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a b s t r a c t

The objective of this study was to develop a statistical model for predicting egg yolk contamination level
in egg white using a spectroscopic method. Eggs that were stored for 0, 0.5, 1.0, 1.5, 2.5, and 6.5 wk at 4 �C
were manually processed to cleanly separate the yolk from the white. Egg white samples containing
0e0.5% (w/w) of yolk were prepared by adding yolk to the white and further diluting with the pure egg
white. Transmission spectra of samples were acquired at 500 nm wavelength. The optical absorbance of
the “contaminated” egg white samples positively correlated with the yolk concentration, and its intensity
was affected by the freshness of eggs, egg variety, and measuring temperature. A nonlinear prediction
model, or a detection function, was developed using 182 measurements to predict yolk concentration
with a known storage time. This highly sensitive method was validated using 102 separate
measurements.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Eggs from the hen are a high quality food and have the lowest
price per unit weight compared to other animal proteins (United
States Department of Agriculture, 2012). It consists of a cuticle
layer, pore canals, a hard shell, two shell membranes, egg white or
albumen, yolk, and vitelline (yolk) membrane (United States
Department of Agriculture, 2000). Because of their unique func-
tionalities, egg yolk and white have different markets. Many foods
such as meringues, angel cakes, and other bakery products, are
prepared using egg white because of its foaming ability. Egg yolk,
being an excellent emulsifier, is also used extensively in the food
industry, such as mayonnaise, salad dressing, and sauces. In com-
mercial egg breaker plants, shell eggs are broken and the edible
portions are separated into yolk and white. Of the 223.7 million
cases of shell eggs (or 80.5 billion eggs) produced in U.S. in 2012,
approximately 32% underwent breaking for further processing
: þ1 515 294 8181.
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(American Egg Board, 2013). Accidental contamination of egg white
by yolk during the breaking operation often occurs, which de-
creases egg white’s functionalities and performance and results in
economic loss. Yolk has a detrimental effect on the foaming prop-
erties of egg white. The presence of even small quantities of yolk
(0.02e0.1%) caused significant reduction in egg white foaming ca-
pacity (Kobayashi, Kato, Ohmiya, & Shimizu, 1980; St. John & Flor,
1931; Wang & Wang, 2009). The possible reasons as given in pre-
vious studies were that lipids in yolk compete with proteins to be
adsorbed to the airewater interface, resulting in a less stable
viscoelastic film (Alleoni & Antunes, 2004), and/or the lipids form a
complex with ovomucin, one of the major proteins in albumen, and
thus inhibit the foaming functionality (Lomakina & Míková, 2006;
Stadelman & Cotterill, 1995).

Automatic egg breaking machine is widely used and the
breaking speed has increased up to 400 cases (or 144,000 eggs) per
hour (Moba, 2013). The problem of yolk contamination is becoming
more critical with the high speed of egg breaking and high demand
for product consistency. Because it is practically impossible to
produce completely yolk-free white on a commercial production
scale, it is important to develop a rapid and sensitive in-line
detection method to provide timely feedback to the breaker oper-
ator in order to improve the processing efficiency and product
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quality. Chemical methods for yolk detection are usually tedious
and time-consuming. Nielsen (2000) used chemical method to
determine yolk contamination in the range of 0.005e0.4% by
colorimetric quantification of cholesterol or ester following lipid
extraction. Some advanced egg breakers are equipped with an
electronic yolk scanner, which catches the color differential be-
tween yolk and white under special LED light to detect yolk
contamination. The yolk scanner was reported to be able to detect
0.03% fat (equivalent to 0.1% yolk contamination) in albumen
(Moba, 2013). UV/VIS/NIR transmission light has been increasingly
used to predict egg freshness and quality as well as for many other
agricultural products because it is rapid and non-invasive (Birth,
Dull, Renfore, & Kays, 1985; Slaughter & Crisosto, 1998). Attempts
to predict egg freshness were made using transmission spectral
data obtained from 411e1729 (Abdel-Nour, Ngadi, Prasher, &
Karimi, 2011), 500e900 (Kemps et al., 2007), and 400e600 nm
(Liu, Ying, Ouyang, & Li, 2007). Recently, we reported the feasibility
of detecting trace amount of yolk contamination in egg white using
UV/VIS spectroscopy, and the initial attempt to select an optimal
wavelength for the prediction using partial least square regression
(Liu, Yao, Wang, Li, & Yu, 2014).

