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Grated Parmigiano—Reggiano cheese holds a valuable market segment and its quality strictly depends on
the amount of rind, size, shape of cheese particles and original cheese properties. Textural properties of
the rind and inner part of the cheese significantly affect size and shape of grated particles. Rind produces
a higher amount of finer and less circular particles than the inner region. Rind content established by
European regulation (maximum 18%) is a major issue and could be successfully predicted by multivariate

models developed on near-infrared (NIR) spectra. Image analysis (IA) was a suitable method to estimate
rind percentage that was found positively correlated to number of particles, total surface covered by
particles and circularity. IA and NIR spectroscopy enabled characterisation of the distribution of the
particle in dimensional classes and could be used to control the maximum limit of 25% of particles finer
than 0.5 mm provided by European regulation.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Cheese rind of a long-ripened cheese has chemical and physical
characteristics different from those of the other parts of the cheese
as it is exposed during ripening to environmental conditions (i.e.,
air, water vapour pressure, light; surface microorganisms, sodium
chloride) that contribute to differently modify the initial properties
of the cheese matrix. The more evident changes for long-ripened
cheeses without a specific surface microbiota are the decrease of
moisture content and water activity, and the consequent decrease
of proteolytic activities catalysed by indigenous proteinases
(Cattaneo et al., 2008; Mayer, 1996). Furthermore, the prolonged
contact with air and light increase the degree of oxidation (Karoui,
Dufour, & De Baerdemaeker, 2007).

These phenomena can impact on the sensory perception of the
rind, that is generally characterised by sensorial properties
different from those of the inner part of the cheese, as evidenced by
the presence of odour and flavour of “rind” among the descriptors
of cheese sensory attributes (Biasioli et al., 2006; Zanoni, 2010).

Industrially, hard long-ripened cheese wheels are brushed and/
or washed and then are either sliced to be sold in portions with or
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without rind or are further processed by grating. The market of
cheese portions without rind created the availability of large
amount of rind with a lower value that can be either sold separately
as is or grated with other trimmed pieces of cheese and/or whole
wheels. As the presence of excessive amounts of rind in grated
cheese can be perceived by the consumer and can have a negative
impact on the sensory characteristics (Zannoni & Hunter, 2015), the
quality of grated cheese depends both on the original properties of
the whole cheese and on the percentage of rind. In this context,
some grated cheese produced under the rules of European Pro-
tected Designation of Origin (PDO) must comply with specific
limitation regarding the presence and percentage of rind (e.g.,
Grana Padano, Parmigiano-Reggiano, Pecorino Sardo; Door, 2018).

Parmigiano—Reggiano (P—R) is a cooked, long-ripened, hard
cheese made in Northern Italy registered as a PDO in the European
Union (European Regulation No. 1151/2012; EU, 2012). The PDO
status of P-R cheese is extended to the grated type, with grating and
packaging operations that must take place in the same area of
origin as that of production. Grated P-R cheese accounted for 13.5%
of the overall market of P-R cheese in 2017 (+5.2% compared with
2016) and this percentage continuously increased in the last years
(Parmigiano-Reggiano Consortium, 2017). PDO designation is
restricted to grated cheeses accounting specific technical parame-
ters, such as minimum 12 months of ripening, fat content not less
than 32% in proportion to dry matter and moisture between 25%
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and 35%. Additionally, the aspect should be homogeneous, with less
than 25% (without specifying if % is in weight or in volume) of
particles having diameter less than 0.5 mm, and a quantity of rind
less than 18% (w/w); rind is defined by the regulation as the
external part of the cheese with a depth of 6 mm (Door, 2018). To
date, no official analytical methods for the quantification of rind
and finer particles are considered by the PDO regulation. The limit
of 18% of rind in grated cheese can be surpassed because of process
issues (e.g., mixing errors before grating when both whole wheels
and trimmed parts are used or during packaging operations) or
because of fraudulent reasons.

Particle size properties are an important issue in the quality
control of food industries since they can affect texture, mouthfeel
and further processing of products. The main techniques employed
to measure particle size range from traditional sieving to sedi-
mentation and light scattering; to this purpose, the use of image
analysis (IA) has proven to be a valid alternative (Brosnan & Sun,
2004; Caccamo et al., 2004; Febbi, Menesatti, Costa, Pari, &
Cecchini, 2015; lezzi et al., 2012; Sugimoto, Hashimoto, Fukuike,
Kodama, & Minagi, 2014), also thanks to the evolution and diffu-
sion of high resolution digital machines. In particular, IA mea-
surements have also been proposed to measure particle size
properties of shredded cheese samples (Ni & Guansekaran, 2004).
Studies in literature reported also the relation between product
hardness and particle size resulting from wheat milling processes
(Campbell, Fang, & Muhamad, 2007; Fang & Campbell, 2003).

In contrast, no literature data were found on the relation be-
tween textural and particle size properties of grated cheese. Con-
cerning the detection of uncontrolled amount of rind in long
ripened grated cheeses, analytical procedures range from chemical
methods (Cattaneo et al., 2008) to NMR techniques (Shintu &
Caldarelli, 2005), capacitive techniques (Cevoli et al., 2015), wave-
guide spectroscopy (Cevoli, Ragni, Gori, Berardinelli, & Caboni,
2012) and near-infrared spectroscopy (NIR) approaches (Barzaghi
et al., 2016; Cevoli, Gori et al., 2013; Cevoli, Fabbri, Gori, Caboni,
& Guarnieri, 2013; Musi & Filippi, 2015). NIR has also been
applied as a good and fast alternative for particle size measure-
ments of lactose monohydrate particles and wheat flour (Frake
et al, 1998; Zhu, Xing, Lu, Huang, & Ng, 2017). Among other
several analytical approaches in food science, NIR offers an inter-
esting option of investigation: it does not require solvents or
sample preparation and the same sample can be employed for
other analytical tests. Moreover, the performance of diffuse
reflectance analysis could be improved by using an integrating
sphere in case of not homogeneous solid foods, especially when the
sample is reduced in powder (Subramanian & Rodriguez-Saona,
2009). Overall costs are low and analysis times are very short if
compared with traditional analytical approaches.

