al. 

(2016). These samples also provided a calibration milk sample set to obtain reference 

method all-lab mean values for each component for the calibration of milk infrared 

instruments (Kaylegian et al., 2006). Analytical performance statistics and individual 

laboratory diagnostics were determined for the MUN enzymatic spectrophotometric 

method using the chemical reference method results from various months of the group 

of laboratories running this modified milk sample set. 

Blind-coded, raw milk sample set to evaluate method performance. The same 

approach as for the modified milk set was applied to a set of blind-coded, raw farm 

milks, containing samples representative of milk from different parts of the United 

States. Analytical statistics and individual lab performance were determined using the 

MUN enzymatic spectrophotometric method results from various months where the 

group of laboratories ran this farm milk sample set, to describe the performance of this 

MUN chemical method when applied to farm milk and compare it to its performance 

when applied to modified milk.  

Statistical Analysis. For performance statistical analysis of the MUN enzymatic 

spectrophotometric method, the AOACI statistical procedures were used to determine 

within laboratory statistics, referring to the method repeatability (sr, RSDr, r value), as 
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well as between laboratory statistics, referring to the method reproducibility (sR, RSDR, 

R value). The meaning and relevance of each of these values is explained by Lynch 

(1998). The Microsoft Excel AOACI Interlaboratory Statistical Program, version 1.11, 

was used to calculate these statistics and identify outliers following the guidelines for 

Interlaboratory Studies of AOAC International (AOACI, 2005), as performed by 

Wojciechowski et al. (2016). Statistical outliers were identified using the Cochran, 

single Grubbs and double Grubbs tests with a significance level of 2.5%.  

 

RESULTS AND DISCUSSION 

 

 

Within and between laboratory performance of the MUN enzymatic 

spectrophotometric method. The enzymatic method performance statistics and MUN 

results summary for known duplicate analysis of each of the 14 individual modified 

milk samples made each month for first nine months of 2019 are shown in Table 3.1.  

The number of labs testing ranged from 7 to 9 labs from one month to another depending 

on the availability of a technician to analyze the samples that month. The high-low range 

of MUN concentration was about 12 to 13 mg MUN/100 g milk.  The average between 

lab relative reproducibility (RSDR) was < 1% of the mean concentration. The number 

of statistical outlier data points per month was <10% of the total tests in that month. 

Typically, when the number of statistical outliers was high in a month, they were 

predominantly from one lab that was having analytical problem that month. 

The spectrophotometric MUN method performance statistics for analysis of blind-

duplicate coded, individual bulk tank raw milk sets made in 2019 are shown in Table 

3.2. In general, the high-low range of MUN values was not as wide as reported in Table 
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3.1 for the modified milks and the mean values were lower for the raw bulk tank milks 

and there were fewer statistical outlier values than for the modified milks.  Despite these 

differences in MUN concentration, the mean within and between laboratory method 

performance statistics for the MUN reference method were very similar to the those 

reported in Table 3.1 for the modified milk calibration samples, indicating that the 

spectrophotometric MUN method performs well and similarly on both type of milks. 
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Table 3.1. MUN concentrations and method performance statistics1 for the MUN enzymatic spectrophotometric method applied to 

modified milk calibration samples, for the first nine sample sets made in the year 2019. 

 
1Mean MUN, Minimum MUN, Maximum MUN, standard deviation of repeatability (sr), standard deviation of reproducibility (sR), 

repeatability limit (r-value), and reproducibility value (R-value) are expressed in terms of mg/100 g of milk. Relative standard 

deviation of repeatability (RSDr) and relative standard deviation of reproducibility (RSDR) are expressed as percentages.  

Date 
Number of 

laboratories 
Number 
of tests 

Mean 
MUN 

(mg/100g) 

Minimum 
MUN 

(mg/100g) 

Maximum 
MUN 

(mg/100g) Sr SR RSDr RSDR r-value R-value 

Total 
number of 

outliers 

January 7, 2019 9 252 17.50 12.15 24.55 0.0691 0.1041 0.3947 0.5947 0.1933 0.2913 6 
February 4, 2019 8 224 17.51 12.42 24.56 0.0798 0.1794 0.4555 1.0243 0.2234 0.5022 10 

March 4, 2019 9 252 18.45 13.51 25.47 0.0741 0.1195 0.4017 0.6474 0.2076 0.3345 2 
April 1, 2019 9 252 14.72 9.52 21.83 0.0846 0.1673 0.5745 1.1359 0.2368 0.4683 15 

