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Summary

Water holding capacity (WHC) is among the most ingoat quality traits of meat. However,
the mechanism behind WHC continues to be poorhetstdod and online measurement has
yet to be achieved in the meat industry. The oVetgkctives of this thesis were to advance
the understanding of WHC in meat (specifically ttteanges of different water domains
during drip production process) using nuclear mégneesonance (NMR) proton oT
relaxometry, and to investigate the suitabilityN\WIR as a reference method for faster, online
spectroscopic methods to measure WHC. Visible/naefmared spectroscopy (Vis/NIR
spectroscopy) and X-ray spectroscopy were invesiigas potential online methods. NMR
was compared with the traditional reference metloodVHC in pork, EZ-DripLoss method,
and the error magnitudes and sources were discUSB#R was also investigated as a method

to predict purge in vacuum packages in early pastem (p.m.).

The results show that NMR is an accurate and gaéine method for measuring small
changes of water content in a controlled systeO(ldnd DO mixtures). NMR can also
separate the ;Tvalues well in another controlled system (CyS$dlutions of varying
concentrations) consists of three different knowrvalues, that are similar to the Values
found in meat. The complexity of sample inhomoggnand sample handling introduces
errors in NMR measurements of meat, and standatdrecedures need to be considered.
Regarding meat samples, the three, decomposedspgipintelaxation time components
corresponding to water domains of different mopivere seen to change during drip
production. For relatively shorter periods of digp (45 hours), the migration of water and
larger molecules from the meat to the drip domaias virreversible, and governed by
molecules from the slowest relaxation domain (costéree water). In addition, it was found
that NMR T, relaxometry could be considered as an improve@reate method for
spectroscopic techniques when compared with EZHosp method to measure WHC, i.e. the
relaxation time of the slowest relaxation compor(@a) correlated better with both Vis/NIR
and X-ray spectra than EZ-DripLoss values. Two edéht approaches of model fitting
(discrete and continuous model) were applied toNRHR data and directly compared. It was
found that the two fitting methods gave differeesgults for both relaxation rates and intensity
for all three components, which might cause diffiéiaterpretation of water activity in meat
during drip. Finally, the ability of predicting pge from pork muscle after 9-day vacuum-

packed storage using NMR parameters measured pastymortem was explored. Results



show that NMR had limited prediction ability. Thasas investigated further and it was found
that it could be an effect of muscle structuralndes during storage, which affect WHC, but
could also be due to the substantial errors in NAfld purge measurements relative to the

variation in purge.

In summary, it was concluded that NMR proton refagtry is a very informative method for
WHC measurement. However, careful and standardszedple handling is required, and
errors caused by this issue should be further ssdegurthermore, it seems that there is a
need for NMR instrument can be adapted for WHC mmegsent in meat samples, with a
larger sample holder size than the common ~2.8 dgoanmtact meat measurement. This can

increase robustness towards sample inhomogeneltyealnice sampling errors.



Sammendrag

Kjottets evne til & binde vann er blant dets viitiigkvalitetsegenskaper. Mekanismen for
vannbinding er langt fra forstatt og online malinge fortsatt en dram for kjattbransjen. De
overordnede malene for denne avhandlingen varndnfie forstadelsen av vannbindingsevnen
(VBE) til kjatt (spesielt endringer i domener awmaunder dannelse av drypp) ved hjelp av
kiernemagnetisk resonans (NMR) protonrglaksasjon, samt a undersgke NMR sin egnethet
som referansemetode for & gi for raskere, onlie&tspskopiske metoder for maling av VBE.
Synlig/naer infrargd og ra@ntgen spektroskopi bleens@kt som potensielle online metoder.
NMR ble sammenlignet med den tradisjonelle EZ-Ddgs metoden med tanke pa at denne
kunne bli en ny referansemetode for vannbindingseu svinekjgtt. Starrelse og kilder til
malefeil ble diskutert. NMR sin evne til & forutdiypp i lagrede vakuum pakninger ble

undersgkt tidlig post morternp.Mm).

Resultatene viste at NMR var en ngyaktig og kvatititmetode for & male sma forandringer i
vanninnhold i enkle system ¢B og blandinger BD). NMR gir tre ulike B-verdier i CuSQ
lasninger av varierende konsentrasjoner, og diss&iverdiene ligner pa de tre som finnes i
kigtt. Reproduserbarheten til NMR-malinger av lgestver kompliseres av pravenes
inhomogenitet og av prgvehandteringen, og stanstzmtei maleprosedyrer er derfor
ngdvendig. Nar det gjelder kjottprover, sa gjennimgde tre spin-spin
relaksasjonskomponentene endringer i tidsrommer lovgppet produseres. Etter relativt
korte perioder med dryppdannelse (45 timer), vignasjon av vann og stagrre molekyler fra
kjgttet i drypp domene veere irreversible, og styes molekyler fra det langsomste
relaksasjons domenet (inneholder fritt vann). NMRrdlaksasjon ansees som en forbedret
referansemetode for spektroskopiske teknikker ivélal EZ-DripLoss metodens mal for
vannbindingsevne, dvs. relaksasjonstiden til degeste relaksasjonskomponentep,)(Er
korrelert bedre med synlig lys / NIR og rentgenkseenn til EZ-DripLoss malinger. To
ulike tilneerminger til modellbygging (diskret ogdmuerlig modell) ble sammenlignet, og
resultatene indikerte at de ulike modellene gakfeliige resultater bade for relaksasjons
hastigheter og intensitet for alle tre komponeritervann. Valg av modell kan saledes gi
ulike tolkninger av vannamobiliteten i kjattet undieyppdannelsen. Til slutt, ble evnen til &
predikere drypp fra svine muskel etter 9 dagersrigg vakuumpakning forsgkt predikert fra
NMR malinger som ble utfart tidlig post mortem. Rkatene viste at NMR hadde begrenset

