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ABSTRACT

The objectives of the study were to estimate the 
reproducibility and repeatability of milk coagulation 
properties (MCP) measured by a computerized rennet-
ing meter (CRM) and to evaluate the predictive ability 
of mid-infrared spectroscopy (MIRS) as an innovative 
technology for the assessment of rennet coagulation 
time (RCT, min) and curd firmness (a30, mm). Four 
samples without addition of preservative (NP) and 4 
samples with Bronopol addition (PS) were collected 
from each of 83 Holstein-Friesian cows. Six hours 
after collection, 2 replicated measures of MCP were 
obtained with CRM using 1 NP and 1 PS sample from 
each cow. Mid-infrared spectra of the remaining NP 
and PS samples from each animal were recorded after 
6 h, 4 d, and 8 d after sampling. Two groups of cali-
bration equations were developed using MIRS spectra 
and CRM measures of MCP as reference data obtained 
from analysis of NP and PS, respectively. Reproducibil-
ity and repeatability of CRM measures were obtained 
from REML estimation of variance components on the 
basis of a linear model including the fixed effects of 
herd and days in milk class and the random effects of 
cows, sample treatment (addition or no addition of pre-
servative), and the interaction between cow and sample 
treatment. Coefficient of reproducibility is an indicator 
of the agreement between 2 measurements of MCP 
for the same milk sample preserved with or without 
addition of Bronopol. Coefficient of repeatability is an 
indicator of the agreement between repeated measures 
of MCP. Pearson correlations between MCP measures 
for NP and PS were 0.97 and 0.83 for RCT and a30, 
respectively. Reproducibility of CRM measures under 
different preserving conditions of milk was 93.5% for 
RCT and 64.6% for a30. Repeatabilities of RCT and a30 
measures were 95.7 and 77.3%, respectively. Based 
on the estimated cross-validation standard errors and 
coefficients of determination and ratios of standard 

errors of cross-validation to standard deviation of ref-
erence data, the predictive ability of MIRS calibration 
equations was moderate for RCT and unsatisfactory for 
a30. Predictive ability of equations based on spectra and 
MCP measures of PS was greater than that of equa-
tions based on data of NP. The study did not provide 
conclusive evidence on the effectiveness of MIRS as a 
predictive tool for MCP and it requires an enlargement 
of the variability of milk sampling circumstances. Be-
cause the relevance of MIRS predictions in relation to 
breeding programs for MCP based on indicator traits 
relies on the genetic variation of MIRS predictions and 
on phenotypic and genetic correlations between MIRS 
predictions and MCP measures, additional specific in-
vestigations on these topics are needed.
Key words:  milk coagulation properties, repeatabil-
ity, reproducibility, mid-infrared spectroscopy

INTRODUCTION

The coagulation ability of milk plays an important 
role in cheese production. This characteristic is partic-
ularly relevant for countries such as Italy where large 
amounts of milk are used for cheese making and for 
manufacturing of typical products (e.g., Parmigiano-
Reggiano, Grana Padano, Pecorino Romano, and Moz-
zarella Campana). The efficiency of milk processing 
is influenced by its chemical and physical properties, 
production technology, and cheese-maker experi-
ence. Casein content and milk coagulation properties 
(MCP) are crucial factors in the cheese-making process 
(Ikonen et al., 2004). Milk coagulation properties are 
the outcome of interactive effects involving several 
aspects affecting the milk coagulation process, such 
as variants of the κ-casein (Mariani et al., 1976) and 
β-lactoglobulin genes (Kübarsepp et al., 2005), titrat-
able acidity (Summer et al., 2002) and pH (Lindström 
et al., 1984), calcium content (Tervala et al., 1985; 
Kübarsepp et al., 2005), and breed (De Marchi et al., 
2007). Because exploitable additive genetic variation 
seems to exist for MCP (Ikonen et al., 1997, 1999; Cas-
sandro et al., 2008), genetic improvement of MCP could 
be an effective way to enhance the efficiency of cheese 
production (Ikonen, 2000).
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Currently, assessment of MCP can be performed 
through milk coagulation meters, which provide mea-
sures of milk rennet clotting time (RCT, min) and curd 
firmness (a30, mm). In addition to the fact that knowl-
edge on reproducibility and repeatability of MCP mea-
sures is scarce, these methods have some unfavorable 
features: measurement is time consuming (31 min per 
analysis) and skilled personnel are required. For these 
reasons, the routine assessment of MCP for all cows 
involved in milk recording programs is practically un-
feasible and, therefore, sire evaluation programs would 
need to be limited to a random sample of offspring per 
sire with unfavorable effects on accuracy of EBV.

