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ABSTRACT

In this work, the imaging x-ray microtomography
technique, new to the field of food science, was used
for the analysis of fat microstructure and quantifica-
tion of the fat present in cream cheese-type products.
Five different types of commercially produced cheeses,
chosen for their variability of texture, were used for this
experiment: sample A, sample B, sample C, sample D,
and sample E. Appropriate quantitative 3-dimensional
parameters describing the fat structure were calculated
(e.g., the geometric parameter percentage of fat volume
was calculated for each image as a representation of
the percentage of total fat content within the sample).
The dynamic-mechanical properties of these samples
were also studied using a controlled-strain rotational
rheometer. Storage modulus and loss modulus were
determined in a frequency range of 0.01 to 10 Hz. The
strain value was obtained by preliminary strain sweep
oscillatory trials to determine the linear viscoelastic
region of the cream cheese-type products. Statistical
correlation analysis was performed on the results to
help identify any microstructural-mechanical structure
relationships. The results from this study show that
microtomography is a suitable technique for the micro-
structural analysis of fat in cream cheese-type products,
as it does not only provide an accurate percentage of
the volume of the fat present but can also determine its
spatial distribution.
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INTRODUCTION

Cream cheese is a spreadable soft cheese that struc-
turally differs from other cheeses because of its lack of
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a compact protein matrix, coupled with relatively high
moisture content. Its major structural component is fat
(approximately 33%), in the form of clusters of glob-
ules interspersed within milk proteins (Kaldb, 1993);
its microstructure has been defined as corpuscular, or
composed of compact fat casein aggregates with large
spaces filled with whey (Kaldab and Jodler, 1985). The
sensory and texture characteristics of commercially
processed cream cheeses sold in the market today vary
significantly. The influences of various design param-
eters on the sensory attributes of cream cheeses have
been investigated and relationships between fat content,
processing conditions, and sensory and structural prop-
erties have been established in different model systems
(Langton et al., 1997, 1999; Wendin et al., 1997a, b).
Structure-property relationships can strongly affect the
physiochemical, functional, technological, and even nu-
tritional properties of foods. For example, with regard
to cream cheese-type products, the consumer’s appre-
ciation of these products is strongly linked to the tex-
ture. For texture, sensory properties are related to both
mechanical properties and cellular structure. From this
point of view, rheological and microstructural proper-
ties of cream cheese are particularly important and
influence to a large extent the physical, textural, and
sensory properties. Developing a proper understanding
of the microstructure, particularly the spatial distribu-
tion and interaction of food components, is a key tool in
developing cream cheeses with desired textural and or-
ganoleptic properties. In this context, determining the
relationships between a given rheological property and
the cellular structure is, thus, of prime importance.

In recent years, information about the 3-dimensional
microstructure and ingredients of semi-solid foods such
as cream cheeses can now be obtained using various
imaging techniques. Although a wide variety of imaging
techniques exist, they are mostly invasive, as they require
sample preparation; hence, they cause the formation of
artifacts. X-ray microtomography (wCT), on the other
hand, is a noninvasive and nondestructive technique
that has several advantages over other methods, includ-



44 LAVERSE ETAL.

ing the ability to image low-moisture materials. X-ray
microtomography uses the differences in x-ray attenu-
ation, arising, principally, from differences in density
within the specimen. A series of 2-dimensional x-ray
images are obtained as a sample is rotated. The series
of slices, covering the entire sample, can be rendered
into a 3-dimensional image that can be presented either
as a whole or as virtual slices of the sample at different
depths and in different directions. Manipulation and
analyses of pCT data using special software also allows
reconstruction of cross-sections at depth increments as
low as 15 pm, and along any desired orientation of the
plane of cut. A series of noninvasive nCT slices of the
same sample in any direction can provide much more
information than just one scanning electron microscopy
or optical imaging picture, for example.