April 29, 2019 9 252 16.15 10.98 23.20 0.0698 0.1247 0.4321 0.7723 0.1954 0.3492 6 
May 27, 2019 9 252 15.68 10.62 22.68 0.0702 0.1311 0.4476 0.8363 0.1965 0.3672 3 
June 24, 2019 7 196 16.01 10.93 23.01 0.0836 0.1515 0.5222 0.9459 0.2342 0.4241 0 
July 22, 2019 9 252 15.48 10.38 22.56 0.0797 0.1732 0.5150 1.1188 0.2232 0.4849 24 

August 19, 2019 9 252 15.39 10.31 22.42 0.0682 0.1216 0.4431 0.7900 0.1910 0.3405 6 

Average 9 243 16.32 11.20 23.36 0.0757 0.1437 0.4652 0.8739 0.2113 0.3958 8 



96 

 

Table 3.2. MUN concentrations and method performance statistics1 for the MUN enzymatic spectrophotometric method applied to 

blind-coded, individual farm bulk tank raw milk samples, for three sample sets made in the year 2019. 

Date 
Number of 

Laboratories 
Number 
of tests 

Mean 
MUN 

(mg/100g) 

Minimum 
MUN 

(mg/100g) 

Maximum 
MUN 

(mg/100g) Sr SR RSDr RSDR r-value R-value 

Total 
number of 

Outliers 

March 18, 2019 8 128 12.47 6.26 16.90 0.0649 0.1025 0.5202 0.8217 0.1816 0.2869 2 
May 13, 2019 8 128 14.88 13.50 17.93 0.0700 0.1322 0.4709 0.8888 0.1961 0.3702 2 

August 5, 2019 8 128 11.98 5.76 15.55 0.0846 0.1004 0.7059 0.8373 0.2369 0.2810 4 

Average 8 128 13.11 8.51 16.79 0.0736 0.1126 0.5657 0.8493 0.2049 0.3127 3 
 

1Mean MUN, Minimum MUN, Maximum MUN, standard deviation of repeatability (sr), standard deviation of reproducibility (sR), 

repeatability limit (r-value), and reproducibility value (R-value) are expressed in terms of mg/100 g of milk. Relative standard 

deviation of repeatability (RSDr) and relative standard deviation of reproducibility (RSDR) are expressed as percentages. 
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Performance statistics for other reported MUN determination methods and the 

enzymatic spectrophotometric method (current study) are shown in Table 3.3. Overall, 

the enzymatic spectrophotometric method described in the current study had better 

repeatability and reproducibility (lower RSDr and RSDR) than the other reported 

chemical methods. The only reference that reports reproducibility from results from 

different laboratories is by the International Dairy Federation, Standard 195 (IDF, 

2004). The IDF method, based on a differential pH measurement of an enzymatic 

hydrolysis step, had much higher values for RSDr and RSDR than the 

spectrophotometric method from the current study. 

Table 3.3. Comparison of performance statistics1 between other milk chemical 

reference methods for milk urea nitrogen and the enzymatic spectrophotometric 

method used in the current study. 

Reference Method overview Number of 

samples 

tested 

RSDr RSDR 

Andersson et 

al. (1986) 

Flow injection analysis: Enzymatic 

splitting of urea into NH3 and CO2, and 

photometric measurement of color 

change of indicator solution at 540 nm.  

10 2.04 - 

Oltner et al. 

(1985) 

Flow injection analysis: Enzymatic 

splitting of urea into NH3 and CO2, and 

photometric measurement of color 

change of indicator solution at 590 nm.  

5 0.85 - 

Luzzana and 

Giardino 

(1999) 

Enzymatic splitting of urea into NH3 and 

CO2, and differential pH measurement 

(CL 10 Micro (Eurochem, 00040 Ardea, 

Rome, Italy)). 

3 1.07 - 

Baumgartner et 

al. (2002) 

Flow injection analysis: Enzymatic 

splitting of urea into NH3 and CO2, and 

photometric measurement of color 

change of indicator solution at 660 nm.  

6 1.58 - 

De Jong et al. 

(1992) 

Direct formation of color between urea 

and selective reagent, and colorimetric 

measurement at 520 nm. 

3 0.53 - 

International 

Dairy 

Enzymatic splitting of urea into NH3 and 

CO2, and differential pH measurement 

10 1.40 4.64 
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Federation 

(2004) 

(CL 10 Micro (Eurochem, 00040 Ardea, 

Rome, Italy)). 

(with 18 

laboratories) 

Method 

reported in the 

current study 

Enzymatic splitting of urea into NH3 and 

CO2, and spectrophotometric 

measurement of NADPH at 340 nm.  

8 

 

0.57 0.85 

(with 8 

laboratories) 
1Relative standard deviation of repeatability (RSDr) and relative standard deviation of 

reproducibility (RSDR) are expressed as percentages. 