Because of the high throughput (potentially hun-
dreds of samples/hour; Foss, 2007), ease of use, and 
reduced cost of analysis (Soyeurt et al., 2006), mid-
infrared reflectance spectroscopy (MIRS) may be a 
possible alternative technique for the assessment of 
MCP, if the accuracy of the measurements is satisfac-
tory. Mid-infrared reflectance spectroscopy has been 
implemented in the measurement of milk protein con-
tent (Etzion et al., 2004) and milk composition (Lynch 
et al., 2006), the assessment of fatty acid contents in 
milk (Soyeurt et al., 2006), the prediction of sensory 
texture and chemical traits of processed cheese (Karoui 
et al., 2006; Fagan et al., 2007), and the quantification 
of acetone in milk for the detection of subclinical ketosis 
(Heuer et al., 2001). Currently, however, studies on the 
application of MIRS techniques for the measurement 
of MCP are not available.

The aims of this study were to estimate the repeat-
ability of MCP measured by using a computerized 
renneting meter (CRM) to evaluate the reproducibility 
of MCP measures under different storage conditions 
of milk samples and to investigate the applicability of 
MIRS as a new technique for the assessment of MCP.

MATERIALS AND METHODS

Sample Collection and Storing Procedures

Individual 400-mL milk samples were collected from 
83 Holstein-Friesian cows [milk yield (mean ± SD): 30.9 
± 7.6 kg/d; milk fat: 3.85 ± 0.78%; milk protein: 3.26 ± 
0.34%] reared in 3 herds. Milk sampling occurred on 
the same day for all cows milked in a herd.

Immediately after collection, each individual milk 
sample was partitioned into 8 subsamples of 50 mL 
each. Four subsamples of each cow (PS subsamples) 
were processed according to International Committee 
for Animal Recording procedures (ICAR, 2006) and 
combined with preservative (Bronopol, Knoll Phar-
maceuticals, Nottingham, UK); the remaining 4 sub-
samples (NP subsamples) were stored with no preser-

vative. All PS subsamples of a cow were refrigerated 
at 4°C: 2 subsamples for 6 h (PS0: 1 subsample used 
for CRM analysis and 1 used for MIRS assessment), 1 
subsample for 4 d (PS4, for MIRS assessment), and 1 
subsample for 8 d (PS8, for MIRS assessment) follow-
ing collection. Two NP subsamples were refrigerated at 
4°C for 6 h (NP0): 1 subsample used for CRM analysis 
and 1 for MIRS assessment, whereas the remaining 2 
NP were frozen and stored at −18°C for MIRS analysis 
carried out 4 (NP4) or 8 d (NP8) after collection, respec-
tively. Milk samples of 4 cows did not coagulate within 
31 min, were classified as not coagulating according 
to the approach of Ikonen et al. (1999), and were dis-
carded from the study. Several environmental factors 
(e.g., parity, lactation stage, season, feeding, and man-
agement practices) can lead to noncoagulated samples 
as reported by Ikonen et al. (2004) and Tyrisevä et al. 
(2004). Studies comparing individual milk samples 
have shown that MCP is also affected by physical and 
chemical parameters such as titratable acidity (Forma-
ggioni et al., 2001), SCC (Politis and Ng-Kwai-Hang, 
1988), protein and casein contents, and calcium and 
phosphorus concentrations (Summer et al., 2002).

Analysis of MCP

In this study, analysis of MCP using a CRM (Polo 
Trade, Monselice, Italy) was considered the reference 
method for the assessment of RCT and a30. The CRM 
is based on the swing of a pendulum driven by an elec-
tromagnetic field. During the milk coagulation process, 
differences in the electromagnetic field are recorded. 
After the addition of the clotting enzyme, coagulation 
takes place and the swing of the pendulum becomes 
smaller because of the enhanced curd firmness (Figure 
1). This tool is often used as reference method to moni-
tor MCP (Ikonen et al., 2004; Cassandro et al., 2008).

