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In this paper chemometrics (ANOVA and PCR) is used to
measure unbiased correlations between NMR spin-echo decays of
pork M. Longissimus dorsi obtained through Carr—Purcell-Mei-
boom-Gill (CPMG) experiments at low frequency (20 MHz) and
the values of 14 technological parameters commonly used to assess
pork meat quality. On the basis of the ANOVA results, it is also
found that the CPMG decays of meat cannot be best interpreted
with a “discrete” model (i.e., by expanding the decays in a series
of a discrete number of exponential components, each with a
different transverse relaxation time), but rather with a “continu-
ous” model, by which a continuous distribution of T,’s is allowed.
The latter model also agrees with literature histological results.
© 2000 Academic Press
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INTRODUCTION

Since different states of water exist at the end of this proces:
it is unfortunate that not many studies have investigated th
relationships between WHC, as measured by accepted stande
methods, and the NMR relaxation properties of me3t (
Indeed, the latter spectroscopic technique permits characteriz
tion of the different dynamic states of water through the mea:
sure of the transverse proton relaxation tinig)((3, 4. The
experimental procedure is easily carried out by means of th
well-known Carr—Purcell-Meiboom-Gill (CPMG) spin-echo
technique, where a/2 RF pulse, followed by a sequence of
equally spacedr pulses, is applied to the sample so as to
generate an equal number of spin echd&e$). If the intensity
of each echo is plotted versus the time elapsed between/Zhe
pulse and detection, an exponentially decaying curve is ob
tained, in the simplest case following Eq. [1]:

[(nT) =lg-exp(—n7/T,) n=1...N, [1]

Water holding capacity (WHC) is a qualitative parameter of

primary importance in the meat industry. In fact, the Sensof o
characteristics of this product, as well as suitability for stora ’

and processing, are strictly influenced by water binding

meat. Drip loss represents a relevant commercial dam
caused by weight decrease and by partial loss of the nutritio 2

characteristics of the final product, owing to the relatively hi
concentration of proteins dissolved in the exudate (aBat

that found in muscle). Moreover, a high drip loss shortens t
shelf life of the product, because of the oxidative and hydr
lytic processes promoted by the microorganisms which easi

develop in the exudate.
From a histological point of view, water loss has be

described as a three-step process consisting of (i) loss of w.
from within myofibrils due to postmortem shrinkage, (ii) relo;
cation of water from intra- to extracellular compartments, a

(iif) subsequent flow of this liquid to the surfac#)(
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e%'artment’s surface, their NMR relaxation properties are very

89

is the intensity of the free induction decay (FID) that

YWould be recorded immediately after thg2 pulse,r is the

fime betweenr pulses,l(n7) is the intensity of thenth echo
curring atnt s after the firstw/2 pulse),N is the total
mber of echoes, anb, is the transverse relaxation time of
e population of protons that gives the signal.

In muscle, water is contained within isolated compartment:
whose diffusional exchange is slow on the NMR time scale.
each compartment three types of water are recognizec
ructural” (s), “multilayer” (m), and “bulk” (b) waterq, 8).
Due to different interactions with the biopolymers at the com-

ffferent. Further, when the condition of fast exchange on the
MR time scale is achieved, these three water states contribu
single observed transverse relaxation time per compartme
(T,.009, @s summarized by Eq. [2]:

Tg,ébs: FSTEé + FmT27%n+ Fngll)i [2]
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whereT,, T, andT,, are the transverse relaxation times of T,; = T, i.s exd (i — 1)IN(T, pax/ To.mi)/(M — 1)]. [5]
structural, multilayer and bulk water, respectively, andH,

and F; are their molar fracti_ons, WhiCh depend, in turn, on thﬁ more correct approach to the study of the NMR relaxation
compartment Sh‘.ﬂj‘pe ar_1d dimension. . . Joperties of meat would therefore imply the inspection of the