 

The relative within and between laboratory method performance statistics for the 

validated official chemical reference testing of milk for fat, protein and lactose are 

shown in Table 3.4. The average RSDr and RSDR values for the spectrophotometric 

MUN method in the present study (Tables 3.1 and 3.2) are comparable to the average 

RSDr and RSDR values for chemical reference methods for measurement of the fat, 

protein, and lactose concentration in milk. Particularly, the lactose method from Table 

3.4 (AOAC method 2006.06; Lynch et al., 2007) is very similar in procedure to the 

MUN enzymatic spectrophotometric method reported in the current paper. Both 

methods involve enzymatic hydrolysis reactions, where NADPH or NAD+ is oxidized 

or reduced, respectively, and the reduced form acts as the absorbing molecule during 

the UV-Vis absorbance measurement. The materials and apparatus used, and the steps 

performed for the two methods are very similar as well. Therefore, these two methods 

are a fair comparison. The RSDr and RSDR values for the lactose method and the average 

values for the MUN method are similar (i.e., < 1%), although the values for the lactose 

method are slightly lower. 

Table 3.4. Performance statistics1 from AOAC approved milk component 

determination reference chemical methods. 

Method Reference RSDr RSDR 

Kjeldahl for direct determination of 

total protein nitrogen content of milk 

AOAC 991.22 

Barbano et al. (1991) 

0.285 0.702 
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Mojonnier ether extraction for 

determination of fat content in milk 

AOAC method 989.05 

Barbano et al. (1988) 

0.396 0.512 

Spectrophotometric enzymatic method 

for determination of lactose in milk 

AOAC method 2006.06 

Lynch et al. (2007) 

0.29 0.57 

1Relative standard deviation of repeatability (RSDr) and relative standard deviation of 

reproducibility (RSDR) are expressed as percentages. 

 

 

Individual laboratory performances with the MUN enzymatic spectrophotometric 

method when compared to all-lab mean values. Examples of within lab performance 

of the enzymatic spectrophotometric method are shown in Figures 3.1 through 3.5. 

Residual plots of an individual laboratory’s test result minus the all lab mean for each 

sample plotted as a function of MUN concentration (mg/100 g milk) for two individual 

laboratories for one 14-sample set of the modified milk set analyzed using the MUN 

enzymatic spectrophotometric method are shown in Figures 3.1 and 3.2 for laboratories 

1 and 2, respectively.  In general, when the mean result for the 14 samples was lower or 

higher than the all laboratory means, the residual plot showed a similar low or high bias 

on all samples for that laboratory. Overall, the slopes of the regression plots of residual 

differences from all lab mean reference value for individual labs were not significantly 

different (P > 0.05) than zero. Most of the bias for individual labs in this MUN 

determination method is likely due to differences in cuvette path length among 

laboratories, as each laboratory uses a different batch of disposable cuvettes, which may 

have a different mold number than for another laboratory. The path length determination 

done for each box of cuvettes (100 cuvettes per box) and the relative cuvette path length 

correction factor used for the calculation of MUN concentration, mentioned previously 

and described in detail by Lynch et al. (2007), tends to decrease this bias, but some 
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residual bias can still be present. Lynch et al. (2007) showed how incorporating a path 

length correction in the lactose method improved within- and between- laboratory 

agreement of results and this same approach has been applied for the MUN method in 

the group of USDA Federal Milk Market and affiliated laboratories. 

Residual plots of an individual laboratory’s test result minus the all lab mean for 

each sample plotted as a function of MUN concentration (mg/100 g milk) for three 

individual laboratories for a blind duplicate set of 8 raw bulk tank farm milk samples 

analyzed using the MUN enzymatic spectrophotometric method are shown in Figures 

3.3, 3.4, and 3.5 as a comparison to method performance on the modified milk samples 

shown in Figures 3.1 and 3.2. The distribution of the deviations from the all lab mean 

for the individual farm milks are similar to those observed for the modified milks 

(Figures 3.1 and 3.2).  

 

Figure 3.1. Residual plot of the differences from the all-laboratory mean of the MUN 

enzymatic spectrophotometric result of Lab 1, as a function of the MUN content of the 

modified milk samples. The MUN content and difference from all-laboratory mean are 

expressed in units of mg of MUN/ 100 g of milk. 
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Figure 3.2. Residual plot of the differences from the all-laboratory mean of the MUN 

enzymatic spectrophotometric result of Lab 2, as a function of the MUN content of the 

modified milk samples. The MUN content and difference from all-laboratory mean are 

expressed in units of mg of MUN/ 100 g of milk. 

 

 

Figure 3.3. Residual plot of the differences from the all-laboratory mean of the MUN 

enzymatic spectrophotometric result of Lab 3, as a function of the MUN content of the 
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blind-coded, raw milk samples. The MUN content and difference from all-laboratory 

mean are expressed in units of mg of MUN/ 100 g of milk. 