Analyses for the assessment of MCP through CRM 
were carried out at the Milk Quality Lab of the Veneto 
Agricoltura Institute (Thiene, Italy) and occurred 
within 6 h of milk sampling. Milk samples were heated 
to 35°C (Ikonen et al., 2004; Cassandro et al., 2008) 
in 3 to 4 min; once 35°C was reached, 200 μL of ren-
net (Hansen standard 190, Pacovis Amrein AG, Bern, 
Switzerland) was added and diluted 1.6% with distilled 
water. Measurements of MCP ended 31 min after the 
addition of the clotting enzyme. Measured traits were 
RCT (the time interval in minutes from the addition 
of the clotting enzyme to the beginning of coagulation) 
and a30 (the width in millimeters of the diagram 31 
min after expressing the firmness of the curd; Ikonen 
et al., 2004; Figure 1). Only NP0 and PS0 milk samples 
were analyzed through CRM and each analysis was 
performed in duplicate. The pH was measured once 
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before heating milk samples, and not in samples with 
added preservative.

MIRS

A total of 474 milk samples (6 samples per cow: 
NP0, NP4, NP8, PS0, PS4, and PS8) were analyzed us-
ing MIRS. All MIRS analyses were carried out at 
the Milk Quality Lab of Veneto Agricoltura Institute 
(Thiene, Italy) using a MilkoScan FT120 (Foss, 2007), 
which scans the medium infrared region from 4,000 
to 900 cm−1 and uses an interferometer. Spectra are 
generated from the resulting interferogram by means 
of fast Fourier transformations (Figure 2). The spectra 
were automatically recorded in duplicate in a database 
(Foss, 2007). The resulting spectral data were stored as 
log (1/R), where R are reflectance values, using WINISI 
II version 1.02 software (InfraSoft International, Port 
Matilda, PA).

Estimation of Reproducibility  
and Repeatability of MCP

Variance components for RCT and a30 measures 
obtained using CRM were estimated with the MIXED 
procedure of SAS (SAS Institute, 2001) based on the 
following mixed linear model:

yijklm = μ + Hi + Dj + COWk:ij + Pl  
+ (P × COW)kl:ij + eijklm,

where yijklm is a RCT or a30 measure provided by CRM 
for NP0 and PS0 samples; μ is the intercept; Hi is the 
fixed effect of herd (i = 1, …, 3); Dj is the fixed effect of 
the stage of lactation (j = 1: <100 d; j = 2: from 100 to 
200 d; j = 3: >200 d); COWk:ij is the random effect of the 
cow (k = 1, …, 79); Pl is the random effect of the treat-
ment (l = 1: samples with no addition of preservative; l 
= 2: samples added with Bronopol preservative); P × 
COW is the random effect of the interaction between 
treatment and cow; and eijklm is a random residual. 
Animal (COW), treatment (P), and P × COW effects, as 
well as residuals, were assumed to be independently 
and normally distributed with a mean of zero and vari-
ance σ σ σ

COW P P COW
2 2 2, , ,× and σ

e
2 , respectively; REML was 

used as the method of estimation of variance compo-
nents.

Reproducibility and repeatability were computed 
according to the guidelines suggested by the Interna-
tional Organization for Standardization (ISO, 1994a,b). 
In this study, definition of reproducibility differed from 
the standard one and aimed to evaluate the agreement 
between measures of MCP obtained using CRM under 
different preservation conditions of milk samples. Eval-
uation of reproducibility was based on 2 parameters: 1) 
reproducibility (RD), defined as the value below which 
the absolute difference between 2 measures of MCP, 
obtained from the analysis of NP0 and PS0 subsamples 
of the same cow, respectively, and which is expected to 
lie within a probability of 95% (ISO, 1994a); and 2) coef-
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Figure 1. Diagram for normally coagulating milk sample produced by computerized renneting meter. The milk coagulation properties 
calculated from the diagram are milk coagulation time (RCT) in minutes and curd firmness (a30) in millimeters (modified from Ikonen et al., 
2004).



ficient of reproducibility (RD%), which is an indicator 
of the degree of agreement between 2 single measures 
of MCP for the same milk sample preserved with no 
addition or with addition of Bronopol preservative.