Considering the limitation imposed by PDO regulation and the
risk of quality loss when an excessive amount of rind is present in
the grated product, P-R dairies need fast and reliable methods to
control their process conditions and to verify that grated cheese
complies with both legal limits and with their quality programs.
The aims of this work were to study how differences of texture and
moisture content of P-R cheese can affect the particle size of grated
cheese and to set up rapid methods based on IA and NIR techniques
to measure the particle size and the quantity of rind present in
grated P-R cheese.

2. Materials and methods
2.1. Sample collection and preparation

Cheese samples were collected from 3 cheese plants producing
PDO Parmigiano-Reggiano (P-R) and supplied by Nuova Castelli Spa

Table 1

Number of grated Parmigiano-Reggiano cheese samples analysed by near-infrared
(NIR) spectroscopy and image analysis (IA) reported for every ripening time and
rind percentage level considered in this study.”

Percentage (w/w) Ripening time (months) Number of
samples
analysed
NIR 1A

0 12, 18, 21, 24, 30 11 10

4 12, 24,30 5 —

5 13,21,24 —

9 12, 18, 21, 24, 30 18 10

10 12, 24, 30 -

15 13,21,24 4 —

16 12, 24, 30 5 —

18 12, 18, 21, 24, 30 18 10

20 12, 24,30 9 —

25 13,21,24 4 —

27 12, 18, 21, 24, 30 18 10

30 12, 24, 30 8 —

36 12, 18, 21, 24, 30 18 10

2 Percentage is percentage of rind of the sample (w/w); ripening time is of
sampled rind and inner part.

(Reggio Emilia, Italy), in portions of about 1 kg, packaged under
vacuum and stored at 4 °C until use. Samples were chosen among 5
cheese batches with 5 different ripening times (12, 18, 21, 24 and 30
months) to represent the variability of available P-R cheeses pro-
cessed by the grater. Portions of cheese to be analysed by texture
analysis and moisture content did not need further preparation and
were stored as a whole. For the preparation of grated samples, the
rind of each cheese was cut at 6 mm of depth, according to the
definition of rind provided by the PDO regulation and it was kept
separately; the section between 6 mm and 20 mm of depth was
removed, whereas the inner part of the cheese was taken as a
whole. The rind and the cheese were separately grated by means of
an electrically driven grater (Ardes AR7300, Milan, Italy) at Centro
di Ricerca Zootecnia e Acquacoltura (CREA-ZA, Lodi, Italy). Pure
grated inner part and rind samples were also analysed by IA to find
out possible relations with textural properties and moisture
content.

To prepare samples to be analysed with NIR and IA, various
mixtures of grated rind and grated inner part of cheeses were
combined in different proportions and then accurately manually
mixed into plastic bags. To simulate the wide variability occurring
in industrial plants where whole wheels or pieces of cheese with
different ages (rind and cheese) are grated, samples were combined
at different ratios. The presence of different amounts of rind was set
from O to 36% (w/w) for a total of 13 different percentages of rind
(Table 1). Samples were stored at 4 °C. In total, 131 samples were
analysed by NIR for the determination of the percentage of rind.
Out of the 131 samples of the entire dataset, 50 samples were
analysed by IA to build-up a partial least square (PLS) model for the
quantification of cheese rind based on particle size measurements
and a model for the determination of particle size properties based
on NIR data.

2.2. Application of NIR in a P-R cheese grating industry

The best built-up NIR-PLS model was employed to evaluate the
content of rind detected during filling and packaging operations at
an industrial scale. P-R cheeses ripened 28 + 2 months were grated
using an industrial grater (Model HP 20, Cavecchi Srl, Reggio Emilia,
Italy) to produce, in total, seven batches of grated cheese: each
batch was monitored at six fixed production times (T0, T1, T2, T3, T4
and T5 min), collecting a package of 200 g of grated cheese from the
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packaging line. Cheese batches to be grated were composed by
trimmed pieces of cheese of various dimensions. Before processing,
the grating system was cleaned to remove any residue derived from
the previous batch. The collected samples were stored at 4 °C until
they were analysed. Results are expressed as the mean of 4
measurements.

2.3. Analytical methods

2.3.1. NIR spectra acquisition of grated cheese samples

NIR spectra were acquired by a FT-NIR Tango spectrometer
(Bruker, MA, USA) in the spectral range of 1000—2500 nm,
recording 32 scans acquired with a resolution of 8 cm™! as re-
ported by Barzaghi et al. (2016). Samples were equilibrated at
25 + 1 °C for about 1 h before analysis, mixed thoroughly and an
amount of 25 g was loaded into a 95 mm diameter glass Petri
plate. Each sample was analysed in duplicate. Additionally, each
sample was subjected to a further grinding (treated samples) by
means of a blender (Osterizer model 890-48H) for 30 s, and then
reanalysed in duplicate to increase model robustness against light
scattering phenomena. To develop models for rind quantification,
both spectra of untreated and treated samples were considered
and averaged. To create predictive models based on particle size
parameters, only spectra of untreated samples were considered
and averaged.

