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Parma hams at various processing stages were investigated by surface autofluorescence spectros-
copy. Fluorescence “landscapes” of raw meat and salted (3 months), matured (11 and 12 months),
and aged (15 and 18 months) Parma hams were obtained, and a three-dimensional data array (sample
× emission × excitation) was used to develop a PARAFAC model including five components, which
all exhibited characteristics of pure fluorophores regarding both excitation and emission spectra. The
relative amount of each component related strongly to the processing stage, and sample age showed
good correlation to fluorescence data (R ) 0.98), with a relative error of prediction of approximately
1 month. Fluorescence measurements from samples of either semimembranosus or biceps femoris
were used to predict chemical or sensory reference data, yielding good correlation for biceps femoris
data, thereby enabling moisture content, sensory and instrumental color, and proteolysis value to be
fairly well predicted. Overall, surface autofluorescence of Parma hams proved to hold relevant
information, relating to major chemical/physical changes during processing. It is concluded that
fluorescence spectroscopy has potential as an innovative method of quality control in dry-cured ham.

KEYWORDS: Dry-curing; ham; process control; fluorescence landscapes; chemometrics

INTRODUCTION

Dry-cured Parma ham is a traditional meat product manu-
factured according to an additive-free long-term maturing
process, requiring more than 12 months of aging for the
characteristic flavor to be fully developed. Although most steps
in production have been automated, the process control still
relies on traditional evaluation methods. For this reason there
is interest in the application of instrumental predictive methods
relevant to quality assessment at several manufacturing stages.

A number of important parameters pertaining to the quality
of the raw material or dried hams at intermediate stages of
processing have been identified, including the pH of raw meat
(1), NaCl concentration (2), and, more recently, the endogenous
proteolytic activity during maturation (3, 4). In addition, a
variety of quality defects of either microbial or chemical origin
have been identified (5). Among the latter class of defects are
formation of white tyrosine crystals on the surface, excessive
softness, and bitter taste (3). These defects are related to

abnormal protein breakdown, and efforts are being made to
predict proteolysis in dried ham from raw meat analysis (6). In
light of the long processing time and for standardization
purposes, it is crucial to identify defective hams as early as
possible.

To improve the quality control in dry-cured ham production,
there has been a demand for innovative and fast methods for
assessing quality during processing (7). Several studies have
shown that fluorescence spectral data from beef correlate with
sensory overall toughness (8), connective tissue content (9, 10),
and Warner-Bratzler shear value (11). Furthermore, the degree
of lipid oxidation in chicken meat has also been evaluated by
autofluorescence spectroscopy (12). Currently, instruments that
are suitable for on-/at-line measurements of autofluorescence
either at the sample surface or using an insertion probe are
commercially available (9, 10), and an advantage of fluorescence
spectroscopy over traditional methods used in the meat process-
ing industry, apart from its speed, is the nondestructive nature
of the measurement. Given the significant physical and chemical
changes occurring during the process of dry-curing, fluorescence
spectroscopy may be an appropriate method for monitoring
quality or maturation degree while the process is in progress.
Multivariate techniques have been evaluated in the analysis of
meat quality (13), and meat products like most other food
products are of a complex nature, which calls for explorative
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analysis methods. The combination of fluorescence and chemo-
metrics, including multiway methods appropriate with fluores-
cence spectral data (14), can prove to be a strong tool in the
processing control of dry-cured hams, enabling the identification
and quantification of pure fluorescence components that may
correlate with maturation degree and quality. A previous attempt
to use multivariate methods with sensory and instrumental
analysis of dry-cured ham led to good relationships for sensory
firmness and taste, but not for tristimulus color (7).

The main objective of the present study was to evaluate
surface autofluorescence spectroscopy as a means to measure
age-related quality indexes of Parma ham during processing.
Moreover, an explorative application of multiway chemometric
methods for autofluorescence landscapes ranging from raw meat
to matured hams was used to characterize pure fluorophores in
meat samples. In addition, two- and three-way regression
methods were applied to autofluorescence data to predict ham
age at various processing stages and to search for interdepen-
dencies with chemical and sensory properties.