evne til & predikere drypp 8 dager fram i tid. tBekan veere forarsaket av strukturelle



endringer i kjagttet som pavirker vannbindingsevaeder lagring, men ogsa de betydelige feil

i NMR og drypp-malinger som eksisterer i forholdviriasjonen i drypp.

NMR proton relaksasjon er en informativ metodevannets status i kjatt. Imidlertid ma man
veere forsiktig ved prgvehandtering, og feil forketaav dette problemet bgr vurderes
naermere. Det ser ut til at det er et behov for NiMi&®rument med en stgrre prgveholder enn
den som vanligvis bruker ~2,8 gram intakt kjgttapravenes inhomogenitet og utvalgsfeil
kan da reduseres og NMR-metoden tilpasses malingredjksjon av vannbindingsevnen til
kjattpraver.

Vi
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1 Introduction

1.1 Distribution and function of water in post mortemsule

Water is one of the main constituents of meat. Whiections as a lubricant between the
muscle fibers, as medium for metabolite transpionaand determines the plasticity, rigidity
and gelatinization of the insoluble proteins (mpaflar proteins, cytoskeletal proteins and
connective tissue) (Hughes et al., 2014; PuolamdeHalonen, 2010). The content, location
and mobility of water in muscle (myowater) change a function of several mutual
interacting factors, including age, sex, breed, clausype, stress level, cooling rate, aging
time, temperature, etc. (Honikel, 2004; Pearcel.et2811). In general, lean muscles (e.g.
longissimus dors{LD) muscle) contain about 75% of water and 22%pfteins (Honikel,
2004; Kauffman, 2001). Based on the structure antility of water, three classes of water

are commonly recognized in intact muscle, andlarstiated in Figure 1.
e Bound water

This type of water is attracted to polar or ioniogps of macromolecules like proteins (Aubin
et al., 1980). Due to the dipolar property of wadad the hydrophilicity of some proteins,
water is bond to the protein structure. From aliéoaical point of view, water molecules are
very important for the three-dimensional structarel activity of proteins. Bound water is
reported to make up less than a tenth of total nayery and it has reduced mobility and

changes very little in post-rigor muscle (Huff-Logan and Lonergan, 2005).
e Entrapped (or immobilized) water

Entrapped water might be retained by steric effaot¥/or by attraction to bound water. The
location of entrapped water is much debated inliteeature. Some works mentioned that
entrapped water is located within myofibrils (intrgyofibrillar) and between myofibrils
(inter-myofibrillar) (Pearce et al., 2011), othemncluded that entrapped water resides within
muscle structure (e.g. water held in myofiber bl eembrane), bound partly (Aubin et al.,
1980) or not to proteins (Huff-Lonergan, 2002; Huéinergan and Lonergan, 2005; Powrie
and Tung, 1975). This portion of water makes upual80% of the total myowater in living
muscle or pre-rigor muscle, and does not flow freeithin muscle (Huff-Lonergan, 2002;

Huff-Lonergan and Lonergan, 2005).



e Free water

This type of water is unimpeded and is held by wieg&rmolecular forces between the liquid
and the surrounding matrix, e.g. between myofiberthe inter-fascicular space or between
the muscle bundles in the extra-fascicular spaear(® et al., 2011). Free water makes up
less than 10% of the total myowater found in pgarimeat (Huff-Lonergan, 2002), but the
amount can increase when muscle structure chanmgkergrapped water flows out (Huff-

Lonergan and Lonergan, 2005).

Muscle

Epimysium

; Z-line
Myofiber Thin filament

“"s" <«—— Endomysium
e —" e ~
—
N R
My ofibril Filament

Thick filament

A’

Figure 1. Schematic representation of skeletal reusoganization and water distribution
based on mobility, including bound water),( entrapped (or immobilized) water)(and free

water (*).

1.2 Water holding capacity

Today's consumers and manufacturers are incregsavghre of meat quality and this has
increased demands on the meat sector to providugt® with certified quality (Damez and
Clerjon, 2013). Among the most important qualitgits of meat is water holding capacity
(WHC), whichrefers to the meat’s ability to retain inheremioisture during cutting, heating,
grinding, pressing, etc. (Fennema, 1990; Warnet4PONHC should be discriminated from
another similar terma- water binding capacity, which refers to the salmétg while extrinsic



water, phosphates and salt are added (Warner, 20b4}he industry, it is important to
understand WHC, since it affects salable weightssey properties, consumer perception,
eating quality, recipe and vyield in further prodegsof other meat products (den Hertog-
Meischke et al., 1997; Schéafer et al., 2002).