2.3.2. Image analysis

Images of grated cheese samples (0.21 x 0.30 m A4 scanner size)
were acquired using a Hewlett Packard Scanjet 8200 scanner (Palo
Alto, CA, USA) with a resolution of 600 dpi (corresponding to 236
pixels cm~') and saved in TIFF format. To avoid saturation effects
and overlapping of particles, 0.3 g of grated cheese was preliminary
tested as a suitable amount of sample to be carefully spread on a
transparent paper to achieve a homogenous distribution. A black
background was used to enhance contrast of acquired images; a
graph paper was always included during image acquisition to set
the scale, expressed in mm. Elaboration of the images was per-
formed by using Image] software (National Institutes of Health,
Gaithersburg, MD, USA); images were first turned into greyscale (8
bit) and then segmented into binary images using default algo-
rithm, imposing threshold limits of 20 and 255 for the black
background. Blanks of transparent paper (without samples) were
also analysed and to avoid the interference of dusts, the command
“Open” that performs an erosion operation followed by dilation,
was applied to remove pixels of undefined objects not related to
cheese particles.

The following parameters were taken into account: total num-
ber of particles (n) and total surface covered by particles (St) by
0.3 g of sample, circularity (C), Feret diameter (F) and minimum
Feret diameter (mF). Feret diameter is defined as the diameter of
the object connecting perpendicularly two parallel tangential lines
restricting the object; it represents the diameter of the object along
a specified direction. F and mF are often used as the dimensions of
the particles (Febbi et al., 2015). To study the dimensional
frequency distribution of the particles, 4 size classes were
identified based on F and mF diameters, namely Fi<0.5 mm, 0.5-1 mm,
1-2 mm, >2 mm) and MF(<0.5 mm, 0.5-1 mm, 1-2 mm, >2 mm)- Each sample
was analysed in triplicate.

2.3.3. Textural analysis

The textural properties of P-R cheese were measured ac-
cording to the puncture test proposed by Breuil and Meullenet
(2001) using a TA. XTplus Texture Analyzer (Stable Micro Sys-
tems, Godalming, UK) equipped with a 30 kg load cell and a
stainless steel cylindrical probe with a 3 mm diameter (SMS P/

3, Stable Micro Systems). Measurements were conducted at
0.8 mm s~ ! with a trigger force of 5 g until a 10 mm distance
was reached; pre-test and post-test speeds were set at
1 mm s~ Hardness at rupture (H,), distance at rupture (D;) and
initial slope (Sini) were respectively defined as the positive force
value (N) and the distance (mm) at which sample showed
rupture of its surface (the first peak originated during the
puncture cycle) and the slope of the tangent until 0.5 s from
the beginning of the analysis. Maximum hardness (Hmax), dis-
tance at maximum force (Dmax), positive work area (Ap) were
respectively defined as the maximum positive force (N), dis-
tance to reach maximum force (mm) and the total positive
work (N mm); Mod; was defined as the modulus (unitless) of
the vector between the origin and the maximum force of the
puncture graph. Texture was evaluated in different zones of the
cheese wheel, namely inner part, underrind (portion of cheese
between 6 mm and 20 mm of depth from the outer part of the
wheel), and rind of the cheeses at different ageing times.
Puncture tests of rind section exhibited H; and D; that coin-
cided with Hpax and Dpax for all samples. Samples were
equilibrated at 25 °C for 24 h prior to being analysed and re-
ported measures were averages of six replicates.

2.3.4. Moisture content

Moisture content of cheeses was measured by drying samples at
102 °C (AOAC, 1990) until a constant weight was reached. Measures
were done in triplicate in the same zones of cheeses (rind, under-
rind and inner part of the cheese) sampled for the texture analysis.

2.4. Data processing

2.4.1. Multivariate data processing

Principal component analysis (PCA) was applied as an explor-
atory analysis to observe a possible classification among samples
with different rind percentages. To build up chemometric models of
rind and particle size parameters' quantification, PLS regression
technique (SIMPLS algorithm) was chosen and performed on NIR
absorbance spectra and IA parameters of grated cheeses. PLS
regression is a multivariate technique used to build predictive
models when independent variables (spectral data, X-array) are
many and collinear (Menesatti et al., 2010). This regression tech-
nique applies variables decomposition to reduce the quantity of
given information by spectral data and image analysis parameters,
relating X-array to a Y-vector (response variable). The result is the
creation of a number of latent variables (LVs) that are a recon-
struction of the original spectral data and that are highly correlated
with the Y-response.

Different pre-processing transformations of absorbance spectra
and IA parameters were evaluated (mean and median centering,
auto-scaling, baseline correction, detrending, multiplicative scat-
tering correction, extended multiplicative scattering correction,
standard normal variate, Savitzky—Golay 1st-2nd derivative,
generalised least squares weighting).

Cross-validation techniques (random sub-set, leave-one-out)
were used to assess the best pre-processing method and to select
the optimal number of LVs, by considering the root mean square
error in cross validation (RMSECV) and the coefficient of determi-
nation (R?). In addition, the root-mean-square error of calibration
(RMSEC) was included in the calibration statistics to assess model
goodness (Niu et al., 2008). For IA PLS model, variable importance
in the projection (VIP) scores that express the importance of each
variable in the definition of model's LVs (Gerretzen et al., 2016)
were calculated according to Eq. (1):
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f w2.-SSY,
kf f
1<;755Yt (1)

VIP, =

where K is the total number of X parameters, wjris the weight value
for kth parameter and fth latent variable, SSYyis the sum of squares
of explained variance by kth parameter for fth component and SSY;
is the total sum of squares explained of the dependent variable.