Given the enormous success of pCT in medical ap-
plications, material science, chemical engineering, ge-
ology, and biology, it is not surprising that in recent
years much attention has been focused on extending
this imaging technique to food science, as a useful
technique to aid in the study of food microstructure.
This technique has been successfully used to observe
the stability of gas bubbles in dough during the bread-
making process (Whitworth and Alava, 1999), the
microstructure of foams (Lim and Barigou, 2004), 3-di-
mensional quantitative analysis of breadcrumbs (Fal-
cone et al., 2005), the study of bread porous structure
(Falcone et al., 2004), and ice crystals within frozen
foods (Mousavi et al., 2005). Recently, this technique
has also been used to study the bubble size distribution
in wheat flour dough (Bellido et al., 2006), the effect of
far-infrared radiation-assisted drying on microstructure
of banana slices (Léonard et al., 2008), 3-dimensional
pore space quantification of apple tissue (Mendoza et
al., 2007) and the role of sugar and fat in sugar-snap
cookies (Pareyt et al., 2009). X-ray microtomography
provides in-depth information on the microstructure
of the food product being tested; therefore, a better
understanding of the physical structure of the product
and, from an engineering perspective, knowledge about
the microstructure of foods can be used to identify the
important processing parameters that affect the quality
of a product. Processes are no longer designed from a
macroscopic level; knowing the properties of foods on
the micro scale determines the process specification.
Hence, pCT is fast becoming a very useful tool to aid
in the study of food microstructure.

The aim of this article is to demonstrate the capabil-
ity of nCT as a useful tool for the quantification of the
microstructure in dairy food products such as cream
cheese and, furthermore, to characterize the influences
of fat content on microstructure of cheese spreads and
its relation to cheese spread rheology.

Journal of Dairy Science Vol. 94 No. 1, 2011

MATERIALS AND METHODS

Raw Materials

Five different types of commercially produced cream
cheese-type products, chosen for their variability of
texture, were used for this experiment: sample A,
sample B, sample C, sample D, and sample E. They
were purchased locally and all tests, microstructural
and rheological, were carried out on the same day.
Three samples were prepared for each type of cheese,
each 28 mm in diameter with a thickness of 18 mm.
Each sample used for pCT analysis was wrapped with
parafilm to avoid dispersion of moisture; the parafilm
did not interfere with the x-rays.

Tomographical Analysis

For pCT, the samples were imaged under the same
conditions, using the Skyscan 1172 high-resolution desk-
top x-ray microtomography system (Skyscan, Kontich,
Belgium). A cheese sample was placed on a cylindrical
plate; the source and the detector were fixed, while
the sample was rotated during measurement. Power
settings of 100 kVp and 100 pA were used. A charged-
coupled device camera with 2000 x 1048 pixels was
used to record the transmission of the conical x-ray
beam through all samples. The distance source-object-
camera was adjusted to produce images with a pixel
size of 2 pm. Four-frame averaging, a rotation step of
0.40°, and an exposure time of 1,767 ms were chosen to
minimize the noise, covering a view of 180°. Smoothing
and beam-hardening correction steps were applied to
suppress noise and beam-hardening artifacts, respec-
tively. Beam-hardening correction was only moderately
applied, set to 25% within NRecon reconstruction soft-
ware (Skyscan), and a fast ring artifacts reduction (set
to 51 within NRecon) was also applied. Once initial pa-
rameters were set, the acquisition step was completely
automated and did not require operator assistance.
Scan time, on average, required 30 min. A set of flat
cross section images, was obtained for each sample
after tomographical reconstruction by the reconstruc-
tion software NRecon (Skyscan). Three-dimensional
reconstructions of samples were created by effectively
stacking all 2-dimensional tomographs, a total of 125
slice images with a slice spacing of 0.069 mm.

For image processing and analysis, the Skyscan soft-
ware, Computed Tomography-Analyzer (CTAn) was
used. Image segmentation was first carried out on the
smoothed 8-bit gray-scale images obtained from the
reconstruction step, using CTAn (Skyscan) software.
Segmentation is the process of converting the gray-
scale images into black and white images by assigning
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the value 1 to all pixels whose intensity was below a
given gray tone value and 0 to all the others. For this,
an automatic threshold based on the entropy of the
histogram (Sahoo et al., 1988) was calculated for each
image. The lower gray threshold (8) and upper gray
threshold (110) values were identified; each sample was
processed under the same conditions.