The complexity of the water holding capacity of misadetermined by its complex structure,
and more than one simple model for how water igl melthe myofibrillar protein system
should be expected (Puolanne and Halonen, 2010)ye¥iswed by Puolanne and Halonen
(2010), several hypotheses for how water is helek Heeen presented, including electrostatic
force, osmotic force, capillary force, etc. Moreeast research focuses on the structure of
water, as low (or high) density water is induced dmgsmotropic effects (or chaotropes)
(Puolanne and Halonen, 2010). However, there lisastack of theoretical understanding of
how bulk water is held in the meat. Water lossfiecied by evaporation, in particular when
carcasses are warm (e.g. 37 degrees) and unwradppetlition, numerous factors have been
proven to influence WHC, including animal genetipest mortem handling, rate of pH
decline, pre-rigor temperature, processing (cuttgrqnding, heating, pressing and freezing),
etc. (Gunenc, 2007; Huff-Lonergan and Lonergan5208ason et al., 2016; Rosenvold and
Andersen, 2003). pH, for example is often measurddesh meat (Gunenc, 2007) to ensure
higher quality of meat. The combination of a fastladhe in pH and low ultimate pH results in
low WHC, causing high drip loss. An extreme exampfethis case is pale, softs and
exudative (PSE) meat. The post mortem glycolydis oh PSE meat is accelerated when the
carcass temperature is still high, which leadsltoneer pH at high temperature and significant
protein denaturation. Water loss is increased duethe breakdown of the structural
(myofibrillar) proteins (Bowker et al., 2000). Inracent study, a new hypothesis is proposed
regarding the role of sarcoplasmic proteins in {iedticed protein denaturation (i.e. PSE).
Sarcoplasmic proteins were found to form a netwloekween myofibril filaments which
improved WHC (Liu et al., 2015).

1.3 Drip loss

Drip is the red aqueous solution of proteins (galasmic proteins, glycolytic enzymes and
myoglobin) flowing out of the cut surface of a ass (Offer and Cousins, 1992). Drip loss
results in an undesirable appearance (e.g. unfigtyp@e color), weight loss and poorer
nutritive value, reducing the meat value both ecoically and nutritionally (den Hertog-

Meischke et al., 1997; Offer and Cousins, 1992)adilition, drip is an excellent culture



medium for certain micro-organisms, resulting isherter shelf life for safety reasons (den
Hertog-Meischke et al., 1997). Drip loss from meata time-dependent process, which
requires driving force or pressure. Drip loss ign#icantly influenced by the following
factors: 1) temperature post mortem; 2) the degfewsyofibrillar shrinkage during rigor and
myofibrillar interfilamentous spacing; 3) the peibdity of the cell membrane to water; 4)
the degree of cytoskeletal protein degradation teddevelopment of drip channels and
extracellular space (Hughes et al., 2014; Schéfaek,2002).

1.3.1 Drip loss at early post mortem

The process of drip formation remains unclear. Haxethere are several processes that are
known to be linked to the amount of drip, includiearly post mortem pH drop mechanism.
The decline in pH can partially explain the myaililshrinkage. Reduction of pH causes the
reduction of negative electrostatic repulsion betwvéhe myofibril filaments, thus the space
between the filaments for water decreases (denobtdieischke et al.,, 1997). As pH has
reached the isoelectric point (pl) of the majorteims (e.g. for myosin, pl =5.4), proteins
carry no net electrical charge. Less water bindjrayps on proteins are available at pl when
oppositely charged groups tend to attract eachr ¢bh&ff-Lonergan and Lonergan, 2005). At
pl, meat is believed to have the least water hgldapacity (Texas A&M AgriLife Extension
Service). In the meantime, as the ATP level reaehestically low value, the formation of
permanent cross-bridges between myosin and aainactomyosin, takes place, and causes
the muscle to become stiff (den Hertofgischke et al., 1997; Pearce et al., 2011). The
process causes the shrinkage of myofibrils andcesithe space for water in myofilaments
(Pearce et al., 2011). Denaturation of myosin frtincreases shrinkage (den Hertog-
Meischke et al., 1997). The charge and head leafjthyosin are reduced, which in return
stimulates myofibril shrinkage. Myofibril shrinkagmay force water within myofibril
filaments to the extra-myofibrillar space (Huff-Lengan and Lonergan, 2005). Sarcomeres
shrink while myofibril shrinkage occurs, and studieave shown that drip loss increases
linearly with a decrease in the length of sarcomeigonikel et al., 1986). Myofibrillar
shrinkage contributes to the contraction of myafitie proteinaceous linkages, and further
creates water channels between myofibers and mbsolles (Huff-Lonergan and Lonergan,
2005). Offer and Cousins studied the structurahgka of bee$ternomandibularisnuscle by
light microscopy and scanning electron microscapifgr and Cousins, 1992). Their results

showed that gaps (channels) between myofiber barsdégted to appear from 4 to gim,



and gaps between myofibers appeared until 24 topi. These gaps have been documented
by Bertram et al., who studied changes of watetridigion within rabbit muscles by non-
invasive NMR micro-imaging (Bertram et al., 2004B).maps in a total of 24 h post mortem

indicated the formation of water channels closth&connective tissue network.