The calibration model developed based on rind quantification
was finally validated to predict the percentage of rind of the sam-
ples in an independent testing set (prediction set). To perform
validation, samples were divided prior to calibration into a cali-
bration set (66%) and a prediction set (34%) based on
Kennard—Stone sampling algorithm (Kennard & Stone, 1969).
Because of the lower number of samples, models based on particle
size parameters were not externally validated. All multivariate
analyses were performed using PLS Toolbox v. 8.0 (Eigenvector
Research Inc.,, WA, USA) with MATLAB V8.5.0 R15a (The Math
Works, Natick, MA, USA).

2.4.2. Statistical analyses

Two-way analysis of variance (ANOVA) was performed to assess
statistical differences based on textural, particle size and moisture
data as function of different ages and zones in cheese geometry or
percentages of rind. Univariate statistical analyses were carried out
using PRC GLM of SAS (SAS Inst. Inc., NC, USA); least squares means
with LSD adjustment was used to perform multiple comparisons
among means. Pearson correlation coefficients were calculated
among the measured parameters using SPSS v.25.0 (SPSS Inc.,
Armonk, USA). Before statistical procedures, data to be analysed
were tested for normality and homogeneity of variance.

3. Results and discussion

3.1. Relationships among textural properties, moisture content and
particle size

Samples showed clear differences in textural properties among
different zones of the cheese. As expected, rind showed greater
hardness at rupture (H;), maximum hardness (Hmax), positive
work area (Ap), initial slope (Sj;) and modulus (Mod;) than
underrind and inner part of the cheese (Table 2); underrind was

Table 2

slightly harder than inner part of the cheese although H;, Hpax
values were not significantly different for almost all the
comparisons.

The inverse relation between moisture content and hardness
has already been shown for parmesan-type cheeses (Jaster et al.,
2014), but was not yet investigated for different zones of the
cheese wheel. A higher firmness of cheese rind than the inner part
of the cheese is related to the highly different moisture content of
the zones of the cheese; in facts, the mean difference of moisture
content between the inner and the rind part of the cheese was
14.01 + 1.98%. Differences of moisture between the inner and the
outer zones of the wheel may also affect bacterial growth and
biochemical reactions leading to different sensory properties
among different cheese zones (Cattaneo et al., 2008; Lindner et al.,
2008; Malacarne et al., 2009; Mayer, 1996). Consequently, texture
may affect the result of grating operations in terms of dimension
and shapes of the particles.

The rind showed higher values of distance at rupture (D;)
indicating that this zone was more elastic than the inner, which
was found to be more brittle (Patel, Upadhyay, Miyani, & Pandya,
1993). Ripening time affects both textural and moisture content
results and consequently H; and moisture were strongly inversely
related (Table 3). Despite a stronger texture and a lower moisture
content is expected as the ripening time increases, this relation
between time and cheese properties can be always true only for
the same batch of cheese. In fact, in particular for outer cheese
zones (rind and underrind), a high variability in textural proper-
ties and moisture content was observed among different ripening
times and no clear relations were highlighted, likely due to the
high variability in P-R cheeses that can be partially caused by the
use of milk without standardised chemical composition and by
dairy specificity practices according to P-R cheese-making tech-
nology (Mucchetti et al., 2014); for instance, samples at 18 and 24
months of ripening were found to be firmer and drier than
samples at 12 and 21 months, respectively. Samples at 30 months
were nearly two-times harder and drier than samples at 12
months.

Textural properties affected size and dimensions of the particles
deriving from the grating procedure. Grated samples with different
ripening time and percentages of rind (0, 18, 100%) showed differ-
ences in IA parameters, as reported in Table 4. Number of particles
(n) and total surface covered by particles (St) present in the same
amount of cheese (0.3 g) were highly positively influenced by rind

Textural parameters and moisture content of Parmigiano-Reggiano cheese samples having different ripening times.*

Ripening time Wheel zone H; (N) D; (mm) Hmax (N) Dmax (mm) Sini (Nmm~')  Mod, (-) Ap (N mm) Moisture (%, w/w)

(months)

12 inner 403+037° 088+0.11° 560+036° 994+009% 631+136¢ 1141+£0127 4420+3.05° 32.00 + 1.38 2
underrind 678 +1.189% 126 +0.15° 9.65 + 1.39 %f  10.00 + <0.01? 10.03 +2.63 9 1392 +1.019 7639+ 1228° 26,67 +2.32
rind 36.68 +6.55° 3.51+0422 3668+655¢ 351+042° 2245+483° 3685+6527 29545 +5990¢ 18.05+2.16 %

18 inner 350+039¢ 1.19+064¢ 526f+063"7 999+002% 554+171°¢ 1130+0307 4045+452F 32.13+033°
underrind 537 +1.329% 123+065° 832+167¢ 975+06% 7.89 +2979% 1288+ 1.139% 6376 +1241° 2819+ 093"
rind 3545+ 810° 3.58+0462 3546+8.10° 363+045° 21.94+512° 3566+8042 267.60+70.12¢ 2057 +1.98°

21 inner 442 +0459% 120+062° 667+058" 924+184%® 590+345° 1145+146° 5150+325°F 31.46 + 0.80 ®®
underrind 723 +1.199%  114+037° 1142 +193% 946+129%® 1250+3.219 1488 +1.81° 8945+1543¢ 26.10+222
rind 4988 +867° 375+0942 4988 +867° 375+094° 3024 +1086" 50.04+8612% 391.56+7034° 1527 +1.02%"