Chemical and physical properties of egg white change with
storage time, temperature and humidity. The pH of the albumen of
freshly laid eggs is usually between 7.6 and 8.5 (Macherey, 2007, pp.
3e17). With the loss of CO2 during storage, the pH of egg white in
shell egg rises to a maximum of 9.5 in the first few days. The in-
crease of pH results in the gel-like thick albumen losing its vis-
cosity, a phenomenon referred as egg white thinning (Omana,
Liang, Kav, & Wu, 2011). Egg white thinning is an important indi-
cator for egg freshness. As an egg ages, the yolk membrane strength
decreases and this makes it even more difficult to cleanly separate
yolk from thewhite (Stadelman & Cotterill, 1995). Egg quality is also
affected by genetics, feed and environmental factors (Lomakina &
Míková, 2006; Samli, Agma, & Senkoylu, 2005).

The objective of this study was to demonstrate the development
of a prediction model for quantifying egg yolk contamination in egg
white using UV/Vis spectroscopy. Effects of storage time, pH, egg
variety, and measuring temperature on the spectroscopic detection
of yolk in egg white were evaluated.

2. Materials and methods

2.1. Materials

Fresh eggs fromHy-LineW-36 laying hens were obtained from a
commercial production facility (Stuart, IA). Fresh eggs from three
different breeds of hens, Fayoumis-38 (denoted as M), Broilers-67
(B), and Leghorns-W36 (L) raised for poultry breeding research,
were obtained from the Iowa State University Poultry Farm
(Department of Animal Science, ISU, IA) in order to study the effect
of egg variety on spectral signal (Section 2.7).

2.2. Preparation of egg yolk-contaminated egg white

The eggs were processed immediately or stored at 4 �C upon
collection. A sufficient number (w30) of eggs were manually
broken to obtain pure egg white. The chalazae were manually
removed. The adhering albumen on the yolk was removed by
rolling the yolk on a filter paper. The pooled egg white (about
800 mL) was homogenized with a Bamix brand hand-held blender
(Switzerland) set at the “low” speed for 5 s with one pulse per
second, after which an apparent decrease in viscosity of albumen
was observed. Then the egg white was mixed for another 15 min
using a magnetic stirring bar set at 60 rpm at ambient temperature.
Three yolk-contaminated egg white samples with a yolk
concentration of 0.1% w/w were prepared by adding 0.1 g of yolk to
100 g of egg white, and the sample was mixed with a magnetic
stirring bar at 150 rpm for 15 min. Each of the 0.1% yolk in white
samples was diluted using pure egg white to produce a series of 10-
g samples with yolk concentrations of 0.075, 0.05, 0.025, 0.02,
0.015, 0.01, 0.0075, 0.005, 0.0025, and 0.001% w/w. A contamina-
tion level of 0.5% was prepared by adding 0.05 g yolk to 9.95 g egg
white. The 10-g yolk-white samples were mixed with a magnetic
stirring bar at 200 rpm for 7 min. As a result, three replicates were
obtained for each contamination level. All the sample preparation
was done at an ambient temperature and using an analytical bal-
ance (Model A 250, Fisher Scientific, Pittsburgh, PA) with 0.1 mg
precision. Sample containers (glass beakers) were covered with
aluminum foil during the preparation to minimize the moisture
loss, and final samples for spectroscopic measurements were
stored in screw capped glass vials. The prepared yolk-white
mixture and the pure egg white control were stored at 4 �C for
1 h then immediately measured except for those samples used for
testing the effect of measuring temperature on signal intensity.
2.3. UV/Vis/NIR spectroscopic analysis

LAMBDA 750 UV/Vis/NIR Spectrophotometer (PerkinElmer, Inc.,
Waltham, MA) was used for the acquisition of the transmission
spectra of the samples. The sample was scanned from 200 nm to
860 nmwith 2 nm interval using Deuterium lamp. Data acquisition
was controlled by UV/Vis Winlab software (PerkinElmer, Inc.,
Waltham, MA).
2.4. Effect of storage time on the intensity of spectral signal

Eggs (Hy-Line W-36) were stored at 4 �C and sampled at 0, 0.5,
1.5, 2.5, and 6.5 wk. About 30 eggs were processed (as described in
Section 2.2) at each sampling time to study the effect of storage
time on yolk detection.
2.5. Effect of pH on the intensity of spectral signal