1.3.2 Drip loss at later post mortem and drip productionng storage

Drip loss at a later time post mortem has beenrtegdo be controlled by different processes
compared to early stage. Changes in WHC have kmmrted from 24 ip.m.up to 10 days
p.m, when measured using 48 h Honikel bag method dnd &ntrifugation method (Joo et
al., 1999; Kristensen and Purslow, 2001; MoesekeSanet, 1999). The measured drip loss in
percentage (%) peaked at around 48 h post mortein dacreased subsequently. Two
hypotheses exist to explain the decrease in dgp (mcrease in WHC): 1) The reduction in
drip loss with sampling time post mortem is a res@fleaking out”, i.e. the meat with poor
WHC will lose relatively more water early post nenrt, leaving limited water available for
dripping in later stages (Joo et al., 1999; Moesaie Smet, 1999). 2) Cytoskeleton proteins
(vinculin, desmin, talin, etc.) degrade graduallyridg storage, and the inter-myofibrillar
linkages and costameric connections are removestéhisen and Purslow, 2001), making
myofibril shrinkage energetically less favorabledaceasing the flow of water into the
extracellular spaces. The previously expelled watay be taken up again to some degree,
causing swelling of myofibrils (Huff-Lonergan andnergan, 2005; Kristensen and Purslow,
2001; Straadt et al., 2007).

The development of WHC during storage may accoointifferent rates of drip production

that have been observed during storage. ZarateZantzky studied the effect of storage
conditions (different packing films and temperat)ren purge production in packaged beef
during a storage period of 22 days (Zarate andtZagri 1985). During the first 20 hours

(induction period), the purge in percentage (%)aased nonlinearly initially, followed a

reduced but constant increase rate. In another wiaallor and Dant (1971) reported that
much of the drip was generated in the first 2 d#fystorage in pork.



1.3.3 Effect of sample location/size on drip loss

It has been reported that the absolute amount anckptage of drip are related to sample
surface area and sample volume, since most drigggdnom the cut surface (Christensen,
2003). Taylor and Dant (1971) studied the effécample thickness (= 0.7, 1.2 and 2.5 cm)
on drip loss in percentage (%) using 12 pordomgissimus dorsmuscles, and found that
drip loss in percentage (%) was less dependentaomple thickness and weight as the
thickness was increased. The distribution of dweight of drip per unit area or weight of
drip per unit weight) in pig was also determinedabgnethod similar to Honikel bag method
(Honikel, 1998; Taylor and Dant, 1971). The driprqgemtage was found to be linearly
correlated to the equivalent area/unit volume rafighe sample, assuming that the rate of
drip loss was proportional to the equivalent areaample (Taylor and Dant, 1971; Zarate
and Zaritzky, 1985). Water that turned into dripidg storage was located extracellularly or
extra-myofibrillarly, and the drip was mainly praghd by gravitational force (Zarate and
Zaritzky, 1985). Joo et al. reported that the petage of drip loss and shrinkage in porcine
longissimus thoracis et lumborumcreased over time for bigger piecé&s=(5937 g), and
decreased for smaller piecé&s<373-777 g) (Joo et al., 1999). It was concluthed smaller
pieces release drip more quickly than bigger piezel/ post mortem, since drip production
follows a certain path (myofilament lattiee interfibrillar sarcoplasm- interfiber space—
interfascicular space) (Joo et al., 1999; Swatktral., 1989). When different sample sizes are
used for WHC studies, drip rate difference showddcbnsidered if results are compared. For
instance, an offset of 1.2% was found between tigelass in percentage (%) measured using
two WHC methods (Honikel bag method and EZ-DripLassthod), which suggested that
surface area/weight ratio and drip loss are paditicorrelated (Christensen, 2003). These
results were expected since the sample size (Weilifiference of the two methods was big
(~100 g sample for Honikel bag method and ~3-4ngpsa for EZ-DripLoss method).

1.4 Methods for WHC measurement

Several methods have been used to measure WHC.cCEnelye categorized into 3 groups as
summarized by Honikel (2004): 1) methods that apply external force, including
evaporation and drip loss; 2) methods that apply external force, includingta@ugation,
capillary forces, pressure, etc. and 3) methodsapply thermal force (e.g. cooking/heating).

The different techniques have been also reviewsewdiere (Trout, 1988auffman et al.,



1986 Offer et al., 1989Gunenc, 2007). There is no definitive absoluteragagh for WHC
due to the variety of available methods (Gunen®720which unfortunately hinders the
direct comparison of the results from different hoets. Therefore, information regarding the

applied method and the history of meat needs ioddeded for result comparison.

Gravitational methods are simple, inexpensive, ifgasand reproducible, yet they are slow
and require destructive sampling, animal informratend sample processing history (Q-
PorkChains, 2007-2011). Other methods applyingreateforces including the filter paper
method can speed up the gravitational methods r@enenutes to an hour), but still require
sample history (post mortem time, pH, etc.) (Q-Rir&ins, 2007-2011). Unfortunately, all
the methods mentioned above are too slow for oripmication for meat industry. Almost all
the existing methods used for WHC prediction begther at or after 24 h post mortem
chilling due to temperature regulations to avoid honing, and this is too late for carcass
sorting (Kapper et al., 2014). Norwegian meat itgusas shown that 1.8-2% of pork
carcasses are classified as PSE in Norwegian pigdbr and these should be sorted out. For
the meat processing industry, the suggested optimal for measuring, in order to classify,
screen and sort raw meat efficiently, is befordiegt while the actual time for measuring is

after cutting, i.e. 24, 72 or 96 h p.m.