Although a dISpeI’S,IOH_ of compartment d|_men5|0ns a&(Tzvi) distribution calculated by Eq. [4] as the appropriate
shapes (and thus d,’s) is presumable—an_d indeed foun y to check whether a simpler model is justified. Unfortu-
(9, 10—many authors_ have modeled the spin-echo decays@%ely, this key step is not mathematically well conditioned:
meat_ as the Shjmmat'of? of a discrete _number of EXPONENYRtributions tend to display more features than required, thu
functions (the "discrete” model). By this model, a Spln'eChSaIIing for countermeasures like the introduction of empirical

relaxation curve is fitted by an equation that f:omprises exac }f]oothing functions that may yield equivocal result8, (19.
M exponential components, each characterized by a dlﬁerenbesides the issue of the correctness of the model used to

T2 (T2;) and intensity (o,): the experimental data, it is reasonable to think that any differ
ence in the WHC of meat samples should be detected by NMI
M to some extent. Therefore, it would be desirable to measure tt
l(nt) = >, loi-exp(—n7/T,) n=1...N. [3] correlations between NMR and the WHC parameters withou
i=1 the assumption of any prior model for the spin-echo decay:
(i.e., by using theraw, time domainrelaxation data), thus
For example, three populations of differently relaxing wategvoiding any related bias. In this paper we get inspiration frorr
were proposed, on the basis of a thorough application of theme recently published pape2)¢23 and use a chemomet-
discrete model, in heart muscle of chicken, pork, and EBf ( ric approach to test the correlations between the NMR relax
The presence of three components was more recently cation decays of porfM. L. dorsi (LD) and the values of 14
firmed in chicken heart muscle B NMR, but not by’H and technological parameters commonly used to assess meat qu
O NMR spectroscopy, by which “at least two” water comity in the pork industry. Based on ANOVA results, we also
ponents were detectetd). Three components were found als@ive evidence that the discrete model fails in describing ap
in pork M. Longissimus dorsiput one was classified as “ex-propriately the CPMG experimental data measured in meat.
pelled water,” because of its lonf, and too small detected
population, and not considered any further during discussion MATERIAL AND METHODS
(13). In another paperld), again,L. dorsimuscle was studied
and three to four components were considered necessary to fisnimals and slaughter proceduresThe animals used were
time domain NMR signals. Finally, in some other cases, i.e., #1 heavy pigs, castrated males, and gilts of average weigt
frog leg muscle 15) and in porkpsoascardiac diaphragm, and equal to 134 kg, 10 months old. Genetic types, feeding phase
L. dorsi muscles 16), only two water fractions were recog-and rearing conditions were those admitted by the guidelines c
nized. Parma Ham production2f). The pigs were slaughtered ac-
Itis possible that the limited—and often changing—numbeording to the customary procedures used in a commercic
of water populations found in the above muscle tissues is Blughterhouse. The carcass weight was measured 25 m
a symptom of an intrinsic unsuitability of fits by Eq. [3] to thepostmortem. At cutting, the various meat quality analyses wer:
task of interpreting the CPMG decays. Indeed, it has beatade in the dissected LD, at the level of the last two ribs.
demonstrated that the high covariance of the relaxation ratesl’echnological and chemical meat analysi§emperature
and amp_litgdes in a region of the pz_irameter space close to he pH values were measured with a OHM pH meter (Mode
global minimum can make Eq. [3] fit equally well—althoughypgg02) equipped with a combined electrode (Double Bore
incorrectly representing—synthetic relaxation curves contaipmilton) at 45 min (pH) and 24 h (pH) postmortem. Meat
ing a large number of differently relaxing components (100 Qor was determined using a Minolta Cr-300 apparatus, ac
more), so as to resemble a continuous distribution of intensiti@@rdmg to the Cielab system (L*, a*, b*). The water holding
and relaxation timesl(). On the contrary, in the latter case &apacity of LD samples was measured at 24 h postmortem: dri
“continuous” model would be more appropriate: loss was determined according to Honik2BY and by filter
paper press experiment26j. Cooking loss was measured
M according to HonikelZ5). Samples used for the determination
I(n7) = X 1o(T,) - exp(—n7/T,;) n=1...N, [4] ofthe chemical composition were taken at cutting and storet
i=1 at —20°C until analysis. Moisture, crude protein (Kjeldhal
method), and intramuscular fat (Soxhlet method) content wer