Egg white obtained from 30 fresh eggs (Hy-Line W-36, pH 8.1)
was pooled and its pH was adjusted to 9.0 using 1 N NaOH. Then a
series of samples with yolk concentration from 0.001 to 0.1% was
prepared from pH adjusted and non-adjusted egg white as
described in Section 2.2.
2.6. Effect of measuring temperature on the intensity of spectral
signal

Because eggs in the commercial plant may be stored in cold
roombefore processing, or theymay be left at ambient temperature
before entering the breaking room, the actual temperature of the
sample during breaking and measurement may vary. We examined
the effect of measurement temperature (4 �C, 15 �C and 25 �C) on
the spectral characteristics. Samples prepared from the fresh eggs
(Hy-Line W-36) were used. Each 10-g yolk-white sample was
divided into 3 subsamples and stored separately at 4 �C, 15 �C, and
25 �C for 1 h before spectroscopic measurements. Three replicates
for each temperature and concentration combination were used.
The storage temperature was monitored using a thermometer and
was consistent throughout the experiments. The spectrophotom-
eter did not have temperature control, but because each scan was
finished in less than 5 s, the deviation of the measuring tempera-
ture from the storage temperature was considered negligible.
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2.7. Effect of egg variety on the intensity of spectral signal

Fresh eggs from Hy-Line W-36 laying hens (or commercial eggs,
abbreviated as H) were compared with three research farm eggs
(i.e. L, M, and B) for the effect of egg variety on the UV/Vis detection
signal.

2.8. Statistical prediction model based on absorbance values and
storage time

For the prediction model development, we used 182 data points
whose absorbance values were obtained at 500 nm from the study
described in Section 2.4. The relationships between absorbance
values and contamination levels, subjected to the different storage
times, were explored geometrically. The relationship was modeled
by an absorbance function Aðc; tÞ, which was fitted to the data
using the generalized least squares (McCullagh & Nelder, 1989),
where the form of the weighed matrix was of compounded sym-
metry based on the experimental design. The 95% Wald confidence
intervals for the fitted parameters were obtained for inference.

The prediction model of contamination levels using absorbance
values and storage times was derived by the inverse absorbance
function, A�1ðc; tÞ. The prediction intervals were derived using the
Delta Method (Serfling, 1980). Independent data set of 102 samples
(all fresh eggs with storage time of 2 h) was used for validation and
examination of the method, and comparison of the prediction
performances of the proposed model and other data driven
methods from statistical learning were reported as well.

Defined by the fitted parameters of the proposed prediction
model, sensitivity coefficient showed that the model was able to
boost weak signal for fresh eggs to detect low contamination levels.
The limit of detection (LOD) for contamination in fresh eggs was
identified based on the prediction intervals.

In addition, a two-way factorial analysis was performed on the
log-transformed data to test the significance of the differences
among egg variety across yolk contamination, and measuring
temperature across yolk contamination.

The computation and statistical analysis were conducted using
SAS (Version 9.3, SAS Institute Inc. Cary, NC), R (version 2.15.3) and
Matlab (version R2012a).
Fig. 1. The transmission spectra (200e860 nm) of egg white samples containing 0e0.1% egg
0.0075, 0.005, and 0.001% were not included to improve the graph clarity, but their curves
3. Results and discussion

3.1. Wavelength selection for model development

Statistical learning methodologies such as partial least square
regressions (PLSR), ridge regressions and principal component re-
gressions (PCR) were applied for optimal wavelength selection
based on an implicit linear model assumption (Abdel-Nour et al.,
2011; Osborner, Jordan, & Kunnemeyer, 1997). Based on a method
similar to that of PLSR, optimal wavelengths 378 and 430 nmwere
selected for the prediction of yolk contamination in our previous
report (Liu et al., 2013). Recently, Bayesian variable selection was
proposed to accommodate the high dimensionality and lack of in-
dependence for optimal wavelength selections (Brown, Fearn, &
Vannucci, 1999; Brown, Vannucci, & Fearn, 1998; Tadesse,
Vannucci, & Lio, 2004). For such work, one may adopt methods
such as Bayesian variable selection andhighdimensional hypothesis
testing to refine the optimalwavelength selectionwithout assuming
linearity and target on prediction powers. In this study, we used
500 nm for all the analysis to demonstrate the development of a
statistical predictionmodel. Based on our experimental observation
(Sections 3.2 and 3.3), it is highly likely that the difference in the
absorbance of different level of yolk contamination was resulted
fromthe turbidity changeof eggwhite, so that 500nm, awavelength
fromthe visiblewavelength range,was appropriate touse as used by
many other emulsion turbidity studies. Our demonstrated predic-
tion model is compatible with other wavelengths as well.