24 inner 453+0719% 1.03+020° 668+037°¢ 937+150%® 698+276°¢ 11.57+094°¢ 5234+230° 2902 +1.64%°
underrind 633 +0.739% 113+06° 1086 +1439% 891+214% 975+3749% 1420+1.19° 8456+ 11.88¢ 2707 +348°
rind 4566 + 679" 347+04% 4566+679° 347+040° 2699 +342P 4579+6782 337.58 +62.09" 1642 +2.07 &"

30 inner 558 +0.739% 127+051° 887+210% 976+058%® 743+298% 1330+1.179 66.24+10.18° 29.59 + 1.90 2°
underrind 1068 +2.59¢ 219+0.88° 1525+3.189 999+0012 1039+3.19¢ 1829+276° 11744 +2510° 2349 +2.17 9
rind 61.02+11.622 398 +060% 61.02+11.622 398 +060° 3842+930° 61.16+ 11572 48337 +97.82% 1385+ 1.13"

¢ Textural parameters are: H;, hardness at rupture; Dy, distance at rupture; Hpyax, maximum hardness; Dpax, distance at maximum force; Sy;, initial slope; Mod;, modulus
between the origin and the maximum force; A, positive work area. Multiple comparisons were performed using GLM procedure with Is means option with LSD adjustment
(SAS Institute, Cary, North Carolina). Results (mean + standard deviation) are expressed for different zones of the cheese; means with different superscripts for each textural

parameter considered (column) are statistically different (P < 0.05).



Table 3
Pearson correlation coefficients for particle size and textural parameters evaluated for rind and inner part of Parmigiano-Reggiano cheese samples.”

Parameter D: (mm) Moisture (%. W/W) n (‘) St (mmZ) C (‘) F<0.5mm (%) Fo5-1mm (%) Fi—2mm (%) Fsomm (%) mF.05mm (%) mFo5-1mm (%) mMF;_2mm (%) mFsomm (%)
H; (N) 0.820** -0.961** 0.934** 0.913** -0.726"  0.794** —0.869"* —0.652** —-0.083 0.765** —0.811"* —0.592** —0.460"
D; (mm) —0.886*" 0.897** 0.909** -0.711**  0.807** —0.891** —0.668** —0.038 0.780** —0.828** —0.603** —0.455*
Moisture (%, wjw) —0.966** —0.955** 0.774** —0.849** 0.913** 0.727** 0.181 —0.828"* 0.865** 0.679** 0.576*
n(-) 0.994** —-0.765**  0.900** —0.941** -0.778** —-0.183 0.884** —0.922** -0.719** —0.581**
St (mm?) -0.796**  0.887** —0.929** 0-0.766"* -0.178 0.879** -0.915** -0.717** —0.589**
C(-) —0.485** 0.609** 0.338 -0.135 0.518* 0.563** 0.356 0312
F.05mm (%) —0.935"* 0-0.956** —0.449* 0.987** —0.991** —0.895** —0.736""
Fos—1mm (%) 0.798** 0.121 —0.888"* 0.942** 0.692** 0.496*
Fi_2mm (%) 0.630** —0.974** 0.944** 0.966** 0.827*
Foomm (%) —-0.520" 0.392* 0.753** 0.860**
1Tll:<0.5mm (%) —0.988** —0.942** -0.801**
mFo5-1mm (%) 0.881** 0.709**
mFl—me (%) 0.920**

2 Abbreviations are: Dy, distance at rupture; n, total number of particles; Sr, total surface covered by particles; C, circularity; F, Feret diameter; mF, minimum Feret diameter; *P < 0.05, **P < 0.001.