MATERIALS AND METHODS

Sample Material. Lean raw pork from fresh hams was obtained
from the local market, whereas Parma hams were from a processing
plant in Parma, Italy. Ages of Parma hams ranged from salted (3
months) to matured (11 and 12 months) and further to aged (15 and
18 months). Samples were removed from three leg portions, namely,
semimembranosus (SM) and biceps femoris (BF) muscles, plus a slice
from the middle section of the leg. Samples for autofluorescence
analysis were collected at the processing plant, vacuum packed, and
kept in a cold dark room for∼48 h before the time of measurement.
They were thermostated in a water bath at 25°C, and a slice of∼1 cm
thickness was cut to fit a sampling cup with a quartz window and an
internal diameter of 3.5 cm. A total of 67 meat samples were submitted
to duplicate measurement of surface autofluorescence spectroscopy. Of
the 67 meat samples, a subset consisting of 34 ham samples from SM
and BF muscles, respectively, was used in regression analysis. For this
subset of samples sensory and chemical measurements were also

included, and the fluorescence data (X) together with sensory and
chemical data (Y) underwent regression analysis.

Measurement of Autofluorescence.Fluorescence spectroscopy was
measured using a BioView instrument (Delta Light and Optics, Lyngby,
Denmark). The instrument was equipped with a fiber optics measuring
probe giving an open-end 180° measuring geometry. The instrument
used a pulsed xenon lamp for excitation, and a surface area of∼6 mm
in diameter was sampled in each measurement. The sensor was
connected to a multichannel fluorescence detector, and 15 excitation
and emission filters (each having bandwidths of 20 nm) were employed,
measuring excitation from 270 to 550 nm at 20 nm intervals.
Accordingly, emission spectra were recorded from 310 to 590 nm at
20 nm intervals. The emission wavelengths were shifted by 40 nm from
each excitation wavelength applied.

Chemical/Sensory Analysis.Freshly cut samples from the two
muscles were analyzed for instrumental color in terms of CIEL*, a*,
b*, hue, and chroma by a Minolta d-508 spectrocolorimeter (Minolta,
Osaka, Japan). Visual color assessment of the same samples was
performed by an expert panel rating redness intensity on a nine-point
scale with extremes (0-9) corresponding to absence and extreme visible
redness, respectively. Proximate composition data were measured
according to standard methods (15), and a proteolysis value was
determined on BF muscle as percent ratio between nitrogen soluble in
5% trichloroacetic acid and total nitrogen in the sample (16).

Data Analysis. The scope of the data analysis was to explore
fluorescence landscapes originating from dried ham for hidden or
underlying information and to relate the age of dried ham samples to
their fluorescence, chemical, and sensory data. This was fulfilled by
fitting a PARAFAC (PARallel FACtor analysis) model to fluorescence
data from all types of samples and running bilinear or multiway PLS
regression analyses correlating fluorescence data to sample age or
chemical/sensory data, respectively.

A three-way array of the fluorescence spectra was used for
PARAFAC, which is similar to the bilinear principal component
analysis (PCA) or singular value decomposition (SVD), that is, a
decomposition method designed for multiway data to reduce dimen-
sionality and extract underlying phenomena (17). As in PCA, where a
score and a loading vector represent each principal component, each
component or factor in PARAFAC consists of one score and two

Figure 1. Representative reduced fluorescence landscapes (13 × 11) of raw meat (a), salted Parma ham (b), 11 month matured Parma ham (c), and
fully matured Parma ham (d). Landscapes shown represent data used in the PARAFAC model.
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Figure 2. PARAFAC solution with non-negativity in all modes for reduced fluorescence landscapes (13 × 11) of 67 samples ranging from raw meat to
Parma ham at different process stages: (a) scores for all samples; (b) loadings in emission mode; (c) loadings in excitation mode corresponding to
resolved emission and excitation profiles of fluorophores as estimated by the five-component PARAFAC solution. Scores represent an estimate of the
amount of each component in the samples, and the numerical values of scores for every component indicate the portion of variance explained relative
to the total variance in all data.
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loading vectors (in a three-way data analysis), which represent the three
modes of the original data. The PARAFAC modeling was performed
using an algorithm in theN-way toolbox (18) and MATLAB (Math-
works, Natick, MA, version 6.1, release 12.1), in which several criteria
can be defined for the PARAFAC model, for example, orthogonality,
unimodality, and non-negativity, the latter being most appropriate when
fluorescence data are handled. Data were not preprocessed in the three-
way analysis of fluorescence data, meaning that neither centering nor
scaling was carried out. There were 67 meat samples in the data used
for PARAFAC modeling, so the dimensions of the original data array
was 67× 15 × 15 (samples× emission× excitation). The data array
was reduced to 67× 13 × 11 by excluding the two lowest emission
wavelengths (<350 nm) and the four highest excitation wavelengths
(>470 nm), which contained only a few observations. PARAFAC
models with increasing numbers of components were calculated, and
the resulting core consistency, which is a measure of data fitting of
the model (ideal 100% and generally regarded as acceptable down to
50%), was evaluated (19). The number of components was also
evaluated by a split-half test in which the 67 samples were divided
into two parts, and two PARAFAC models were fitted to each data
subset.