wherel o(T,;) provides a distribution of, intensities for each determined according to standard methaig.(
T, component, sampled logarithmically in the interVal,;, — NMR analysis. Three meat cylinders, approximately 30
T, uax @s shown in Eq. [5]17, 18, mm long and 35 mrin cross-sectional area, were excised
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from each LD muscle and inserted into 10-mm-diameter NMR 1 ' . 1 : )
tubes in such a way as to arrange the muscle bundles paraIIeF0 | bprpless |~ Filter paper press ~
to the external magnetic field. Each sample was thermosta‘ﬂ-40

cally held at 25°C for 10 min prior to the NMR measurement. z !~ ---- -7~ S .
The transverse relaxation timel) of water protons was 0 : 1 : . w 1
measured in triplicate at a frequency of 20 MHz using the zz
CPMG sequenceb( 6) with a Bruker Minispec PC/20 spec- * ,,
trometer. Each measurement comprised 168 points, corre-z
sponding to 168 echoes with an interpulse spacing of 3 ms. °
Forty-nine scans (with a 5-s recycle delay) were accumulated Zz
so as to obtain &/N ratio always between 1000 and 1700."*
Discrete and continuous curve fittings were carried out, respec-z
tively, with the programs EXPON and UPEN). In the latter °
case the first 5 echoes were discarded to get rid of mstrumental
instabilities that may bias the results. Default values for all of* 4 .
the parameters required by the programs were used throughoutO ‘

the calculations. "

Chemometric analysis.One-way ANOVA calculations, | e |
one for each measured technological parameter of meat, were®
carried out with the program Statistica for Windows. The *
normalized spin-echo decays were divided into three groups, ¢
depending on the value of the technological parameter (TR) e
being tested: the first group comprised spin-echo decays of*
samples whose corresponding TP belonged to the average Tlﬁz
value = one standard deviation interval; the other two were ¢
constituted by samples exceeding the above interval in one qre
the other direction. Parameters not passing the Shap|ro—W|Ik“°
test of normality were normalized beforehand, according t0 v ‘ . P ‘ ‘ J
accepted procedures2§). Principal component analysis  ° ' Cimems 0" Cimems
(PCA), based on the decomposition of the covariance mamXFIG 1. ANOVA of the CPMG spin-echo decays based on the variation of
\;Vr?‘j %ig:ae; 8;1“ mghsigglzz?:eprgg;afw tva\_llr(l(tgtr?nf:grlinthtﬁepusrfgftﬁgm of 14 technological parameters of pMkLongissimus dorsi.
repository (http://www.stat.unipg.it/pub/stat/statlib/multi/pca).

After PCA, the scores corresponding to samples excised fréfP of them (namely lipid content and back fat) seem far less
the same pig were averaged so to yield a single set of scores§fégctive than the others, as judged by their almost null
animal. A principal component regression (PCR) was théNOVA plot. The remaining plots are much more structured.
calculated with Statistica for Windows, using an appropriate The ANOVA plots show broad peaks whose maxima fall in

number of PCs as independent variables and each technoldgie€ main regions of the time domain centered at about 20, 6
cal parameter of meat as a dependent variable. and 350 ms. It is thus possible to admit the presence of at lea