New methodologies, including fast spectroscopichme$ do not require sample preparation
and have the potential to be implemented onlinevéi@r, most spectroscopic methods need
to be calibrated against other more accurate asdlate methods. A faster and more accurate
reference method is thus in need for WHC, if onimethods will eventually be applied. In
this thesis, three methods namely EZ-DripLoss, NafE Vis/NIR spectroscopy are explored
and discussed. The two former techniques (EZ-Digland NMR) are assessed as reference
methods for calibrating Vis/NIR spectroscopy. Imiéidn, some X-ray scattering results were
also included, however it must be mentioned that particular technique, while showing

potential, is out of the scope of the present thesi

1.4.1 EZ-DripLoss method

The EZ-DripLoss method was developed at the DaMsgat Research Institute in 1996
(Danish Meat Research Institute, 2010). The samplwnocedure includes coring two
cylindrical samples (25 x 25 mm) using a shar @arer (Figure 2 b) from a slice of 3-5
cm posteriorto the last rib curvature, and placing samplespacially designed containers



(Figure 2 ¢, in which the drip can flow down freely to the bottom of the holder, with no
contact to the meat sample. Samples are stored at 4 °C for 24 or 48 h, and drip loss percentage
is calculated as the ratio between the drip weight and the initial meat weight. The EZ-

DripLoss percentage of the loin is obtained by averaging the drip loss percentage of the two

samples taken from the same slice.

a) ———
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Figure 2. a) Sampling locations for EZ-DripLoss hwoet, one towards the cranial end and
another towards the caudal end of the muscle. by Barer ¢ 25 mm). ¢) Sample holders for
EZ-DripLoss method with meat samples on the top dng fluid in the bottom of the
specially designed containers.

The relatively small sample size used in the EZ-DripLoss method uses allows for the
detection of local PSE spot (Christensen, 2003). EZ-DripLoss method has been preferred in
many labs and implemented in the routine analysis for pork quality worldwide (Correa et al.,
2007). The EZ-DripLoss method has produced relatively high heritability values in the
Norwegian pig breeding program (Norsvin, Hamar, Norway, 2006-present) and has been
reported to have high sensitivity and reproducibility, as well as correlating well with the

Honikel bag method (Christensen, 2003).

The EZ-DripLoss method is, however, time consuming, labor intensive and operator

dependent. In addition, the EZ-DripLoss method is known to depend on slice number along



the LD muscle and sampling position within oneesliwhich makes the sampling procedure
less flexible (Christensen, 2003). The reliabibfythe standard methodology of EZ-DripLoss
method has been questioned by Correa et al. (2@d0),argued that the samples that are not
dabbed/mopped dry before final weighing resultie@ ainderestimation of the amount of drip,
especially if drip adheres on the meat surface. HadripLoss method has been investigated

in this thesis as one of the reference method¥/ldC measurement.

1.4.2 Nuclear magnetic resonance proton relaxometry

1.4.2.1Theory

Nuclear magnetic resonance (NMR) is a phenomenainaditcurs when immersing nuclei of
certain atoms in a static magnetic field and expgpshem to a second oscillating magnetic
field (Hornak, 1997-2014). For instance, hydrogemes in a water molecule have a nucleus
composed of a proton. The spin property of prottansses protons to behave like a magnet.
The hydrogen proton has a spin quantum numbér=of%, and in the presence of a large
magnetic field, the nuclear energy levels splibifit+1 states. Therefore the hydrogen proton
spin has two possible orientations (spin up and sipwn). A sample (e.g. meat) contains
many spins, and when there is no external magfieta; the two populations (spin up and
spin down) are degenerated. However, when an efteragnetic field is applied, spins align
themselves either with or against the external raaigtield (Figure 3 a). The orientation of
these spins regarding the external field causawn tioehave different energy levels, and the
difference between the energy level&( Figure 3 b) depends linearly on the strength ef th

external magnetic field according to:
AE = hyBy, = hv 10

whereh is Planck’s constanh(= 6.626x10* Js), y IS the gyromagnetic ratio of the particle
(for hydrogeny = 42.58 MHz/T) B, is the strength of the external magnetic field amslthe

resonance frequency (Larmor frequency).

At thermal equilibrium, the number of spins in eithower energy level (Ncorresponds to
spin up) or higher energy level (Morresponds to spin down) follows the Boltzmann

equation:



= exp(=) 2)

wherek is Boltzmann constant (1.3805 x4J/K) and T is the temperature in Kelvin. At
room temperaturéy" is slightly higher than N, which result in the net magnetization has the

same direction as the external magnetic field.
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Figure 3. a) Spins align with or against the exdemmagnetic field (). b) Energy level
difference of spins that have lower and higher gynéevels. c) The CPMG pulse sequence,
radio frequency pulses (P90 and P180) are shovgney, and ¥ decay is shown in dotted

curve.