These parameters were computed as

 RD
P P COW e

= + +×2 2 2 2 2( )σ σ σ  

and

 RD COW

COW P P COW e

% .=
+ + +

×
×

σ

σ σ σ σ

2

2 2 2 2
100  

Two statistical parameters were estimated to evalu-
ate the repeatability of measures of MCP provided by 
CRM: 1) repeatability (RT), defined as the value below 
which the absolute difference between 2 single mea-
sures of MCP obtained by analyzing repeatedly, under 
the same conditions and within a short period, the same 
milk subsample (NP0 or PS0), and which is expected to 
lie with a probability of 95% (ISO, 1994a); and 2) coef-
ficient of repeatability (RT%), which is an indicator of 
the degree of agreement between repeated measures of 
MCP obtained within a short period using CRM on the 
same milk subsample. Functions of estimated variance 
components were

 RT
e

= 2 2 2σ  

and

 RT COW P P COW

COW P P COW e

% .=
+ +

+ + +
××

×

σ σ σ

σ σ σ σ

2 2 2

2 2 2 2
100  

MIRS Calibration Equations

The software used for deriving the calibration was 
WINISI software, version 2. Calibration equations for 
MIRS were obtained using, as reference data, MCP 
measured by CRM on NP0 subsamples and 6 sets of 
data including spectra of NP0, NP4, NP8, PS0, PS4, and 
PS8 subsamples, respectively. Analysis of these sets 
of data provided 6 models to predict MCP of NP0 from 
spectra measured on NP0, NP4, NP8, PS0, PS4, and 
PS8 subsamples, respectively. To optimize calibration 
accuracy, the data were processed to a variety of de-
rivative transformations using common mathematical 
treatments and scatter correction (Martens and Naes, 
1989). The math treatment used was 0,0,1,1, which re-
fers to derivative, gap, smooth, smooth 2, respectively. 
A derivative treatment of 0 means no derivative was 
used, a gap of 0 is the gap over which a derivative 
would be calculated, smooth 1 is the number of data 
points smoothed, and smooth 2 is a second smoothing 
operation, which is nearly always set to 1.

All calibration regression models were estimated by 
modified partial least squares regression (Williams and 
Norris, 2001). Cross validation was performed during 
model development, wherein one-fourth of the popula-
tion samples at a time were temporarily removed from 
the calibration set.

Samples with GH (Mahlanobis distance) and T (Stu-
dent’s t-distribution) values greater than 2.5 and 10, 
respectively, were discarded, and the cycle was per-
formed a second time, so the program removed outliers 
twice before completing the final calibration. The criti-
cal ‘T’ is chosen by the operator to eliminate samples 
from the regression model. A value of 3 is conservative, 
2 is liberal, and 2.5 is recommended. The critical ‘H’ is 
chosen by the operator to eliminate samples with spec-
tral distances too far from the population mean. A value 
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Figure 2. Example of untreated mid-infrared spectrum for milk.



of 10 is recommended. The critical ‘T’ is chosen by the 
operator to eliminate samples with spectral distance 
too far from the population mean. The recommended 
value is 10 (Paulsen and Singh, 2004).

To assess the efficiency of the calibration equations, 
several statistical parameters were estimated: stan-
dard error of cross-validation (SECV) and cross-valida-
tion coefficient of determination (R

CV
2 ) according to 

Haaland and Thomas (1988) and Martens and Naes 
(1989). To evaluate the efficiency of calibration equa-
tions for MCP prediction, the ratio of SECV to the 
standard deviation of reference data (RPD) and the 
ratio of SECV to the range of reference data were com-
puted (RER; Williams and Norris, 2001). If RPD is >2, 
the calibration equation is considered good. On the 
other hand, if RPD ratio is <1.5, the predictions are of 
poor quality and the equation cannot be used in prac-
tice (Sinnaeve et al., 1994). The RER is useful for as-
sessing the practical utility of predictive models. Mod-
els with an RER of <3 have little practical utility; RER 
values between 3 and 10 indicate limited to good prac-
tical utility, and >10 indicates that the model has a 
high utility value (Williams and Norris, 2001).