3.2. Effect of yolk concentration on the optical absorbance of egg
white

Fig. 1 shows that the absorption spectra of egg white (with or
without yolk) had maximum absorbance peaks at the region of
280e310 nm, which might be attributed to the aromatic amino
acids in the egg white protein. Within the range of visible light
(400e700 nm), the absorbance of egg white decreased with
increasing wavelength, as typically observed in colloids when the
particle size is smaller than the wavelength, and the so-called
Rayleigh scattering occurs (Pickering, 1992). Liquid egg white is a
colloidal solution of water (84e89%) and protein (10e11%) (Li-Chan
yolk. The values in the legend were the yolk concentration (%). The scans of 0.5, 0.025,
were in the same shape and order. Measuring temperature was 4 �C.



Fig. 2. Images of egg white proteins observed under optical microscope with 100�
magnification. Left: fresh egg white; right, fresh egg white contains 0.5% yolk. The
measuring bar represents 10 mm.
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& Nakai, 1989). Egg white proteins are mainly glycoproteins and
water soluble. Ovalbumin is the most abundant protein in egg
white, constituting about 54% of total egg white protein, followed
by ovotransferrin, ovomucoid, ovomucin, lysozyme, globulin and
other minor proteins. Ovomucin is the main contributor for its gel-
like structure, and globulin is important for the foaming properties
of egg white (Li-Chan, Powrie, & Nakai, 1995). Egg white is a
translucent and viscous colloid.

The major constituents in egg yolk are water (49%), lipid (32e
36%) and protein (16e17%) (Li-Chan & Nakai, 1989). The yolk lipids
are present in the lipoprotein particles. Adding egg yolk to egg
white meant adding less dispersible components to the albumen,
increasing the turbidity of the egg white as observed visually. It was
noticed that egg yolk also caused random aggregation of egg
white’s globular proteins as shown in Fig. 2. The complexes and
aggregates formed by yolk component and ovalbumin change the
folding structure of the protein (Lomakina & Míková, 2006). Both
the insoluble lipoproteins and induced aggregates altered the
scattering of the transmitting light and thus resulted in a higher
absorbance value. Therefore, we observed a consistent increase of
absorbance with yolk concentration at a fixed wavelength as
illustrated in Figs. 1 and 3.

3.3. Effect of storage time on optical change of egg white
contaminated with yolk

Egg storage time affected the degree to which yolk contami-
nation increased absorbance (Fig. 4). The slope of the curve
Fig. 3. The change of absorbance with yolk concentration at various wavelengths. The data
three samples.
decreased with longer storage time, which means that for aged
eggs, the difference in absorbance among different yolk contami-
nation levels became smaller. In general, at a given yolk concen-
tration, aged egg gave lower absorbance than fresh one. The effect
of storage on egg white quality has been well studied (Lomakina &
Míková, 2006; Stadelman & Cotterill, 1995). The change of pH and
viscosity of egg white, and protein degradation during storage
may have resulted in the interaction and relationship between
yolk concentration and light transmittance as shown in Fig. 4. The
main effect of egg storage time was found to be significant
(p < 0.05). The greatest changes of absorbance occurred in the first
two weeks.

In commercial egg production, eggs from in-line systems are
washed and processed within a day after they are laid. However,
eggs from off-line systems may be stored up to 7e10 days under
refrigeration before they are processed (American Egg Board, 2014).
The difference in the egg production and processing management
systems can result in variations in hen’s age, egg storage time, and
temperature of eggs after washing and breaking. The liquid egg
from the refrigerated eggs is expected to be cooler than that from
the in-line eggs. These can all have great impact on the spectro-
photometric measurement.
3.4. Effect of pH on optical change of egg white contaminated with
yolk