The spins can undergo a transition between the two energy levels by absorbing a photon. The
energy of the photon is related to its frequency v (Eq 1) and must be equal to the energy
difference between the two energy levels (4E) (Hornak, 1997-2014). By applying the correct
radio frequency (RF) pulse (same as Larmor frequency v), transitions can occur between the
two energy levels. Protons are perturbed from their initial equilibrium state when they are
excited, but they will subsequently return to the equilibrium state (governed by the Boltzmann

distribution) by a process called relaxation when the RF pulse is turned off. There are two
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types of relaxation processes involved, longitudretaxation () and transverse relaxation
(T2). The T, relaxation describes the longitudinal magnetiza{d,) returns to its equilibrium
state, governed by the effect of the environmenthenspin (Gudjonsdottir, 2011). The T
relaxation characterizes the transverse magnetizgiy) returns to its equilibrium state,
which shows the effect of other neighboring nudkeia nucleus, and indicates the phase and
state of the atoms (Gudjonsdottir, 2011). Bothamd T, are affected by molecular motions.
For fast molecular motion (e.g. in pure water),ahd T, values are very long. Restricted

motion (in dense solids, e.g. proteins) shorteaslthvalue.

To detect 7 relaxation, a Carr-Purcel-Meiboom-Gill (CPMG) pailsequence (Meiboom and
Gill1, 1958) was used. A CPMG pulse sequence irduh initial 90 pulse follows by atf
180 -1), pulse sequence (Figure 3 c¢), in which thé @@se flips the magnetic vector to the
transverse plane, hereafter the diphase of net atagtion occurs due to field
inhomogeneities and/or spin-spin interactions. Att an 180° pulse applied in the transverse
plane can reverse the dephasing due to field inigemeities. At t = 2 the frequencies can
refocus and form a spin echo, follows by a sigrnfflise until the next 180° pulse applied at t
= 31 (Gudjonsdattir, 2011). The repeated applied IR0Se produces a train of echoes, with
reduced net magnetization one after anothgraf be calculated by the following equation:

M., = Mye™t/" 30

whereMp is the equilibrium magnetization. Only protonsnfronobile compounds (i.e. water
and non-crystallized fat) contribute to the rel@mtsignal in low field NMR (Thybo et al.,

2004). The % relaxation was extensively discussed in curressith

1.4.2.2Application

NMR proton relaxometry is a powerful tool for quatively studying the physical

(distribution, compartmentalization) and chemicalmobility, interactions with

macromolecules) properties of water molecules alogical materials, and has been widely
used in understanding meat structure and WHC. NNiRop relaxometry has been used for
the quantitative measurement of different companent meat. Sgrland et al. (2004)
developed a method to accurately determine the totatent of fat and moisture in meat
using low field NMR, using a simple calibration pealure, where only a 100 % oil is needed

(Sgrland et al., 2004). As mentioned previouslytewa meat can be grouped into 3 classes,
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and NMR proton relaxometry is able to provide diredformation on the quantity and
mobility of each class based on thg r€laxation properties (Bertram and Andersen, 2004)
The T, relaxation curve of meat samples is recognizediaayg different from the single
exponential F relaxation curve of bulk water. The relaxation gimof water from meat
samples is much faster, and appears to be mulorexygial (Hazlewood et al., 1974). The
multi-exponential behavior of muscle was found t® daused by the overall structural
organization of meat rather than intra/extra- datllcompartmentalization caused by cell
membranes (Bertram et al., 2001b). The faster atilax time is due to fast exchange between
hydrated water and bulk like water (Tornberg etE93). Three relaxation populations were
assigned to different proton relaxation pools inatmaccording to their relaxation time
magnitude: a fast component 4T 0-10 ms) represents bound water, an intermediate
component (7, 35-50 ms) signifies entrapped water and a slompmment (F2, 100-250
ms) corresponds to free water (Bertram and Ander2004). The relationship between
individual T, parameters and microstructural water distributionmeat is confirmed by
several studies (Venturi, 2008), including an inigadion that found a correlation between
T,1 and sarcomere length, which supported the hypistlileat the %, reflects water located
within myofibrils (Bertram et al., 2002b).

There is a general interest in the meat industiyntow the total, immobilized and free water
in meat products (Q-PorkChains, 2007-2011). Thditabof NMR to determine these
previously mentioned parameters is assessed inhtbsss. Compare to EZ-DripLoss method,
NMR relaxation measurement is much faster (in ttelesof minutes), which is a distinct
advantage for NMR as a reference method in largeesmalysis. Regarding WHC, the first
correlation to NMR relaxometry was reported by Reeo al. (1985), who observed that the
population of 1 (r = 0.54) and T (r = 0.59) were positively correlated to WHC measu
using the pH paper imbibition technique. Later warious correlations (r = 0.46-0.77)
between NMR relaxation parameterg ¢F T,) and WHC (determined by different methods)
were found and reported by Bertram and Anderse®4R0Among all the various NMR
parameters that were correlated to WHC, the slovedstation component ¢J) was the most
interesting and straight forward in explaining ttarelation. It has been suggested that the
water, that is represented by thg Tomponent is the most likely to drip (Tornbergaét
1993). In this thesis, theAtime constant has been investigated as referealae for WHC.
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1.4.2.3 Processing methods of NMR relaxation data