RESULTS AND DISCUSSION

Descriptive Statistics and Correlations

Descriptive statistics for MCP measured with CRM 
on milk samples preserved with no addition or with ad-
dition of preservative are in Table 1. On average, RCT 
of samples preserved with the addition of Bronopol was 
slightly lower than that of samples with no preservative, 
whereas the average a30 of PS samples exhibited a 10% 
decrease compared with that of NP samples. Variation 
of RCT and a30 was slightly affected by addition of pre-
servative to milk samples: standard deviations of MCP 
were 6% smaller in PS than in NP samples and ranges 
of variation of RCT and a30 were similar for samples 
with added Bronopol and for milk without preserva-
tive. In general, RCT values observed in this study 
were similar to those reported by Summer et al. (1999) 

and Cassandro et al. (2008) for Italian Holsteins, but 
greater than those reported by Tyrisevä et al. (2004) 
and by Ikonen et al. (2004) for Finnish Ayrshire cows. 
These figures indicate a moderate cheese-processing 
aptitude of Holstein cattle milk when compared with 
MCP of milk from other dairy breeds (De Marchi et al., 
2007).

Estimates of Pearson correlations for MCP measured 
by CRM on samples preserved with or without addition 
of Bronopol are reported in Table 2. For RCT, the cor-
relation between samples without and with addition of 
preservative was >0.95 and greater than that for a30 
(r = 0.76; P < 0.01), indicating that measures of RCT 
were less sensitive to different preserving conditions of 
milk samples than were measures of a30 and that the 
ranking of cows based on measured RCT would have 
been similar under different preserving circumstances 
of samples.

Consistent with findings of other studies (Ikonen et 
al., 2004; Cassandro et al., 2008), the correlations be-
tween RCT and a30 were negative (P < 0.01) and ranged 
from −0.78 to −0.71. As time for instrumental assess-
ment of MCP through current milk coagulation meters 
is restricted to 31 min from the addition of rennet to 
samples, less time is available for curd firmness for 
milk with a longer coagulation time, and, consequently, 
the final curd is weaker. Effects of milk preserving con-
ditions on the estimated correlations between RCT and 
a30 measures were trivial.
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Table 1. Descriptive statistics for milk rennet coagulation time (RCT, min) and curd firmness (a30, mm) 
measured by computerized renneting meter 

Statistic

Without preservative With preservative1

RCT a30 RCT a30

Mean 15.24 36.13 15.05 32.43
SD 3.99 8.44 3.78 7.95
Minimum 9.10 17.00 9.20 11.00
Maximum 25.70 55.00 25.80 52.50
1Samples with added Bronopol (Knoll Pharmaceuticals, Nottingham, UK).

Table 2. Pearson correlations (P < 0.001) for milk rennet coagulation 
time (RCT, min) and curd firmness (a30, mm) measured by 
computerized renneting meter 

Trait1 RCTp a30w a30p

RCTw 0.968 −0.776 −0.708
RCTp −0.733 −0.746
a30w 0.827
1RCTw and a30w are measures obtained using milk samples with-
out preservative; RCTp and a30p are measures obtained using milk 
samples added with Bronopol preservative (Knoll Pharmaceuticals, 
Nottingham, UK).



Reproducibility and Repeatability of MCP 
Determined by CRM

Estimates of reproducibility and repeatability for 
RCT and a30 are presented in Table 3. In this study, 
definition of reproducibility aimed to evaluate the 
agreement between measures of MCP obtained for the 
same sample under different preserving conditions of 
milk, rather than to evaluate the consistency of mea-
sures provided by different laboratories or operators. 
For measures of RCT, the estimated RD [i.e., the value 
below which the true absolute difference between 2 
single measures, obtained with the same method of 
analysis applied to the same sample, but with different 
preserving conditions of milk (with or without addition 
of Bronopol) and different time of analysis], which is 
expected to lie within a 95% probability, was 2.5 min 
(i.e., 16% of average RCT). For a30, the estimated RD, 
being 43% of the trait average, was less favorable than 
for RCT.

Results obtained for RD% were consistent with those 
obtained for RD. Again, measures of RCT were more 
reproducible under different preservation conditions of 
milk than were measures of a30. The estimated RD% for 
RCT was >90%, indicating that the influence exerted 
by different preserving conditions of milk, interaction 
effects between preserving conditions and sample 
characteristics, and other residual effects not account-
ed for in the present study, on total variation of RCT 
measures was limited. Conversely, CRM measures of 
a30 were greatly affected by those sources of variation, 
which accounted for more than 35% of total variation 
of the trait; the agreement between measures provided 

by CRM for the same sample preserved with or without 
addition of Bronopol and repeated at different times 
was low. Because effects due to preserving conditions 
of samples and the interaction between preserving 
conditions and sample characteristics accounted for 
only 13% of variation of the trait, low reproducibility 
of a30 assessment was largely attributable to variation 
due to random and unexplainable differences between 
repeated measures made on the same sample.