To relate sample age to fluorescence data, partial least-squares (PLS)
regression analysis was performed on the three-way data array, unfolded
matrix, and PARAFAC scores using full cross-validation. In bilinear
PLS regression analysis of a matrixX containing the independent data
and a dependent variableY, factors will be extracted from X to
maximize the covariance to the dependent variable, and this principle
can also be applied with multiway data arrays, which is named N-PLS.
An additional regression analysis was made by adding chemical and
sensory parameters to the unfolded two-way fluorescence data, after
preliminary tests showed that regression models of unfolded data were
better compared to N-PLS regression models using the three-way array
of fluorescence data. The unfolded fluorescence data matrix was mean-
centered and autoscaled prior to PLS regression, which employed full
cross-validation.

RESULTS AND DISCUSSION

Figure 1 shows fluorescence “landscapes” of raw meat,
salted, and matured Parma ham samples, and it is seen that major
changes in peak wavelengths and intensities are observed for
different maturation times. To extract information from and find
underlying structures in fluorescence landscapes, a PARAFAC
analysis was performed on the three-way data matrix, yielding
a five-component model. This model (PARAFAC solution) had
a core consistency above 50% and an explained variance of
>99%. Validation by a split-half experiment made from two
subsets of samples provides the same results (loadings) as with
the original 67 samples, and this jack-knife type of analysis
then shows that the extracted number of components is correct
and that the model is unique.

Results are shown graphically inFigure 2 as PARAFAC
scores and loadings plots, respectively. Scores are an estimate
of the “amount” of each component in each sample, and the
score plot (Figure 2a) supports major differences between
several meat classes, with raw meat and salted and maturing
hams exhibiting also within-class deviations. The amount of
the first component increases from raw to salted meat and then
drops to a constant level in 11-12-month-matured hams and
further decreases in aged (15-18 months) hams. According to
estimated emission and excitation spectra (loading plots,Figure
2b,c), component 1 is most likely related to aromatic amino
acids in proteins having emission and excitation maxima at 370
and 290 nm, respectively. These wavelengths do not match
exactly with known values for pure spectra of the fluorescent
amino acids tyrosine, tryptophan, or phenylalanine in solution,
which may be due to the low spectral resolution of the
instrument. Alternatively, the spectral properties of component

1 may accordingly be due to a mixture of these amino acids in
the meat matrix either bound in protein backbones or as free
amino acids. All three aromatic amino acids have been shown
to increase in concentration in both BF and SM muscles during
16 months of processing of Iberian dry-cured hams (20), and
internal quenching phenomena may account for the observed
drop in peak intensity when salted meat is compared with
matured and aged samples.

The second component, which has excitation and emission
maxima at 370 and 470 nm, respectively, increases sharply from
salted to matured/aged samples, whereas the third component
(430 and>590 nm, respectively) exhibits clear differences
between raw and cured meat. It is known that certain inorganic
substances, such as chloride, can be detected by reaction with
an organic reagent resulting in fluorescence or fluorescence
quenching (21), and determination of chloride in biological
systems has been based on these principles (22). The observed
emission peak in the red region may accordingly originate from

Figure 3. Prediction of sample age or processing stages of meat samples
ranging from raw, salted, and maturing hams from PLS regression analysis
of actual sample age versus fluorescence data arranged as (a) unfolded
spectral data (67 × 101) or (b) scores (67 × 5) obtained from PARAFAC
solution (five components, non-negativity constraints in all modes). Results
for correlation coefficient and prediction error (root-mean-squared error
of cross-validation, RMSECV) were obtained by full cross-validation in
the regression analysis including a total of 67 samples.
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chloride reacting with an organic compound present in the salted
and maturing hams.