The meat samples are heterogeneous, and a digtnbot relaxation times is expected
(Menon and Allen, 1991). Mainly two approaches hheen investigated in the literatures
regarding the elucidation of spin-spin relaxatidbnvater in tissue/muscle: firstly, the discrete
model— the CPMG response curve to a predefined numbexmdnential decaying functions
(Belton et al., 1972; Belton and Packer, 1974; Bliret al., 1981; Hazlewood et al., 1974,
Renou et al., 1985); and secondly, the continuocodeir- where a continuous distribution of
relaxation times was assumed (Bertram et al., 20B2etram et al., 2001b; Bertram et al.,
2002b; Bertram et al., 2003; Li et al., 2012; Mchel et al., 2013; Micklander et al., 2005;
Renou et al., 1989; Renou et al., 1985; Sgrlarad. 2004, Straadt et al., 2011; Straadt et al.,
2007).

The discrete model (D) composed of three expondmutiations can be written as:
2 =D

(1) =D 15 exg-t/Ta 4)
i=0

=D . . . . . .
Wherel, and Tz represent the signal intensity and the mean rétaxéime of componerit

: = =D, . . :
respectively.R) (=1/T z:) is the mean relaxation rate of comporient

Using the discrete model to analyze felaxation data in meat is considered restricted
(Bertram et al., 2002a). A fixed number of relamaticomponents may only represent an
approximation due to sample heterogeneities, caogelistribution of pore shapes, pore sizes
and surface relaxation sites (Menon and Allen, 199he continuous distribution of

exponentials is described elsewhere (Bertram g2@D2a; Bertram et al., 2002b). Briefly, the

continuous distribution can be expressed as:
9i = X1 1(T2)) exp[—t;/Tyj] 5)

whereg; is the intensity of the exponential distributidrtienet; andI(T;) is the amplitude of
the component that has a relaxation tifige The software Rl Win-DXP (version 1.2.3,

Resonance Instruments, Witney, UK) was used inthi@sis to solve Eq 5 by minimizing:

(9= T frexp |- 27 + AT, £7 G
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wherel is the weight and Y72, f;? is a linear combination of functions, added torowene

the ill-imposed problem by performing a zeroth erdegularization (Bertram et al., 2002a).
Rl Win-DXP software then returns the continuous (Tegrelaxation time distribution
dl/dlog(T).

A spin-spin relaxation rate distribution FfRan be transformed frordl/dlog(T) as:

d _ di EpI(LogTz):_ T, 0 dl

F(Rz):d =
R, d(LogT,) dR, In10 d(LogT,)

withR, = 1/T, 'O

For instance, three peaks are most commonly obddrveneat samples, thus an overall

relaxation distribution can be written as:
z C

F(R)=DIFR(R) 8)
i=0

wherel © represents the signal intensity aﬁ§ represents the “mean” relaxation rate of

componenti{’, i.e.:

RS = [RoFi (Rp)dRy /i (Ro)dRy o1
0 0

Both the discrete model and continuous model haen bvidely used regarding relaxation in

meat, and the two methods have been reported tela differently to WHC determined

using Honikel bag method (Bertram et al., 2002apher correlation was found between

WHC (determined using Honikel bag method) andrdlaxation data obtained using the

continuous model (r = -0.85) than using the digcrebdel (r = -0.77, 2-exponential function).

The different correlation may lead to different ptral interpretation of the relaxation data.

1.4.2.4Commercial NMR equipment and suitability for inciedtuse

Commercially available low field NMR equipment hagious magnetic field strength (0.11 —
1.41 T, corresponding to operating frequency oDaviHz), with varying sample holder sizes
(g 5-60 mm, volume 0.2-100 mL) (Bruker BioSpin, 20Dxford Instruments, 2013). The
instrument that holds a bigger sample size normaigrates at a lower frequency, e.g. the
MQC5 model from Oxford instrument (Abingdon, Unit&thgdom) that operates at 5 MHz

can hold a sample with a diameter of 60 mm (100.mL)arger sample size is presumed
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better suited for inhomogeneous sample measureptantLan compromise the instrument
sensitivity. As mentioned in Eq 1, the energy ddfece between two leveldE) depends on

the external magnetic field strength. Higher magngeld strength creates higher energy
difference between the two states, hence higherakigtensity can be achieved which
enhances the sensitivity of the technique. To guaea the sensitivity of the NMR

measurements, equipment with certain level of eslemagnetic field strength should be
chosen, while the maximum sample volume shoulddmesidered. For instance, the MQC23
model from Oxford instrument (Abingdon, United Kdan) might be considered for

industrial use, which operates at 23 MHz and cdd Asample as large as 14 mL (g 26 mm).