One of the most pronounced change during egg storage is the
increase of egg white pH due to the loss of CO2 through the pores of
the shell. The high pH leads to proteolysis, and along with the
enzyme catalyzed protein hydrolysis, the thinning of egg white
occurs (Omana et al., 2011). Light scattering is expected to decrease
with increasing amount of soluble peptides. When yolk concen-
tration was less than 0.05%, no apparent difference was detected
between the pH adjusted (pH 9.0) and control (pH 8.1) samples
(Fig. 5). However, at higher yolk concentrations 0.075 and 0.1%, the
pH adjusted samples gave much lower absorbance than the non-
adjusted sample. It should be noted that samples with adjusted
pHwill not have experienced chemical degradation. Any changes in
these samples will be due to physical interactions; for example,
protein dispersion (Zayas, 1997, p. 33), leading to lower absorption
rates than those observed with low pH samples.
were from one batch of fresh eggs. The error bars represent the standard deviation of



Fig. 4. Effect of egg storage time on the absorbance of egg white with various levels of yolk contamination. Error bars represent the standard deviation of three samples. The
measuring temperature was 4 �C.
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3.5. Effect of egg variety on optical change of egg white
contaminated with yolk

Among the four types of eggs there were differences in size and
shell color. The genetic lines of research farm laying hens were
unique to the ISU research farm due to their genetic selection
program. Regardless of the yolk contamination level, the com-
mercial eggs H (Hy-Line W-36) and the research farm egg M gave
significantly higher absorbance than the other two research farm
eggs L and B (p< 0.05). Therewas no significant difference detected
between H and M, or B and L (Fig. 6). Genotype and age of laying
hens (can be up to 130-wk after two moltings) affected the egg
quality as reported by Scott and Silversides (2000) and Silversides
and Scott (2001). Genetic factors seemed to only have a minor ef-
fect on egg white-yolk mixture’s absorbance in this study. With the
use of uniform breed, commercial production methods and feeding
practices in compliance with U.S. egg industry regulations, we do
not expect significant inherent egg quality differences.

3.6. Effect of measuring temperature on optical change of egg white
contaminated with yolk

Measuring temperature affected the absorbance (Fig. 7). Sam-
ples measured at 4 �C gave significantly higher absorbance than
those at 15 and 25 �C (p< 0.0001). At low concentration (<0.025%),
the effect of temperature on the absorbance was greater. There was
no significant difference between 15 and 25 �C (p > 0.05). The
absorbance obtained from pure egg white as measured at the three
temperatures was the same. It suggests that the impact of
measuring temperature resulted from the egg yolk. At 4 �C, some of
the yolk lipids might have crystallized or the lipoprotein particles
formed larger aggregates and thus altered the light scattering.

The Food and Drug Administration’s (FDA) 2009 Shell Egg Safety
Rule requires egg producers to refrigerate shell eggs at 7.2 �C if it
will take longer than 36 h to reach the processing facility or during
storage and transportation to prevent Salmonella Enteritidis
contamination (FDA, 2009). However, egg breaking typically occurs
at an ambient temperature. Therefore, the actual temperature
during UV/Vis measurement may vary depending on the egg’s
“stand-by” time. Good manufacture practice for maintaining a
consistent temperature during breaking should be enforced so that
temperature is not a random variable during breaking and product
monitoring. If the measuring temperature is determined as an
influencing factor, it should be considered to ensure accurate yolk
quantification.

Although the prediction model developed in Section 3.7 used
data from one temperature (4 �C), the proposedmodeling approach
can be used for any new set of data at any temperature. Therefore,
in the future designing of an in-line detector, the temperature
measured during breaking can be built into the prediction model as
a calibration tool for an individual breaker plant.

3.7. Development of the prediction model for quantifying yolk
contamination level

Existing prediction models naturally can be divided into two
groups: the data driven models like support vector machine,
random forest, gradient boosting machine or principal component
regression (Hastie, Tbshirani, & Friedman, 2009); and the mecha-
nism driven models like structure equation models and mathe-
matical models. Data driven models have the advantages for data
with high dimensionality and complex interactions, but lack of
interpretability in general. In contrast, for data with relatively small
number of predictors, mechanism driven models can provide
reasonably accurate predictions and preserve interpretations of
underlying mechanisms. To predict the yolk contamination level
with absorbance values, we therefore utilized mechanism driven
model for its interpretability and robust performance.

We focused on the relationship among the contamination levels,
absorbance values and storage times for modeling.

3.7.1. Modeling development
We performed log-transformation to the data (absorbance

values) for analysis and modeling to accommodate the fact that the
margin distribution of data was right skewed. Data presented later
are log-transformed data unless otherwise specified.