The fourth and fifth components show little change over the
processing span, although the latter seems to discriminate raw
and salted from matured/aged meat. The estimated excitation
and emission wavelengths for the fifth component may be those
of fluorescent tertiary lipid oxidation products, identified both
in model systems containing polyunsaturated fatty acid plus
glycine (23) and in meat (24), having excitation and emission
maxima at 360 and 440 nm, respectively. Lipolysis and lipid
oxidation have been investigated during meat maturation (25,
26), showing that primary (peroxide value) and secondary lipid
oxidation products (TBARS) reach a maximum during the
process, dropping to negligible levels in the fully matured hams.
Several fluorescent lipid peroxidation products from secondary
oxidation products, such as aldehydes, and primary amines have
been characterized in biological systems (23), and most of those
were found to be covalently bound to proteins. Therefore, it is
likely that tertiary lipid oxidation products emerging late in the
maturation of dried hams become detectable in a fluorescence
landscape. In a previous study high correlation between TBARS
values and fluorescence spectra was found, which enabled the
classification between fresh and rancid chicken meat samples
(12).

Parma hams as well as other dry-cured hams are known to
undergo extensive and complex degradation processes yielding
free amino acids and small dipeptides (27-30), which in turn
acts as flavor compounds or precursors for volatile flavor
compounds (31). Lipids are likewise prone to breakdown into
low molecular weight compounds (32), which are or, after
reacting with amines, become fluorophores. Some of these
compounds are likely to account for the pronounced changes
observed in fluorescence landscapes of samples in this study.
Although the present data do not enable resolved components
in the PARAFAC model to be assigned to specific chemical

compounds, they may be useful in providing a description of
the maturation degree of dried hams.

PLS Regression of Spectral Data.To estimate the relation-
ship of fluorescence landscapes of meat samples to their age
(months of maturation), PLS regression analyses were performed
on the data matrix obtained after the unfolding of the original
67× 13× 11 data array and removal of values (columns) above
the Rayleigh band.Figure 3a shows predicted versus actual
age on the basis of original unfolded data (67× 101), with a
root-mean-squared error of cross-validation (RMSECV) of 1.08
months andR) 0.98. Results were less satisfactory (RMSECV
) 1.34 andR ) 0.97) when regression analysis was made of
the three-way data array of fluorescence landscapes (67× 13
× 11). This observation indicates that the relatively high number
of missing values (∼30%) in the fluorescence landscapes
arranged as a three-way array impairs the final result of this
particular model, whereas the unfolded matrix containing no
missing values provides a better description of the original data.
Also, scores from the previously presented five-component
constrained PARAFAC solution were correlated to sample age
by the same statistical procedure (Figure 3b), leading to a
prediction error of 2.3 months, or twice that found with two-
or three-way PLS regression of the original spectral data.

Additional PLS regression analyses performed either with
unfolded fluorescence data (two-way) or an array of fluorescence
landscapes (three-way) were focused only on matured samples,
to estimate if a fluorescence-based model can help discriminate
between hams at the last processing stages (11-18 months).
Results obtained from two- and three-way PLS regression
models (both having RMSECV) 1.1 months andR ) 0.92)
demonstrate that the subset of fluorescence data containing only
maturing/aging samples conforms better to trilinearity compared
to the complete data set (67 samples), where differences in
correlation coefficient and RMSECV for the two- and three-
way PLS regression model are observed. When scores from the

Table 1. Results from PLS Regression of Chemical/Sensory Parameters and Fluorescence Landscapes from Parma Ham Samples at Various
Processing Stages and from Two Muscles, Semimembranosus (SM) and Biceps Femoris (BF)

parameter
samples included

(range within sample group)
latent

variable no.
% explained

variance (X/Y) Rcv RMSECV

moisture (%) alla (50.7−68.2) 1 74/36 0.5646 4.04
SMa (50.7−64.0) 2 82/91 0.9185 1.66
SM, matureda 1 21/35 −0.2165 1.91
BFa (59.2−68.2) 2 85/91 0.9141 1.00
BF, matureda 2 79/64 0.6340 0.89

salt (%) all (3.33−5.90) 1 64/37 0.6735 0.53
SM (3.41−5.24) 1 66/36 0.6978 0.40
SM, matured 1 −0.5175
BF (3.33−5.90) 1 75/56 0.6707 0.57
BF, matured 1 −0.1684