Table 4
Image analysis parameters of Parmigiano-Reggiano grated cheese samples having different ripening times.®
Ripening time (months) Rind (%v W/W) n (') ST (mm2) C (') l:<0.5mm (%) FO,S—lmm (%) Fl—me (%) F>2mm (%) lTlF<D,Smm (%) mFO.S—lmm (%) mFl—me (%) mF>2mm (%)
12 0 1899 + 78 1 631+17"  084+001° 4275+159" 3876+1.77% 1554+0.87° 295+014° 66.19+13% 2750+1.11° 538+058> 093 +029"
18 4714 +£2928% 1033107 0.83+£0.01° 5372 +1.79 % 3227 +1.19°" 11.48 + 0.55 9 2,53 + 0.33 /¢ 77.96 + 1.08 % 18.67 + 0.90 °¢ 2.99 + 0.35 %€ 0.38 + 0.08 <@
100 18028 + 881° 2701 +217° 0.83 +0.01°% 6547 +1.40° 24.26+0.80% 8.05+059" 221+030% 8750+078% 10.79+049° 1.55+027% 0.16 + 0.07 %
18 0 881 + 1741 432 + 331 0.85+001° 3953+270° 36.18+0.78" 1867 +2.06% 562 +088? 5930+3.09" 29.81+1.807 890+133% 199 +045%
18 3306 +107" 834+14%  0.82+<001° 51.06+233% 3232+208° 13.08+049 355+039° 77.08+093¢ 1922 +1.14° 317+0229 053 +0.08°¢
100 17317 +187° 2755+35° 0.82+<001° 61.25+022° 2655+053% 946 +0.318" 275+003°“ 8542+ 0.09% 1247 +0.05° 193 +007% 017 +0.01%
21 0 3911 +758"  785+57%"  087+001%  56.15+2.62% 3313+1.61% 956+0918" 1160219 7934 +1.919% 1815+1479 2.22 +0.40 °® 0.29 + 0.06 ¢
18 6865 +574° 1203143°  0.85+001° 5868+1.50% 3020+055" 953+1348" 159 +0.258" 83.02+1.89" 1516 +1.68°¢ 1.65+023% 0.18 +0.03 9
100 19378 + 881° 2916 +143° 082+0017 61.66+350° 2583+1938 968+121%" 2834+037° 8544+197% 1234+1.76" 207+0.17% 0.14+0.049%
24 0 3246 + 320" 834458 0.85+001° 4657 +4.02" 37.70+222% 1412 +1.66" 1.61+0228" 6946 +3.117 2589 +212° 442+099° 023 +0.04%
18 6418 + 101 7 124361 ¢ 0.84 £0.01°¢ 5287 +1.36% 3490 +095 10.76 + 0.89 °® 1.47 + 0.08 M 78.74 + 1.58 % 18.94 + 1.38 ¢ 2.23 + 0.21 *® 0.09+<0.01 ©
100 19162 + 953 2831 + 135" 0.83 + <0.01 " 6293 +0.89% 2610+ 0558 894+043" 203+004°® 8592+052% 1237+0427 1.60+0088 0.12+0.04¢
30 0 5805 +479° 1129+ 767 085+ <001 51.92+297% 3592+283° 11.25+046° 0910317 7679 +1.69° 2057 +1.88° 2.53 +0.20 %f 0.11 + 0.05°¢
18 9070 +717¢ 1585+ 669 0.83 + <0.01 <% 56.83 + 0.69 % 31.17 + 0.57 ¢ 10.62 + 0.17 ¢ 138 £ 0.17 " 80.47 + 0.76 ¢ 17.24 + 0.65 % 2.20 + 0.06 *®® 0.10 + 0.06 ©
100 22447 + 14732 3184+ 107 0.83 +0.01 %’ 6494 +241%® 2470+ 1268 847 +086" 1.89+030"" 8694+1.332 1128 +1.037 1.66+025% 0.12+0.06°¢

2 Results (mean + standard deviation) of total number of particles (n), total surface covered by particles (St), circularity (C), Feret diameter (F) and minimum Feret diameter (mF) are expressed as a function of the different rind
percentage present in the samples. Multiple comparisons were performed using GLM procedure with least squares means option with LSD adjustment (SAS Institute, Cary, North Carolina). Means with different superscripts for
each parameter considered (in columns) are statistically different (P < 0.05).
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Fig. 1. Details of image acquired for rind (a) and inner part (b) of grated Parmigiano-Reggiano cheese after 24 months of ripening.

content. Grated rind fraction showed a largely higher amount of
finer, small particles (F and mF < 0.5 mm) and consequently a lower
number of larger particles (F and mF in the range between
0.5—1 mm and 1-2 mm).

Considering different ripening times, no clear trends were
highlighted among samples as well as for textural parameters and
moisture content; however, significantly strong positive correla-
tions among n, St F<05 mm, MF<05 mm and H;, D; were observed. A
negative correlation between the above-mentioned IA parameters
and moisture content was also highlighted (Table 3). It has been
reported in literature that a higher firmness can produce lower
particle sizes as the result of grinding/grating operations in the case
of wheat milling (Campbell et al., 2007; Fang & Campbell, 2003;
Haddad, Mabille, Mermet, Abecassis, & Benet, 1999); in fact, the
result of these operations could be affected by product hardness
and moisture. Also, mean circularity (C) was slightly affected by
grinded cheese zone although it was not always statistically
different; grated rind showed lower circularity values than the in-
ner part of the cheese and this is because rind's particles with F and
mF bigger than 0.5 mm tends to be characterised by a more elon-
gated, fibrous shape (Fig. 1).

Table 5

3.2. PLS models development for the prediction of rind percentage
and particle size properties

3.2.1. Rind percentage determination based on particle size
measurements

Considering the different particle characteristics observed for
rind and the inner part of the cheese (see paragraph above), PLS
regression was performed to build up a quantitative model based
on IA parameters for the determination of the rind content in
grated cheese samples (Table 5). Autoscaling was chosen as pre-
processing method; model resulted in 2 LVs that explained 87.22%
and 87.81% of total variance for X- and Y-block, respectively. Cali-
bration determination coefficient (R%.;) was 0.88, while cross-
validation determination coefficient (chv) and RMSECV were 0.86
and 4.17%, respectively. Model's goodness of fit can be considered
good (Karoui et al.,, 2006).

VIP scores (Fig. 2) showed that C, St, n, Fo.5-1 mm, F>2 mm Were the
most relevant variables having a score higher than 1, while the
other mF and F parameters did not seem to be significant in
determining the percentage of rind. Results highlighted a higher
error than those reported by other authors with NIRs (Barzaghi

Partial least squares regression results using cheese near infra-red (NIR) spectra and image analysis (IA) parameters to predict rind percentage and particle size properties of

Parmigiano-Reggiano grated cheese samples.”