The experiment of testing the effect of storage time on the
absorbance of egg white with various yolk contamination levels
followed a split-plot design, which can be modeled by a linear
mixed model (Morris, 2010):



Fig. 5. Effect of pH on the absorbance of egg white with various levels of yolk contamination. Data were the average of three measuring temperatures of 4, 15, and 25 �C (each
temperature has three replicates). Error bars represent the standard deviations. The pH values are 9.0 and 8.1 for the pH adjusted and pH control samples.
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Yijk ¼ mþ ai þ bkðiÞ þ ðabÞikðiÞ þ hij þ 3ijkðiÞ;

where ai (i ¼ 1,/,6) denotes the storage time, bk(i) (k ¼ 1,/ni) de-
notes the contamination level, and (ab)ik(i) denotes the interaction,
whose existence is suggested by Fig. 4. Independent random
components hijwNð0; s2gÞ and 3ijkðiÞwNð0; s2s Þðj ¼ 1;2;3Þmodel the
sample’s variation and measurement error, respectively. Significant
effects of storage time, contamination level and their interactions
were detected (p-values of F-test were all less than 0.0001). The

estimates of random components of bs2
g ¼ 0:00191 and

bs2
s ¼ 0:0034 were both significant (p-values are 0.0189 and less

than 0.0001, respectively). Hence, the correlations between sub-
samples within each replicate were incorporated for model
development.

The interaction of contamination level and storage time was
considered for the prediction model. We denoted the log-
absorbance value by A and considered it as a function of
contamination concentration c and storage time t, i.e. AdAðc; tÞ.
Fig. 6. Effect of egg variety on the absorbance of egg white with various levels of yolk
contamination. H stands for Hy-Line W-36, M for Fayoumis-38, B for Broilers-67, and L
for Leghorns-W36. Error bars represent the standard deviation of three samples. The
measuring temperature was 4 �C.
Function A is thus the absorbance function. Fig. 4 suggests that
Aðc; $Þ is a family of concave functions with respect to c. In addi-
tion, the growth rate of the absorbance function with respect to
the concentration, vAðc; tÞ=vc; is nonnegative for a small enough
concentration ðvAðc; tÞ=vcÞðt2Þ < ðvAðc; tÞ=vcÞðt1Þ with t2 > t1.
Plotting absorbance values against the storage time for different
concentrations (figure not included) revealed that with the
increasing of storage time t, the absorbance function Að$; tÞ was
decreasing in a linear fashion and Að$; tÞ’s dependence on storage
time became clearer as the contamination level increased. In
addition, plotting contamination levels against the absorbance
values suggests that the relationship between them can be char-
acterized by an exponential function, whose intercepts change
with storage time.

Based on the above observations, the contamination level can be
described by the absorbance values by

cðA; tÞ ¼ eðb0þb2taÞþðb1þb3taÞA (1)
Fig. 7. Effect of measuring temperature on the absorbance of egg white with various
levels of yolk contamination. Fresh eggs of Hy-Line W-36 were used. Error bars
represent the standard deviation of three samples.



Table 1
Point estimates and confidence intervals of parameters in Equation (2).

Parameter Point estimates 95% Wald confidence interval

bb0 �3.434 (�3.740, �3.128)bb1 2.318 (2.150, 2.487)bb2 1.396 (1.014, 1.779)bb3 0.290 (0.158, 0.423)ba 0.583 (0.431, 0.734)
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so that the absorbance function is

Aðc; tÞ ¼ lnðcÞ � b0 � b2ta

b1 þ b3ta
(2)

where b3 > 0 and a > 0 model the effect of storage time on the
growing rate of absorbance value with respect to contamination
level. Contamination level c, theoretically, might be zero so that in
practice Equation (2) can be approximated by a perturbed version

A 3ðc; tÞ ¼ lnðcþ 3Þ � b0 � b2ta

b1 þ b3ta

for any 3> 0 (a small numerical value to avoid computational dif-
ficulty). Theoretically, A 3/A as 3/ 0 by the continuity of the
absorbance function with respect to contamination level. As the
contamination level approaches to limit, the quantity �(b0þb2ta)/
(b1þb3ta) defines the limiting absorbance values with respect to
different storage times.

Equation (1) is termed the detection function, which is auto-
matically nonnegative for predicting contamination levels.
3.7.2. Model fitting and inference
We fitted the absorbance function to the 182 data points using

the generalized least squares with compound symmetric covari-
ance. The maximum likelihood estimates and asymptotic confi-
dence intervals of parameters are reported in Table 1. Likelihood
ratio test of the fitted model comparing to the linear mixed model
had p-value of 0.99, which shows that the proposed model in
Equation (2) is sufficient to represent the data.