three broad populations of water (acting on three different
regions of the CPMG decay) which would arise from three
main types of water compartments in pork LD muscle. Actu-
ally, by applying the discrete model we found three relaxatior
components, one spanning the 20- to 85imsange (hereafter
As a preliminary analysis of the NMR data, the ANOVAcalled T,,), with the highest population (65-90%), and two
technique was applied to check whether a discriminatianinor components, spanning the ranges 85- to 260-Mg (
among the spin-echo decays was possible, based on the value 3- to 20-msT,.), which share the remaining signal inten
of each TP. In this way, portions of the CPMG curves that vasity. The first two relaxation components agree with the avail-
systematically within the three groups (see Material and Methble literature data about NMR relaxometry of LD3J,
ods) give highF values and appear “structured?1). The whereas &, component as short 83, is often thought of as
results are shown in Fig. 1. Although the majority of the plotseing due to the effect of nonfreezable water in the hydratior
show points that lie well above thHe = 3.00value needed to shell of the biopolymers such as protei29 37).
achieve significance at the 95% level, it is apparent that not alllt is difficult to explain all of the features evidenced by the
the TPs have the same discriminative power. In fact, at le#glOVA plots on the basis of the discrete model only. In fact,

RESULTS AND DISCUSSION

Analysis of Variance
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0.7 found by Tornberget al. (13). Thus, contrary to the discrete
model, the continuous model is able to detect water whigse
are compatible with the formation of significant features in the
longer times region of the ANOVA plots. Interestingly, the
only plots that show marked long-times features are the one
related to the TPs that measure WHC. This is another indice
tion of the actual dependence between the NMR relaxatiol
behavior of meat and the state of water within the samples.
It is worth noting that the present interpretation of the
CPMG NMR signal of pig LD muscle, based on the continuous
: . . model, corroborates the optical microscopy evidences by Offe
0 100 200 300 400 500 and Cousinsg), who reported that the sizes of the extracellular
water compartments have a large dispersion around a me:
value and that, in many instances, they can be as small as tl
FIG. 2. Plot of the function exp{nt/T,ua) — exp(—n7/T.ms) (see intracellular gaps. Therefore, the part of tiie distribution
text) for Tz, (dotted, Tz uax = 260 MS.Toma = 85 M), T2 (SOld, Towax = 85 corresponding to extracellular water (at highers) is ex
MS; Tomn = 20 MS), andTz. (dashed Tz = 20 S Tomn = 3 MS). The o 1 he broader than the one corresponding to intracellul

curves evidence the only regions of the CPMG decays that can be significaHE/ , L.
affected if a linear correlation betwedn and each TP is assumed. water (at IowerT2 S)' This is what we aCtua”y observe.

..
o
-

time (ms)

Principal Components Regression

if some level of interdependence is present between the Val“?—laving found reasons to consider the discrete model over

of a TP andT>,, Ta, OF T, highF values should be detectedgiyyified with respect to the continuous model, a problem is

at those points of the ANOVA curve that correspond to CPM{iseq about the way of quantifying the correlations betweer
data points which are very much influenced by a change of the, N\MR signal of LD and each of the TPs studied. This is a
T, value. These points can be adequately described by {iGi5| task when a discrete fitting is performed: in that case
function expt-nT/Touax) — exp(—N7/Tomo) (Where MAX 7016 order data structures are produced (i.e., numbers: sign
and min refer to the upper and low&; bounds detected by ihiensities andr,’s), which can be immediately tested against
discrete model analysis), i.e., by the derivative of exp¢/ e TP of interest42, 32. If, instead, the NMR properties of

T;), taken with respect td,, and subsequently integrated; sampe are represented by a first-order data structure, as it
betweenT s, andT, vax (Fig. 2). By comparing Fig. 2 10 Fig. he case for a continuots dispersion or &, spin-echo decay

1 itis apparent that the proposed correlation can only accoyakys, thewholedata structure must be used in the regression
for the shorter times part of the ANOVA plots, the broagincinal components analysis of the first-order structures i
feature centred at about 350 ms remaining unexplained. As faf, particularly useful in that it reduces the structure dimen.
as the latter peak is concerned, it is reasonable to relat_eg;&na"ty to the minimum required number of numerical ele-
presence to the effect of furth& components whose decay iSpents (the scores) that are necessary to express the informati

slower thanT.. A component of this kind has been actually.,htained into the raw data in terms of the principal compo-
found by Tornberget al. (13), yet in a percentage as low as 1%.