Data source Model Spectral range Preprocessing method Calibration data set Calibration Cross-validation  Validation

(nm) Range Mean SD n LVs R® SEC R® RMSECY n R®  RMSEP
1A RP (%, wjw) — Autoscale — — — 50 2 0.880 3.90 0.860 4.17 - - —
NIR RP (%, wjw) 1000—-2500 1D + MSC + Autoscale — - - 87 5 0956 272 0914 3.24 44 0.847 3.82
NIR RP (%, wjw) 1064—1335; 1D + MSC + Autoscale — — - 87 4 0.952 242 0936 2.86 44 0.875 344

1933-2357
NIR RP (%, wjw) 1000—-2500 1D + SNV + Autoscale — - - 87 5 0952 238 0.925 3.00 44 0.858 3.69
NIR RP (%, wjw) 1064—-1335; 1D + SNV + Autoscale — — - 87 4 0.952 241 0934 289 44 0.874 345

1933-2357
NIR n(-) 1000—-2500 Mean centre 620—-10743 5507 2510 46 1 0.851 969 0.828 1045 - - —
NIR St (mm?) 1000—-2500 Autoscale 334-1731 1087 342 46 1 0.872 122 0.855 130 - - -
NIR F.05mm (%) 1000—-2500 Mean centre 34.93-64.76 52,55 7.16 46 1 0.607 4.49 0497 5.15 - - —
NIR Fo5—1mm (%) 1000—-2500 Mean centre 26.70—43.71 3353 414 46 2 0.602 2.61 0.504 294 - - —
NIR Fi—2mm (%) 1000—-2500 Mean centre 7.53—-20.05 1164 296 46 3 0.615 1.84 0.510 2.10 - - —
NIR Foomm (%) 1000—-2500 Mean centre 0.99-6.56 2.27 127 46 2 0.646 0.76 0.013 0.84 - - —
NIR mF_gsmm (%) 10002500  Mean centre 57.30—86.66 7696 745 46 1  0.704 4.05 0.633 4.54 - - -
NIR mFos5_1mm (%) 1000—2500 Mean centre 12.01-34.50 19.57 529 46 2 0.682 298 0.583 3.44 - - —
NIR mF;_o2mm (%) 1000—-2500 Mean centre 1.21-9.95 306 200 46 3 0.839 0.80 0.749 0.75 - - —
NIR mF.omm (%) 1000—-2500 Mean centre 0.09—-2.38 0.41 052 46 3 0.872 0.18 0.810 0.23 - - —

2 Abbreviations are: RP, rind percentage; n, total number of particles; St, total surface covered by particles; F, Feret diameter; mF, minimum Feret diameter; 1D, 1st de-
rivative (Savitzky—Golay); MSC, multiplicative scattering correction; SNV, standard normal variate; LVs, latent variables; R?, coefficient of determination; SEC, square error of
calibration; RMSEC, root-mean-square error in cross validation; RMSEP, root mean square error of prediction.
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Fig. 2. Variable importance in the projection (VIP) scores of image analysis variables
(n, total number of particles; St, total surface covered by particles; C, circularity; F, Feret
diameter; mF, minimum Feret diameter) for the model built for the quantification of
rind percentage in Parmigiano-Reggiano samples. The VIP scores shows the relative
importance of each variable in the projection of model's LVs.

et al,, 2016; Cevoli, Fabri et al., 2013; Musi & Filippi, 2015) but
showed the feasibility of IA to be a fast and economic comple-
mentary analysis to detect the rind percentage in grated P-R cheese.

3.2.2. Preliminary analyses of NIR spectra

The effect of different rind percentages on NIR spectra of grated
cheese samples is shown in Fig. 3a. Averaged raw spectra con-
taining 4 different rind percentages (0, 9, 18, 27, 36%) of the whole
dataset showed similar spectral behaviour and were characterised
by the main absorption bands of water and fat (Cevoli, Gori et al.,
2013). A decreasing baseline height of the spectrum was high-
lighted, as the rind content of the sample increases because of the
increasing percentage of particles with lower dimensions (Holroyd,

1.8r
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Fig. 3. Averaged raw spectra (a) and Savitzky—Golay first derivative (b) of grated
cheese having different rind percentages (w/w), namely 0% (—), 9% (-+=-= ), 18%
(==--- ), 27% (— - ), and 36% (— —).

2013; Silaghi, Giunchi, Fabbri, & Ragni, 2009). Moreover, a high
difference in absorbance values was observed at water absorption
wavelengths (1936 nm and 1457 nm); samples with a higher con-
tent of rind showed lower absorbance values because of their lower
moisture content. Performing a first derivate on raw spectra
(Fig. 3b), contributions from the lipids, water and proteins (bands
located around 1885 nm and 2190 nm attributed to the water ab-
sorption in the 1st overtone and N—H and O—H bonds, respec-
tively), as reported by other authors (Downey et al., 2005; Karoui
et al., 2006), can be clearly observed.

Spectral differences were also investigated by PCA analysis to
explore the effect of increasing amount of rind in the samples
(Fig. 4a). Observing the scores plot graph, a good separation among
samples with different rind percentages was highlighted; in
particular, samples were greatly discriminated by PC 1, that
explained 98.29% of the total variance among the samples.

3.2.3. Prediction of IA parameters based on NIR analysis

PCA scores plot of grated cheese NIR spectra showed a good
separation among samples characterised by low and high number
of particles (n) as shown in Fig. 4b. Moreover, a good discrimination
of treated (further grinded) and untreated grated cheese samples
was obtained with PCA scores plot (results not shown) as a
consequence of light scattering phenomena (data not shown).