For data analysis, before 3-dimensional reconstruc-
tion, a component-labeling algorithm, available within
CTAn, was used to isolate the largest 3-dimensional
connected structures. All reconstructions where cre-
ated in CTAn using an adaptive rendering (locality
10 and tolerance 0.25) algorithm and saved as P3G
surface models (SkyScan model format). P3G models
were then imported into CT vol software (Skyscan) for
visualization.

The following 7 geometric parameters were measured
using the CTAn software (Skyscan): percentage of ob-
ject (i.e., fat) volume (POV), object surface/volume
ratio (OSVR), fragmentation index (FI), structure
thickness (ST), structure separation (SS), structure
modeling index (SMI), and degree of anisotropy
(DA). The POV is the proportion of the volume of
interest occupied by binarized solid objects (i.e., fat).
The OSVR is the basic parameter in characterizing the
complexity of the structures and is also the basis of
model-dependent estimates of thickness (i.e., size and
distribution of fat present in each sample). The FT is
an index of connectivity of structure, which was devel-
oped and defined by Hahn et al. (1992); it calculates
the index of relative convexity or concavity of the total
surface of the sample. Structure thickness calculates or
estimates the true structure thickness of the sample
from 2-dimensional measurements. The SS is essentially
the thickness of the spaces as defined by binarization
within the volume of interest (i.e., fat). It can also be
calculated either from 2-dimensional images with model
assumptions or directly in 3 dimensions. The SMI esti-
mates the characteristic form of which the structure is
composed (i.e., whether it is more plate-like, rod-like,
or even sphere-like; 0 = ideal plate, 3 = cylinder, and 4
= sphere). Finally, the DA is a measure of preferential
alignment of fat.

Rheological Analyses

The dynamic-mechanical properties of the 5 cream
cheese samples were studied using a controlled-strain ro-
tational rheometer (ARES model, TA Instruments, New
Castle, DE) equipped with a force rebalance transducer
(model 1K-FRTNI1, 1-1,000 g cm, 200 rad/s, 2-2,000
gram force) and parallel plates (superior plate diameter
of 50 mm). A steady temperature was ensured with an
accuracy of 4+ 0.1°C by means of a controlled fluid bath

unit and an external thermostatic bath. Three samples
were prepared for each type of cheese, each weighing 7
g; the samples were placed onto the surface of the lower
plate and the upper plate was lowered until it reached a
2-mm gap distance to avoid sample disruption, and the
excess sample was trimmed. To prevent water evapora-
tion, a suitable cover tool sealing the top of the superior
plate was used during testing. Storage modulus (G’)
and loss modulus (G") were determined in a frequency
range of 0.01 to 10 Hz. The strain value was obtained
by preliminary strain sweep oscillatory trials to deter-
mine the linear viscoelastic region. The strain sweep
oscillatory tests were carried out at a frequency of 1
Hz and in a range of shear strain of 0.01 to 99%. All
experiments were carried out at 4°C. Three repetitions
of the dynamic-mechanical experiments were performed
for each cream cheese sample.

Statistical Analysis

Data were subjected to ANOVA, using the SPSS
statistical software (1999; IBM SPSS Statistics Profes-
sional). The mathematical model for pCT parameters
and rheological parameters included fixed effects.
When significant effects were found (at P < 0.05), the
Student’s t-test was used to locate significant differ-
ences between means. Pearson correlation coefficients
(CORR procedure of SPSS) were calculated to examine
the relationship between the rheological parameters
and all pCT parameters.

RESULTS AND DISCUSSION

The results of the nCT analysis were used to study
the total fat microstructure. Furthermore, the addition-
al information gained from the pCT analysis (i.e., the
geometric parameters mentioned above), provided the
required information to characterize and investigate the
correlation, if any, among the microstructures and the
rheological properties of the different types of cheeses.