Although none of our calculations detected any slow compo-

nent that could be assigned to “expelled water,” the possibility 140
that under our conditions the discrete fitting could overlook this
slowly relaxing signal must be taken into account.

Calculations based on the continuous model strengthen th'[g‘
view. In fact, as it appears from the typical continuolis % 80
dispersion reported in Fig. 3, each meat sample does nof,
contain three distinct kinds of water, but rather a huge numbe¥
of them which cluster to yield two broad water populations,&D 40 1
i.e., a main one, centered at about the previously calculgied 20 -
and spanning 16—84 ms, and a minor, slowly relaxing one,
about one order of magnitude wider. The two types of water
are not separated, the slower relaxing one revealing itself as a
long tail extending up to a half second at the right side of the
main narrower peak. This tail comprises the so-called “extra-5 5 ContinuousT, relaxation plot yielded by the program UPERS.

cellular water,” usually identified by the longekt component the unit on they axis gives the percentage of NMR signal per Neper, i.e.,
found by discrete analysis onl¢1, 1§ and the expelled water logarithmic time unit.

120 A
100 A

6()_
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TABLE 1 is much more related to a blue—red than to a yellow—greel

Regression Coefficients (r) of the PCR Carried out by Calculat- change of color. Also, the meat protein content is strictly
ing the Linear Regression TP = a, - s, + &, - s, for 14 Techno-  correlated to NMR signal, indicating a clear dependence of th
logical Parameters of Meat latter on the soluble fraction of meat protein. This fraction is

eluted into the exudate lost during storage and it is particularl

Parameter r . .
detrimental to the commercial appearance of meat.

Drip loss 0.74%%* By looking at Table 1 it is also apparent that some of the TP«
Filter paper press 0.71%* that had previously displayed structured ANOVA plots lack a
PH, 0.7 significant correlation with the CPMG decays. This evidence
E:Ote'ns ooéif** should not be taken as proof of the failure of the preliminary
b 0.5gw* analysis of the spin-echo decays based on the ANOVA: thos
Cooking loss 0.43* TP could simply lack dinear correlation with the CPMG
Temp, 0.39* decays, which is the only kind of relationship yielded by PCR.
ar 0.33 We are currently considering the joint use of chemometrics an
E'g'cisfat %2275 neural networks35) to overcome the problem of nonlinearity
Carcass weight 019 and to obtain, hopefully, better correlations.
pH, 0.13
Moisture 0.12 CONCLUSIONS

Note.Here s and s are the first two scores obtained by PCA (see text).

***Significant at the 99.9% level. *Significant at the 95% level. In this paper it has been made clear, on the basis of one-we

ANOVA evidences, that the NMR data of poM. L. dorsi
meat obtained through CPMG spin-echo experiments cann
nents (the loadings). The scores are eventually used as inglgsily be correctly interpreted when analyzed in terms of
pendent variables in a principal component regression.  summation of a discrete number of exponential components, ¢
If two or more first-order data structures are independentlyis often found in the literature. A continuous model is more
measured representations of the same sample property, iggpropriate and clearly shows the presence of two water poy
possible to interchangeably use them in PCR. This is not theitions, each spanning a broad range of transverse relaxatit
case wherT, spin-echo decays ari, dispersions are consid times. By resorting to chemometrics it has been possible tt
ered, since the latter derive from the former ones via thgtain an unbiased measure of the correlations between tt
continuous fitting procedure and may thus contain additiongPMG data and 14 analytical descriptors of meat commonly
noise or bias. Raw, spin-echo decays were therefore directlyised in meat technology.
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