CIE a* all (4.48−9.74) 1 74/49 0.7604 0.80
SM (5.64−9.40) 3 82/27 0.6390 0.77
SM, matured 1 0.0400
BF (4.48−9.74) 6 92/73 0.8645 0.69
BF, matured 2 69/10 0.3098 0.67

color 1 (arbitrary) all (3.0−8.5) 1 74/62 0.7373 0.92
SM (4.0−8.5) 2 74/42 0.5235 1.06
SM, matured 1 −0.3822
BF (3.0−8.5) 2 85/92 0.9356 0.53
BF, matured 2 78/66 0.6034 0.59

proteolysis value BFb (18.01−39.95) 6 94/87 0.9243 2.07
BF, maturedb 6 94/75 0.8428 1.69

a Numbers of samples included in each regression analysis: all samples (n ) 34), all semimembranosus samples (n ) 18), matured semimembranosus samples (n
) 15), all biceps femoris samples (n ) 16), and matured biceps femoris samples (n ) 14). b Numbers of samples included for regression analysis of proteolysis value:
all biceps femoris samples (n ) 14) and matured biceps femoris samples (n ) 12).
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PARAFAC model were used, a poor correlation was obtained
(R ) 0.76), with an error (RMSECV) of 1.8 months.

PLS Regression of Spectral, Chemical, Physical, and
Sensory Data.To search for relationships between spectral
(fluorescence), chemical, physical, and sensory data, the fluo-
rescence data were used asX data and chemical (moisture and
salt), physical (CIEa*), and sensory (visual color) measurements
from the same ham samples were used asY data, resulting in a
data set of 34 samples ranging from salted to aged Parma ham
(18 month). Results of PLS regression analyses, performed
independently for SM and BF muscles (Table 1), show that
fluorescence from BF samples was better correlated to most of
the chemical/sensory parameters, for example, salt, instrumental
redness (CIEa*), and visual color. A previous correlation study
between sensory and chemical parameters of Parma ham found
moisture to be inversely related to taste and firmness, whereas
instrumental color exhibited poor correlation to sensory color
(7), which could be due to noninformative instrumental methods
applied. The present fluorescence landscapes seem to contain
information relating to both instrumental (CIEa*) and sensory
color measures, as shown by good correlation coefficients of
CIE a* versus fluorescence data for both muscles, whereas
sensory color is especially well correlated in BF samples.

It can also be observed that fluorescence landscapes from
SM samples are similarly well correlated to moisture, as are
BF muscles, but RMSECV for prediction of moisture in BF is
33% lower than in SM samples. Because the relative error for
moisture analysis in dried ham is∼0.4% and because the
intervals for moisture in SM and BF are 68-59 and 64-51%,
respectively, the estimated prediction error, ranging from 1.91
to 0.89% when separate muscles are analyzed, seems to be
satisfactory. The results obtained with the two types of muscles
may in part differ because SM and BF are located at the exterior
and interior of the whole ham, respectively. This means that
SM during processing will develop lower moisture and salt
contents as moisture escapes from the surface and salt diffuses
toward the interior, where BF is located, and as a consequence
the proteolysis will in general be most pronounced in BF.
Compared with previous PLS regression studies of chemical-
to-sensory or chemical-to-instrumental relationships in dried
hams (7), relatively large proportions of variances could be
explained (on averageX > 70% and Y > 50%) in this
investigation, indicating that fluorescence data contain relevant
information concerning the chemical composition of dry-cured
hams.

In conclusion, the present study shows that the PARAFAC
model or PLS regression based on fluorescence landscapes
allows discrimination between raw meat, salted meat, and
matured/aged ham, plus prediction of chemical, physical, or
sensory parameters in the dried ham. Previous studies using
fluorescence data to evaluate meat toughness (8), quantify
connective tissue (9), or estimate oxidation (12) in meat have
monitored fluorescence at only three to four excitation wave-
lengths, and these applications may also benefit from the use
of fluorescence landscapes in combination with multiway
chemometric techniques.

Future work with the prediction of chemical/sensory para-
meters by fluorescence spectroscopy will focus on the ability
to identify defective hams early in the process. Furthermore,
dry-cured hams from other processing plants will be included
to validate the results obtained in the present study.
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