The degree of agreement between repeated measures 
of MCP was different for RCT and a30. The estimated 
RT was 13 and 35% of the trait average for RCT and a30, 
respectively. For RCT, the estimate of RT% was 0.96 
and was in full agreement with the value of analytical 
repeatability reported by Caroli et al. (1990) for mea-
sures of RCT and a30 obtained using a formagraph. The 
estimated RT% for a30 was unfavorable (RT% = 0.77) 
and not consistent with previous literature estimates 
(Caroli et al., 1990). Based on the estimated param-
eters, assessment of a30 with CRM should be performed 
with replicated analyses.

Prediction of MCP using MIRS

An example of a mid-infrared spectrum is shown 
in Figure 2. Curley et al. (1998) assigned protein to 
specific bands in the mid-infrared spectra of raw milk 
in the 1,570 to 1,550 cm−1 range. These results were 
confirmed by Etzion et al. (2004), Hewavitharana and 
Brakel (1997), and by Luginbühl (2002). Lipids are 
known to contribute to the region 3,000 to 2,800 cm−1, 
which accounts for the observed peaks at 2,928 and 
2,855 cm−1 (Lefèvre and Subirade, 2000). The peak at 
1,748 cm−1 can also be attributed to lipids.

Statistics of prediction results for RCT and a30 are 
presented in Tables 4 and 5. Calibration equations 
were estimated using CRM measures of MCP for 
samples without preservative as reference data and 
spectra measured at 0, 4, and 8 d from collection of 
milk samples. Hence, 6 different calibration equations 
were developed.

Mathematical treatments used were nonderivative, 
first derivative, and second derivative. A first derivative 
pretreatment offered improvement in model accuracy 
for all attributes; hence, those prediction results are 
shown. The math treatment used was 1,5,5,1, which 
refers to derivative, gap, smooth, smooth 2, respective-
ly, for all models, with the exception of 1,5,5,4 for PS8 
samples with preservative (Tables 4 and 5). Samples 
that have GH and T values greater than 2.5 and 10, 
respectively, may be classified as outliers. According to 
these criteria, a fraction of samples, which ranged from 
5 to 14% of total data, were classified as outliers.
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Table 3. Estimates of repeatability (RT), reproducibility (RD), 
coefficient of repeatability (RT%), and coefficient of reproducibility 
(RD%) for milk rennet coagulation time (RCT) and curd firmness 
(a30) measured by computerized renneting meter 

Parameter1 RCT, min a30, mm

Repeatability
 RT 2.04 11.81
 RT%, % 95.7 77.3
Reproducibility
 RD 2.50 14.73
 RD%, % 93.5 64.6

1Parameters: RT
e

= 2 2 2σ , RT COW P P COW

COW P P COW e

% ,=
+ +

+ + +
××

×

σ σ σ

σ σ σ σ

2 2 2

2 2 2 2
100

RD
P P COW e

= + +×2 2 2 2 2( ,σ σ σ and 

RD COW

COW P P COW e

% ,=
+ + +

×
×

σ

σ σ σ σ

2

2 2 2 2
100 where σ σ σ

COW P P C
2 2 2, , ,× OW and 

σ
e
2 are variance components for cow, preservative, preservative × 

cow, and residual effects, respectively.



For reference samples, mean (SD) of RCT (Table 4) 
ranged from 14.54 (3.59) to 14.81 (4.04) min for cali-
brations based on spectra measured on milk with no 
preservative and from 14.64 (3.43) to 14.72 (3.44) min 
for calibrations based on spectra of samples combined 
with Bronopol (data not shown). Therefore, variability 
of coefficients of variation for the 6 sets of reference 
samples was small and ranged from 23 to 27%.