Total Fat Microstructure

Figure 1 shows the gray level reconstructed cross
section images of the samples acquired by pCT; the
contrasts in these images are based on the differences in
absorption of x-rays by the constituents of the sample
(e.g., fat, protein, and air). This contrast is produced
by a variation of density and a change in composition
of the sample and is based exclusively on the detection
of an amplitude variation of x-rays transmitted through
the sample itself. The obtained image is a map of the
spatial distribution of the x-rays in which the brighter
regions correspond to the higher level of attenuation
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Figure 1. Gray-scale tomography of cream cheese samples where the white objects are fat and protein. The brighter objects are fat and are

represented in Figure 2.

(i.e., higher density region). As fat has a higher absorp-
tion coefficient with respect to protein, the fat phase
is easily visualized as the brighter objects in Figure
1. Further information cannot be acquired from these
images, as these are only 2-dimensional representations
of the samples. On the other hand, Figure 2 shows the
3-dimensional reconstructions for each sample from
which the geometrical parameters were calculated us-
ing the CTAn software (Skyscan). From these images,
it can be noted that sample B and sample E are very
similar in terms of structure distribution. The structures
present in these samples appear to be large unevenly
distributed clusters. The geometric parameter POV
was calculated for each image as an estimation of the
percentage of total fat content within the sample. This
estimation was verified by comparing the POV values
to that of the manufacturer’s stated fat content (see
Table 1). This table confirms that the POV can indeed
represent the estimated fat content present as stated by
the manufacturer.

Table 2 shows the average values obtained for the
following 7 microstructural parameters using the CTAn
software (Skyscan): POV, OSVR, FI, ST, SS, SMI,
and DA. The results came from the statistical analysis
carried out as reported above. The FI is the index of
connectivity and is a measure of relative convexity or
concavity of the total solid surface, based on the prin-
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ciple that concavity indicates connectivity, and convex-
ity indicates isolated disconnected structures (Lim and
Barigou, 2004). A lower FI signifies more connected
solid lattices and has a negative index; on the other
hand, a higher FI indicates a more disconnected solid
structure and has a positive index. As can be noted from
the results, the FI is negative for all samples; therefore,
the fat structures in these samples have more connected
solid lattices and, therefore, are concave in structure.
The DA is a measure of the 3-dimensional structural
symmetry (i.e., in this case, it indicates the presence
or absence of preferential alignment of the fat present
along a particular direction; Lim and Barigou, 2004). A
value of 0 would correspond to total isotropy, whereas
a value of 1 would indicate total anisotropy. According

Table 1. Percentage of fat measured by the x-ray microtomography
technique and the manufacturer’s stated fat content

Manufacturer’s

Sample POV! value (g)
Sample B 28.68 25.5
Sample E 30.60 31.5
Sample C 15.49 16.5
Sample A 20.20 19.6
Sample D 26.96 26.5

'Percentage of volume.
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Table 2. Values of the geometric parameters' for cream cheese samples

Sample POV OSVR FI ST SS DA SMI
Sample B 28.68" 0.18" —0.21° 34.52" 27.59" 0.73 2.62"
Sample E 30.60* 0.16" —0.24* 35.12* 26.89° 0.73 2.62°
Sample C 15.49" 0.25° —0.25" 26.32" 22.21° 0.80 257"
Sample A 20.20° 0.24¢ —0.26* 28.10° 20.49° 0.67 2.43°
Sample D 26.96¢ 0.25° —0.21* 34.75 18.82¢ 0.88 2.42"

*IMeans in the same column followed by different superscript letters differ significantly (P < 0.05).

'"POV = percentage of volume; OSVR = object surface/volume ratio; FI = fragmentation index; ST = structure thickness; SS = structure sepa-
ration; DA = degree of anisotropy; SMI = structure modeling index. All parameters underwent one-way ANOVA and Duncan’s test (P < 0.05)

using Statistica for Windows software (StatSoft, Tulsa, OK).

to the results obtained for DA (see Table 1), the fat
present in all samples are anisotropic and no statistical
differences were found among the samples; this is in
accordance with Fenoul et al. (2008), who stated that
cream cheese has an anisotropic structure.