All the parameters are significantly different from zero from the

inference based on confidence intervals. Estimates bb3 > 0; ba > 0
imply that the growth rate of absorbance values with the increasing
Fig. 8. Fitted detection function cðA; tÞ, the d
contamination levels will be compromised by long storage time.
This reflects that the detection power of contamination is reduced
as storage time increases. In addition, the estimated ceiling of
absorbance values (when the contamination level approaches to

the limit) �bb0þbb2t
ba

bb1þbb3tba decreases with respect to increasing storage

times. In summary, longer storage time reduces the detection po-
wer of contamination level.

Fig. 8 demonstrates the fitted detection function, fromwhich we
observe that for the same absorbance values, it requests or predicts
higher contamination level for longer storage time, which is
consistent with the observations in Section 3.3 that storage time
reduces the detection power.

3.7.3. Predictions based on detection function
To utilize the detection function in Equation (1) for predicting

the contamination level based on the storage time and measured
absorbance value, we only need to plug in the estimates from
Table 1 into Equation (1). For example, if the measured absorbance
value is Ameasured (in log-scale) at storage time tmeasured, then the
predicted contamination level is

bcpred : ¼ bcðAmeasured; tmeasuredÞ ¼ exp
��bb0 þ bb2t

ba
measured

�

þ
�bb1 þ bb3t

ba
measured

�
Ameasured

�
:

It remains to derive the variance of predictionbcðAmeasured; tmeasuredÞ to complete the statistical prediction. As the
detection function, Equation (1), is differentiable on the parameter
space, we have the prediction confidence interval derived asymp-
totically using the Delta method (Serfling, 1980). The derivation is
presented in Appendix.

Fig. 9 demonstrates the performance of prediction using Equa-
tion (1) for 102 independent validation samples. The overall per-
formance of prediction is satisfactory and as expected, the
prediction variability increased with increasing predicted
contamination level. One great advantage of this prediction model
is demonstrated by its good prediction performance at low con-
centration range, which would be practically critical for a powerful
yolk contamination detector. In practice, precise measurements are
expected to provide less prediction variability. Table 2 reports the
comparison of prediction performances between the proposed
detection function and other widely used data driven prediction
etection surface, defined in Equation (1).



Fig. 9. Validation of the detection function, Equation (1), using 102 independent data points collected with storage time equal to 0.02 wk. Upper: The straight line indicates the
exact match. Bottom: The vertical bars indicate 95% prediction intervals.
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models: support vector machine, random forest, and gradient
boosting machine. The detection function performed reasonably
well in comparison to other models.
3.7.4. Sensitivity of the method
Sensitivity is defined as the magnitude of change of the log-

absorbance values with respect to changes in yolk contamina-
tions. Using Taylor expansion, it is easy to see that fromEquation (1)

DAdA2 �A1zðc2 � c1Þ
2� ðc2 � c1Þ
2c1ðb1 þ b3taÞ

:

We focused on low levels of contamination so that the incre-
ment Dcd c2 � c 1w o(1), and therefore we can define the sensi-
tivity coefficient to be

sðtÞ :¼ 1
c1ðb1 þ b3taÞ

: (3)
Given the results in Table 1, for fresh eggs (i.e. t/ 0) the
sensitivity coefficient is approximately

bsz 1

c1bb1

¼ 1
2:318c1

¼ 0:43
c1

with 95% confidence interval being ((1/2.487c1), (1/
2.15c1))¼((0.402/c1), (0.465/c1)). The quantity c1, in practice, rep-
resents almost zero contamination and therefore is very small (i.e.
c1 w o(1)). Hence, for fresh egg with very low level of contamina-
tion, the proposed detection function is able to boost small signals
for detection. For example, if the true contamination level has
c2¼0.001% and the control level has c1¼0.0001%, then the detection
function (Equation (1)) can magnify the contamination signal by
4330 times. Thus, the proposed detection function is powerful for
detecting small contaminations of fresh eggs.

Also, it is noticed that s(t) does decrease as storage time in-
creases, i.e. storage time will compromise the detection power,



Table 2
Comparison of prediction performances for the 102 validation data points.