 

 

Figure 3.4. Residual plot of the differences from the all-laboratory mean of the MUN 

enzymatic spectrophotometric result of Lab 4, as a function of the MUN content of the 

blind-coded, raw milk samples. The MUN content and difference from all-laboratory 

mean are expressed in units of mg of MUN/ 100 g of milk. 

 

 

Figure 3.5. Residual plot of the differences from the all-laboratory mean of the MUN 

enzymatic spectrophotometric result of Lab 5, as a function of the MUN content of the 
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blind-coded, raw milk samples. The MUN content and difference from all-laboratory 

mean are expressed in units of mg of MUN/ 100 g of milk. 

 

CONCLUSIONS 

 

The within- and between- laboratory performances (repeatability and 

reproducibility, respectively) of the MUN enzymatic spectrophotometric method were 

described and evaluated using both modified milk samples and individual bulk tank raw 

milk samples. The average relative standard deviation of repeatability and 

reproducibility were 0.57% and 0.85%, respectively, for this method when testing 

individual farm milks. The spectrophotometric MUN method demonstrated better 

within and between laboratory performance than other MUN determination methods 

reported in the literature. The method also showed similar performance statistics to other 

AOAC accepted chemical reference methods for primary milk component 

determinations, with the average of all RSDr and RSDR values being < 1%.  An official 

collaborative study of the enzymatic spectrophotometric MUN method to achieve 

IDF/AOACI/ISO official method status is needed. 
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CHAPTER 4 

 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

A modified milk calibration 14-sample set with an orthogonal design (i.e., no 

correlation among concentration) for fat, protein, and lactose was redesigned to add a 

new orthogonal parameter of milk urea nitrogen (MUN). Each of the four milk 

components had a wide range of concentration and concentration uniformly distributed 

across the concentration ranges. The MUN parameter added to the calibration set was 

made maintain orthogonality with fat, protein, and lactose, meaning that the 

concentrations of each component within the set of samples varied independently from 

one another from sample to sample (no correlation between component variations). 

Adding MUN was successfully accomplished without altering the ability to reach target 

concentrations of the other three components. The purposes of the set were multifold: 

1) to evaluate and troubleshoot MUN reference chemical method performance,  2) 

determine the within and between laboratory performance of the reference method for 

MUN with a group of > 8 laboratories, 3) serve as a set of reference samples to make 

calibration adjustments (i.e., slope and intercept) of the MUN parameter on infrared 

milk analyzers, and 4) evaluate the performance of three different MUN PLS models 

from three individual milk MIR instruments.  This set of samples is being produced 

once every 4 weeks and is being used by the USDA Federal Milk Market Laboratories. 

An enzymatic spectrophotometric MUN reference method was evaluated for 

within and between laboratory performances using the 14-sample modified milk sample 

set. The within and between lab performance of the spectrophotometric reference 

method was determined with a group of 9 laboratories and with both the modified milk 
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calibration sample set and with sets of bulk tank farm milks from different regions of 

the country. The within and between laboratory method performance was similar on 

both modified milk samples and farm bulk milk samples.  The enzymatic 

spectrophotometric method was more repeatable and reproducible than other available 

official reference methods for MUN determination. Additionally, its performance was 

comparable to other AOAC milk component determination methods (e.g., fat, protein, 

and lactose) currently used to obtain reference values for the calibration of milk MIR 

instruments.   

The redesigned modified milk calibration samples, with the new MUN 

parameter included, were also used to evaluate MUN PLS models from different MIR 

instruments. Depending on the milk sample population used to develop the model, PLS 

models can be quite different, and, therefore, their accuracies can vary as well. Because 

the 14 modified milk calibration set of samples have a wide range of MUN 

concentrations, but still maintain orthogonality in the set relative to the concentrations 

of the other main milk components (fat, protein, and lactose), correlations between the 

MUN predictions by a PLS model from each instrument and concentrations of primary 

milk components can be used to diagnose weaknesses in the PLS models. Using the 

modified milk calibration set, the difference in the MUN PLS prediction and the MUN 

reference values were graphed as a function of different milk component concentrations 

(residual plot of MUN as a function of a primary milk component) to determine whether 

a large slope (significantly different from zero (P < 0.05)) and a strong correlation (high 

R2) were observed. PLS MUN predictions showed strong correlations to fat in one 

instrument, and protein in another. There is an opportunity to do additional PLS model 
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development to improve the accuracy of MIR milk analyzers for measurement of MUN 

concentration. 

In the future, an official AOACI method performance and validation study 

should be conducted and published following AOACI/IDF/ISO guidelines for 

interlaboratory studies to obtain official status of the spectrophotometric MUN method. 

A new PLS model development for MIR milk analysis of MUN is needed that builds a 

modeling population of spectra that will address the weaknesses identified in the current 

MIR milk MUN prediction models.   

 