The POV is the percentage of the total fat content
present in the sample. It can be seen that sample B and
sample E have the highest and statistically equal POV

values; therefore, these 2 samples are similar in terms
of fat content. On the other hand, sample A, sample
C, and sample D have lower POV values. The OSVR
indicates the fat distribution within the sample and
depends on the homogenization pressure during manu-
facturing. The higher the OSVR value, the more finely
distributed is the fat droplet present in the sample. It
can be observed from the table that sample A, sample

Figure 2. Three-dimensional reconstruction of the fat present in the cream cheese samples using x-ray microtomography (pCT).

Journal of Dairy Science Vol. 94 No. 1, 2011
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. . .. 1
Table 3. The coordination number z and the coefficient A values for cream cheese samples

Sample A d4? z 47
Sample A 4,811.25 4.65 9.05 7.11e-2
Sample B 826.41 2.65 8.56 0.21
Sample C 1,579.48 4.38 717 0.13
Sample D 427.59 0.63 9.49 0.12
Sample E 692.91 1.44 8.92 0.15

"The coordination number z gives the level of interactions of rheological units and the coefficient A their sta-

bility.
%d = standard deviation.

C, and sample D have the highest and statistically
equal values, hence having a much finer dispersion
of oil droplets as compared with that of the other 2
samples. Although sample B and sample E have the
lowest OSVR values, they are also statistically equal;
therefore, these samples also have approximately the
same type of fat distribution. Their low values indicate
that the fat droplets present in these samples are more
largely distributed compared with those in the other 3
samples. This is supported by Wendin et al. (2000),who
found that an increase in fat content resulted in an
increase in droplet size, and by Mistry and Anderson
(1993), Desai and Nolting (1995), and Bryant et al.
(1995), who showed that in full-fat cheeses clustering
was prominent and the fat globules were of variable
size and shape. The ST is the average thickness of
the fat structure present; this parameter calculates a
volume-based thickness of the structure in 3 dimensions
independent of an assumed structure type. It can be
noted from Table 2 that the samples with the highest
fat content, sample B, sample D, and sample E have
the highest ST values that are also statistically equal;
therefore, these samples have similar fat thickness. The
SS is the average distance between the fat structures
in the samples. It can be noted from this table that
sample B and sample E have the highest and statisti-
cally equal values for the SS parameter; this could be
due to their fat droplets being in clusters and unevenly
distributed. On the other hand, sample A, sample C,
and sample D have the lowest, although not statisti-
cally equal, SS values; this could be due to their much
finer dispersion of fat droplets compared with that of
the other 2 samples.

No significant differences were found for the SMI in
the different cream cheese samples. The SMI param-
eter; that is, a topological index, gives an estimate of
the characteristic shape of a structure in terms of plates
and cylinders composing the 3-dimensional structure
(Hildebrand and Riiegsegger, 1997) and is calculated
using a differential analysis of triangulated surface of
the structure under examination. The SMI assumes
integer values of 0, 3, and 4 for ideal plates, cylinders,
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and spheres, respectively. The SMI values calculated
for all of the samples ranged from 2.62 to 2.42. These
values are fairly close to 3, therefore suggesting that the
characteristic shape of the fat droplets present in cream
cheese are cylindrical in nature.

Rheological Analysis

Figure 3 shows the rheological data, G" and G" values
vs. the oscillatory frequency for the 5 cream cheese sam-
ples. It can be inferred from this figure that all samples
exhibited viscoelastic behavior with G' greater than G”
(Rao and Steffe, 1992; Subramanian and Gunasekaran,
1997). It can be noted in the results of Figure 3 that the
samples with the highest fat content, sample B, sample
E, and sample D have the lowest values of G'.