Detection
function,
Equation (1)

Gaussian-SVM Random
forest

Polynomial-SVM GBM

MSE 0.0090 0.0097 0.0129 0.0098 0.0103

Note: The criterion is root mean squared error (RMSE). SVM stands for support
vector machine. GBM stands for gradient boosting machine.
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which is consistent with observations and discussion in previous
sections.
3.7.5. Limit of detection (LOD)
Statistically, a 95% prediction interval with zero included in-

dicates inability to detect the signal or detect the contamination
level, which is an analogy to the classical hypothesis testing
(Lehmann & Romano, 2008; Vardeman & Jobe, 2000). Hence, the
limit of detectable contamination level, cLOD is the level of true
contamination at which the lower bound of the prediction interval
is less than zero. Based on the derivation in Appendix, cLOD is the
solution to the following stochastic algebraic inequality

c2e2
�bb1þbb3t

ba� 3
�
1� Z2a

2
s2

�bb1 þ bb3t
ba�� � Z2a

2

cVcTðcÞbScVcðcÞ (4)

where cVcðcÞT bScVcðcÞ is defined in Appendix, parameters are in
Table 1, Za/2 is (1 � (a/2)) quantile of the standard normal distri-
bution. Random variable 3w N(0,s2) models the measurement er-
ror of the process collecting log-absorbance values, where s2

models the measurement variance.
Using the Monte Carlo method (Robert & Casella, 2005), the

stochastic inequality (Equation (4)) is solved for c given fixed s2 and
small storage time (t¼0.024 is used in the simulation study, which
stands for 4 h, i.e. fresh eggs). The numerical solution suggests that
for a large measurement variance (about 0.2 units) the limit of
detection of contamination level is about 5.75�10�4%, i.e. 5.75 ppm.
In addition, simulation studies (Fig. 10) show that LOD increases as
the measurement variance increases (i.e. the noise will compro-
mise the signal).
Fig. 10. Numerical simulation demonstration of the change of LOD with respect to the
change of measurement variances in collecting absorbance values. Numerical time is
set to be 4 h, i.e. 0.024 wk.
4. Conclusions

Egg yolk concentration in albumen can be predicted using optical
absorbance and a nonlinear prediction model. The change of absor-
bance with yolk concentration was affected by the age of egg, egg
variety, andmeasuring temperature. The statistical predictionmodel
developed in this study demonstrates a methodology for the future
development of an automated and in-line detector, which will
include a spectroscopicmeasurementunit andadataprocessingunit
employing such a model. This is an efficient and sensitive yolk
detection method with the lowest detection limit ever reported.
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Appendix. Derivation of prediction interval

In this appendix, we derive the asymptotic prediction interval
for bcpred using the Delta method. Denote ðbSÞ the sample covariance
matrix of ðbb0;

bb1;
bb2;

bb3; baÞ, we have

bs2
c ¼ cVcT bScVc þ bs2

Ameasured
bc2pred

�bb1 þ bb3t
ba
measured

�2
(A1)

where

cVc ¼ bcpred

0
BBBBB@

1
Ameasured

tbameasured

Ameasuredt
ba
measured�

Ameasured
bb3 þ bb2

�
tbameasured ln t

1
CCCCCA (A2)

Quantity bs2
Ameasured

� 0 is the estimate of the measurement
variation of newly collected absorbance values at storage time
tmeasured. The (1 � a)% prediction interval is therefore,
asymptotically,

bcðAmeasured; tmeasuredÞHZa=2csc
In practice, the procedure to predict unknown contamination

level is:

1. Obtain absorbance values to estimate Ameasured and its variancebs2
Ameasured

;
2. Plug Ameasured, tmeasured into Equation (1) to getbcðAmeasured; tmeasuredÞ using Table 1;
3. Plug Ameasured, tmeasured, and estimates from Table 1 into Equa-

tion (A.2) to get cVc;
4. Obtain bs2

c using cVc, bS (reported in appendix) and bs2
Ameasured

;
5. Report bcðAmeasured; tmeasuredÞHZa=2csc as the prediction interval,

and bcðAmeasured; tmeasuredÞ as the prediction value.

The estimated covariance matrix of parameters in Equation
(A.1) is:

bS ¼

0
BBB@

0:0244 0:0045
0:0045 0:0074
�0:0247 �0:0029

�0:0247 �0:0048
�0:0029 �0:0041
0:0381 0:0073

0:0067
�0:0002
�0:0122

�0:0048 �0:0041 0:0073
0:0067 �0:0002 �0:0122

0:0046 �0:0011
�0:0011 0:0060

1
CCCA
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