The preferred model for predicting RCT had a SECV 
value of 1.80 min and the corresponding RER value 
was 9.22. The accuracy of each model can be evaluated 
using the coefficients of determination (R2cv) between 
the predicted and measured values, as stated by Wil-
liams (2003). A value for R2cv between 0.50 and 0.65 
indicates that discrimination between high and low 
values can be made. A value for R2cv between 0.66 and 
0.81 indicates approximate quantitative predictions, 
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Table 4. Statistics of number of samples, mathematical treatment, and prediction results for milk rennet coagulation time (RCT, min) using 
mid-infrared spectra 

Parameter1

Samples without preservative2 Samples with preservative3

NP0 NP4 NP8 PS0 PS4 PS8

Samples, n 75 60 57 74 74 76
Mathematical treatment4 1,5,5,1 1,5,5,1 1,5,5,1 1,5,5,1 1,5,5,1 1,5,5,4
SECV 2.16 3.12 3.10 2.12 1.80 2.32
R2

CV 0.64 0.41 0.29 0.63 0.73 0.55
Loadings, n 6 4 4 8 8 8
RPD 1.66 1.29 1.17 1.62 1.91 1.48
RER 7.69 5.32 5.35 7.83 9.22 7.16
1SECV = standard error of cross validation; R2

CV = coefficient of determination of cross validation; RPD = ratio of standard error of cross-
validation to standard deviation of reference data; RER = ratio of standard error of cross-validation to range of reference data.
2Samples without preservative reference data were measures of coagulation time provided by computerized renneting meter for NP0 samples 
without preservative; for samples with preservative, reference data were measures of coagulation time provided by computerized renneting 
meter for PS0 samples with preservative.
3Samples with preservative: samples added with Bronopol (Knoll Pharmaceuticals, Nottingham, UK) preservative; PS0, PS4, or PS8 = milk 
samples analyzed by mid-infrared reflectance spectroscopy 0, 4, or 8 d after collection, respectively; NP4 and NP8 samples with no preserva-
tive addition were frozen.
4Mathematical treatments: The first number denotes the derivative order, the second number denotes the number of nanometers in the seg-
ment used to calculate the derivative, the third and fourth numbers denote the number of data points over which running average smoothing 
was conducted.

Table 5. Statistics of number of samples, mathematical treatment and prediction results for curd firmness (a30, mm) using mid-infrared 
spectra 

Parameter1

Samples without preservative2 Samples with preservative3

NP0 NP4 NP8 PS0 PS4 PS8

Samples, n 74 76 74 75 60 60
Mathematical treatment4 1,5,5,1 1,5,5,1 1,5,5,1 1,5,5,1 1,5,5,1 1,5,5,4
SECV 6.82 7.00 6.90 5.49 6.24 5.59
R2

CV 0.35 0.31 0.32 0.45 0.35 0.45
Loadings, n 4 3 5 4 3 7
RPD 1.24 1.19 1.21 1.34 1.22 1.33
RER 5.57 5.42 5.51 7.56 6.65 7.42
1SECV = standard error of cross validation; R2

CV = coefficient of determination of cross validation; RPD = ratio of standard error of cross-
validation to standard deviation of reference data; RER = ratio of standard error of cross-validation to range of reference data.
2Samples without preservative reference data were measures of curd firmness provided by computerized renneting meter for NP0 samples 
without preservative; for samples with preservative, reference data were measures of curd firmness provided by computerized renneting 
meter for PS0 samples with preservative.
3Samples with preservative: samples with Bronopol (Knoll Pharmaceuticals, Nottingham, UK) preservative added; PS0, PS4, or PS8 = milk 
samples analyzed by computerized renneting meter 0, 4, or 8 d after collection, respectively; NP4 and NP8 samples with no preservative ad-
dition were frozen.
4Mathematical treatments: The first number denotes the derivative order, the second number denotes the number of nanometers in the seg-
ment used to calculate the derivative, the third and fourth numbers denote the number of data points over which running average smoothing 
was conducted.



whereas a value for R2cv between 0.82 and 0.90 re-
veals good predictions. Models having a value for R2cv 
>0.91 are considered to be excellent (Williams, 2003). 
The RCT model (R2cv = 0.73) allowed approximate 
quantitative predictions for RCT values, whereas for 
a30, the model (R2cv = 0.45) did not allow any type of 
discrimination.

Moreover, high values for R2cv and RPD parameters 
are required for potential use of predictive equations. 
For RPD, values >2 indicate good calibrations and 
values <1.5 indicate unreliable predictions (Karoui et 
al., 2006). In this study, models with greater values of 
R2cv also had greater values of RPD. This result is in 
agreement with results of Soyeurt et al. (2006), who 
observed a tight relationship between R2cv and RPD in 
a study aimed at estimating fatty acid content in cow’s 
milk using MIRS.