The experimental data on the frequency sweep tests
were correlated using the following power law according
to Bohlin’s theory of flow as a cooperative phenomenon
(Bohlin, 1980):

G =4 w-exp(l/z), [1]

where w is the frequency. On the basis of this theory,
emulsions are modeled as a network of rheological units
that interact for establishing system structure. The
coordination number z gives the level of these interac-
tions and the coefficient A their stability. The z and A
values were obtained for all samples and are shown in
Table 3. These parameters give an idea of the emulsion
stability. It can be noted from Table 3 that sample
A, sample B, and sample E show statistically similar
values for the z parameter and that sample D has the
highest value with respect to all of the other samples.
The high z value of sample D indicates a more complex
structure and, therefore, more microstructural interac-
tions with respect to the other samples. Regarding the
A parameter, all samples differ significantly. Moreover,
the highest and lowest A values were recorded for
sample A and sample D, respectively; therefore, sample
A is more stable (Peressini et al., 1998) with respect to
sample E.
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Table 4. Correlation results for all of the microstructural and rheological parameters' of cream cheese samples

Parameter POV OSVR FI ST SS DA SMI A z
POV 1.0000

OSVR —0.9207* 1.0000

FI 0.8753 —0.1619 1.0000

ST 0.9388? —0.8218 0.6388 1.0000

SS 0.3344 —0.7553 0.4343 0.6769 1.0000

DA 0.1588 0.5201 0.5454 —0.0537 —0.0644 1.0000

SMI 0.0101 —0.7248 0.1022 0.4562 0.9377* —0.2496 1.0000

A —0.4553 0.2782 —0.7470 —0.5923 —0.6855 —0.6543 —0.4775 1.0000

2 0.6767 —0.1911 0.3637 0.5245 —0.2698 0.0011 —0.4956 0.0248 1.0000

'POV = percentage of volume; OSVR = object surface/volume ratio; FI = fragmentation index; ST = structure thickness; SS = structure sepa-
ration; DA = degree of anisotropy; SMI = structure modeling index; A = stability coefficient; z = coordination number.

’Highly, positively, and significantly correlated.

Correlation

Table 4 shows the results of the correlation among
the microstructural parameters and rheological proper-
ties of the samples. It can be noted from this table that
no statistically significant correlations (P < 0.1) were
found among the microstructural and rheological pa-
rameters measured but correlation exists among some of
the following microstructural properties: POV, OSVR,
ST, SMI, and SS. The correlation that exists among
the parameters POV, OSVR, and ST is in agreement
with that found by Wendin et al. (2000), Mistry and
Anderson (1993), Desai and Nolting (1995), and Bryant

Figure 3. Rheological data, storage modulus (G’; open symbols), and loss modulus (G”;

et al. (1995), who found that fat content was related to
droplet size and distribution.

The lack of correlation among the rheological param-
eters and the fat microstructure may be due to the fact
that the rheological parameters are more correlated
to the protein network than to the fat microstructure.
This preliminary investigation will allow us to carry
out further study on the microstructural properties and
their effects on cream cheese texture. Future studies
will also investigate the chemical composition of cream
cheeses and its relationship to the microstructure and
the rheology. This should aid in the optimization of
the process variables that affect the characteristics of

solid symbols) values vs. the oscillatory frequency

for sample A (O, @); sample B (OJ, W); sample C (O, ¢); sample D (A, A); and sample E (v, V).
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cream cheeses that are involved in consumer satisfac-
tion to promote full product acceptability.

CONCLUSIONS

The microstructure of cream cheeses can be success-
fully analyzed using X-ray microtomography (pCT).
Although the correlation performed on the pCT pa-
rameters to the rheological parameters did not identify
any microstructural-mechanical structure relationships,
relationships among the different microstructural pa-
rameters; that is, the relationship between fat content
to droplet size and distribution, were identified. This
is important as these relationships can affect the func-
tional, technological, and even nutritional properties of
foods. Although the correlation performed on the pnCT
parameters to the rheological parameters did not iden-
tify any microstructural-mechanical structure relation-
ships, relationships among the different microstructural
parameters (i.e., the relationship between fat content
and droplet size and distribution) were identified. This
is of importance, as these relationships can affect the
functional, technological, and even nutritional proper-
ties of foods.
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