Considering the effect of light scattering over NIR spectra, PLS
models for the prediction of particle size based on IA measure-
ments were built up (Table 5). Models for the prediction of n and St
parameters gave good results both in calibration and cross-
validation, as R?> were higher than 0.828; moreover, models were
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Fig. 4. Principal component analysis (PCA) scores plot of grated cheese samples having
different rind percentages (w/w), namely 0% (@), 9% (%), 18% (m), 27% (¢) and 36% ()

(a), and characterised by a different number of particles in 0.3 g of sample (b).
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considerably robust and stable as were constituted by only 1 latent
variable that explained a large amount of response variance. Best
preprocessing method of NIR spectra was mean centering and
autoscaling of data for all particle size models, respectively. As
expected, data pretreatment involving scattering correction (1st
derivative, multiple scattering correction, baseline adjustment)
gave worst results.

Models concerning frequency percentage estimation of F and
mF at different class sizes (<0.5 mm, 0.5—1 mm, 1-2 mm, >2 mm)
did not give good results, as R? was in the range between 0.5 and 0.7
both in calibration and cross-validation, with the exception of mF.,
mm that gave a determination coefficient higher than 0.8; these
reported results can be caused by a non-homogeneous distribution
of y-values across the calibration range. Additionally, the ratio of
prediction to deviation (RPD, not shown) of these models was
lower than 2, except for mF..» ;mm. Thus, models for the prediction of
frequency percentages classes based on mF and F were able only to
discriminate between low and high values (Karoui et al., 2006).

3.2.4. NIR analysis for the prediction of rind content

Concerning the prediction of rind with NIRs, data were pre-
processed using 1st derivative, multiple scattering correction fol-
lowed by autoscaling or 1st derivative, standard normal variate
followed by autoscaling; the two different preprocessing proced-
ures gave similar results (Table 5). Moreover, for each preprocessing
method 2 different PLS models were built up: a model that pro-
cessed the whole acquired NIR spectrum (1000—2500 nm) of the
samples and a model based on the selection of a sub-region located
in two wavelength intervals (1064—1335 nm, 1933—2357 nm) to
reduce the complexity of PLS models and reach a desired error level
(Jiang, Berry, Siesler, & Ozaki, 2002).

The selection of informative regions aims to further improve the
prediction ability of the PLS models than those of the models
constructed on the whole spectral points (Du, Liang, Jiang, Berry, &
Ozaki, 2004). The excluded wavelength intervals mostly refer to
water absorption IR bands that, in the case of P-R, can be subjected
to fluctuations because of moisture content variability, that is
influenced by cheesemaking and ripening conditions (Table 2).
Indeed, the PLS models built up on the selected sub-region were
more robust than models including the entire absorption spectrum,
as they were constituted by 4 LVs instead of 5. R? values were
higher than 0.93 in calibration and cross-validation while slightly
decreased in validation (0.87). Taking into account the root mean
square error of prediction (RMSEP) values (3.44—3.45%), perfor-
mance of the models can be considered good and similar to that
reported in literature (Barzaghi et al., 2016; Cevoli et al., 2012;
Cevoli, Fabbri et al., 2013; Cevoli, Gowri et al., 2013).

3.3. Application of NIR model to predict the percentage of rind
during industrial grating operations

A simple calculation of the volume ratio between the rind and
the inner part of the whole cheese, considering the thickness of
6 mm of the rind and the variability of the dimension of the wheel
that are established by PDO Regulation (diameter of the faces from
35 to 45 cm and heel height from 20 to 26 cm), shows that this ratio
is largely less than 18% also for the smallest wheel. Thus, the limit of
18% of rind in grated cheese can be surpassed because of mixing
errors before grating when both whole wheels and trimmed parts
are used and/or variability caused by different sedimentation ve-
locities of grated cheese particles with different size or densities
during packaging operations.

NIR measurements applied to industrial grating operations
showed differences both as a function of cheese batch and process
time from the start of grating operations (P < 0.05); as reported in

25

20
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Fig. 5. Percentage of rind of grated Parmigiano-Reggiano cheese samples produced
from 7 different grating processes and measured at 5 different process times, namely
(left to right) TO (&), T1 (%), T2 (&), T3 (&), T4 (&), and T5 (£) min.

Fig. 5, no clear trends were observed in samples collected at
different process times. A high variability was observed among
grating operations carried out on different cheese batches, ranging
from 9.19 + 1.77% of batch 1 to 17.36 + 1.68% of batch 7; this can be
attributed to the variability that is obtained during the loading
operations of both trimmed pieces of cheese and whole wheels that
are addressed to the grater. Moreover, intra-treatment variability
was also visible for some samples, as highlighted by samples
standard deviation and can be caused by the reported error of PLS
model based on NIR spectroscopy. The first six product batches
amply fell within the rind limit content of 18%, except for batch 7
that was close to the limit. The NIR model here developed proved to
rapidly provide an indication of rind percentage before the prod-
ucts are released in the market, allowing to further check and
manage non-compliant products.

4. Conclusions

This study enabled better understanding to be gained about the
physical properties of grated P-R cheese, highlighting the different
characteristics of cheese particles generated by the rind and by the
inner part of the cheese; moreover, it was shown that these dif-
ferences were highly related to the different texture and moisture
content between the inner and the rind zone of the cheese.

PLS models built on selected sub-region of the NIR spectra to
minimise water absorption bands, proved to successfully predict
not only the rind content but also the particle size characteristics of
grated P-R cheese and can be used to monitor the industrial grating
process, with both inline and offline applications.

Image analysis was useful to study the physical characteristics of
the cheese particles and allowed to develop PLS stable models to
predict number of particles and total surface covered by the
particles.

Both NIR and IA proved to be reliable tools that could be
employed by grated P-R cheese producers as internal quality con-
trol measurements to efficiently comply with both PDO regulation
and quality programs.
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