As a general tendency, prediction equations for RCT 
(Table 4) based on spectra of samples preserved with 
Bronopol exhibited values of validation parameters 
more favorable than those estimated for calibrations 
using spectra of milk with no preservative. Values 
for RPD were very close to or greater than 1.5 for all 
predictive equations based on spectra of milk with ad-
dition of preservative, whereas, for calibrations based 
on samples with no addition of preservative, only the 
equation developed from spectra of samples providing 
reference data (i.e., NP0 subsamples) had RPD >1.5. 
The only equation with RPD close to 2 and R2cv >70% 
was that based on spectra measured on PS4 subsam-
ples. Values for RER provided indications consistent 
with those from inspection of RPD estimates, suggest-
ing that calibrations based on samples preserved with 
Bronopol had better practical utility. Although some of 
these results indicate that MIRS may have a role in the 
prediction of MCP, it is important to note that a critical 
aspect of this study was the development of prediction 
equations on the basis of reference samples collected in 
only 3 herds and over a very short period. Consequently, 
conclusive evidence on the effectiveness of MIRS as a 
predictive tool for MCP requires an enlargement of the 
variability of milk sampling circumstances.

Models for predicting a30 (Table 5) were unsatisfac-
tory for both unpreserved and Bronopol-preserved milk 
samples. The R2cv values were low, ranging from 0.31 to 
0.35 and from 0.35 to 0.45, respectively; the estimated 
RPD were lower than 1.5 for all predictive equations; 
and RER values were less (from 5.51 to 7.56) than 10. 
As reported by Williams and Norris (2001), RER values 
of between 3 and 10 indicate limited to good practical 
utility.

It should also be noted that the loadings incorpo-
rated into the best RCT and a30 models were 8 and 4, 
respectively (Tables 4 and 5). This is a relatively low 
number of loadings, which may provide high model 
robustness. To investigate a molecular basis for the 
prediction of MCP, the model loadings were examined 
(data not shown). The first 2 loadings of the models 
accounted for greater than 70% of the variation in the 
spectral data; however, it was difficult to assign func-
tional groups to individual peaks. In fact, using spectra 
pretreated with a first derivative step, interpretation of 
the loadings associated with these models was difficult. 
This result was because the observed peaks and valleys 
did not follow the raw spectral pattern. Nevertheless, 
the regions of the spectra that seem to be important 
in predicting RCT and a30 were associated with the 
vibration of the C–H, C–O bonds (from 1,200 to 1,000 
cm−1), amide II (1,540, and 3,900 to 3,500 cm−1), and 
lipids (from 2,900 to 1,700 cm−1). These results can be 
explained by the effects of milk protein and fat content 
on milk coagulation. Protein level significantly affects 
coagulation rate, including firming times (Fagan et 
al., 2008). Castillo et al. (2003) stated that increasing 
the protein content of milk decreases the curd firming 
time, whereas Dalgleish (1980) found that increasing 
the casein concentration by ultrafiltration resulted in 
a firmer final curd. Bastian et al. (1991) found that, 
although fat content had no effect on RCT, it did affect 
curd firming, with greater fat levels associated with 
firmer gels.

CONCLUSIONS

Results of this study indicate that the assessment 
of MCP through CRM provides repeatable and repro-
ducible measures for RCT but not for a30. Addition of 
Bronopol preservative to milk samples makes routine 
application of CRM easier, with no detrimental effects 
on the reliability of RCT measures. This study was 
not able to provide positive conclusive evidence on the 
effectiveness of MIRS as a predictive tool for MCP. 
Hence, further investigations ensuring a larger vari-
ability of milk sampling circumstances are needed. For 
breeding programs aimed at enhancement of MCP, the 
low cost of analysis, high throughput, and the possibil-
ity of large-scale sampling make MIRS a potentially 
important alternative to CRM for measurement of 
MCP. However, the relevance of MIRS for programs 
focusing on selection for improved MCP based on in-
dicator traits relies heavily on the genetic variation 
of MIRS predictions of MCP and on the magnitude of 
phenotypic and genetic correlation between MIRS pre-
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dictions and MCP. All of these aspects require specific 
investigations.
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