Various instruments have been used for WHC measmtsmn meat. However, instruments
with operating frequencies of around 20 MHz haverbehosen by the majority of the
reported studies (Bertram et al., 2002a; Bertramalet 2002b; Bertram et al., 2004a;
McDonnell et al.,, 2013; Straadt et al., 2007; Temgbet al., 1993; Wu et al., 2007). In
addition, different sample sizes and handling pdoces have also been investigated, e.g. 10
x 10 x 50 mm, 35mAx 7mm, 7@ x 30 mm, 8cm in length, etc. (Bertramalet 2002a;
Bertram et al., 2003; Straadt et al., 2007; Torgbatral., 1993). The intact meat samples
could be sensitive to applied pressure during sarmphtment, and different sample handling
(including sample cutting, sample transferring,.)etoay result in different measurement
errors. Sample heterogeneity might also differ délpeg on the size, handling or presentation
of samples. To the best of our knowledge, the giffesources of errors (e.g. different sample
sizes) in NMR measurements have not been discugsedSuch studies are of great
importance to understand and ensure method accaratyomparability. In this thesis, the
effect of sample size on the error of NMR measurdgnoé meat was investigated using two
NMR instruments operating at the same frequencyMB) but hold different sample sizes
(82 x 10 mm and 16g x 22 mm). Although ideally iedtinstrument that can hold an even
larger sample (e.g. MQC23 that hold a sample ofml4 might be included, unfortunately

such an instrument was not accessible.

1.4.3 Vis/NIR spectroscopy

Visible/near infrared (Vis/NIR) spectroscopy inveds the region of electro-magnetic
spectrum between 390-2500 nm. Vis/NIR spectroscopgasures the compositional

difference between the light source from the insnt and the light after it has been exposed

15



to a sample (Abdullah et al., 2014). The Vis/NIRecpa of foods relate to overlapping
absorptions corresponding mainly to overtones amdbinations of chemical bonds such as
C-H, O-H and N-H.

Vis/NIR spectroscopy has been applied to food amalsince its development (Alander et al.,
2013). The concentration of water, fat, protein aatbohydrate in samples can be determined
using Vis/NIR spectroscopy (Buning-Pfaue, 2003;r&str et al., 2000; Prieto et al., 2008;
Ripoll et al., 2008; Savenije et al., 2006; Wah#tmd Skjoldebrand, 2001). However, in food
matrices, complex physical properties can causaegd®mof spectra and mask the chemical
information, which makes Vis/NIR spectroscopy a oselary method dependent on

calibration of reference method using multivaridéga analysis (Firtha et al., 2011).

The measurement modes of Vis/NIR spectroscopy decluransmission, reflection,
transflection, contact and non-contact interac{ioteractance) (O'Farrell et al., 2011). The
selection among those methods depends on samgs, tyystallment location, etc. (Alander
et al.,, 2013). The technique is fast, sensitiven-destructive and has the potential to be
applied for online monitoring. Vis/NIR spectroscampgs been widely applied for meat quality
prediction. As reviewed by Prevolnik et al. (200K)JR has shown good predicting ability
regarding chemical composition of meat and assgssigat in terms of categorization.
However, technological and sensory attributes oiog WHC are poorly predicted by
Vis/NIR spectroscopy, which might be attributaliethe low precision of reference methods
and the heterogeneous characteristic of meat sangpld the sample preparation for the
reference methods (Prieto et al., 2009). Effortsehbeen made to predict WHC using
Vis/NIR spectroscopy, and various results wereiabthregarding predictability (Brandum et
al., 2000; De Marchi et al., 2007; Forrest et 2000; Geesink et al., 2003; Hoving-Bolink,
2005; Leroy et al.,, 2003; Pedersen et al., 2008ydnik et al., 2010; Prieto et al., 2008;
Savenije et al., 2006). Table 1 summarizes stutligshave used Vis/NIR spectroscopy for
WHC prediction. Only works measured WHC as dripslegere considered for comparison.
As shown in Table 1, reflectance and transmissioerewamong the most selected
measurement modes in such studies. In this thesishosen measurement configuration was
interatcance, which is similar to transmission @tdeght needs to be scattered to reach the
detector. The predictability of Vis/NIR spectra aeging WHC varied in a large range’¢af

& Coefficient of determination in calibration.
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= 0.004-0.71sE.°= 0.36 — 3.5%), which indicates that the currefenence methods lack
robustness. In this thesis, Vis/NIR spectroscopy imgestigated as a potential online method
for WHC determination, using EZ-DripLoss and NMRreference methods.

® Standard error of cross validation.
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Table 1. Prediction of drip loss in meat by VisR\8pectroscopy.

Wavelength range

Timep.m.

(nm) Measuring mode Muscle type (spectra collection) WHC method gl SEky (%) Reference
280-980 Internal reflectance Porlongissimus dorsind ham muscle 24 h Honikel bag method 0.37 2.53  Brgndum et al., 2000)
400-800 Reflectance Porlongissimus dorsiand ham muscle 48-54 h Honikel bag method 0.52 14 2. (Brgndum et al., 2000)
802-2500 Reflectance Porlgngissimus dorsiand ham muscle 48-54 h Honikel bag method 0.41 324 (Brgndum et al., 2000)
30 min post
900-1800 Transmission Porlgngissimusnuscle exsanguination EZ-DripLoss method 0.71 1.8 (Foreest., 2000)
Reflectance and
833-2500 transmission Beefpngissimus thoracimuscle 2 or 8 days Barton-Gade method 0.38-0.54 2-0.89 (Leroy et al., 2003)
380-1700 Reflectance Pig carcass 24 h Honikehbethod 0.004 1 (Hoving-Bolink, 2005)
400-800 Reflectance Potlkngissimusmuscle 24 h Horizontal drip method 0.31-0.55 N6  (Savenije et al., 2006)
1100-2498 Reflectance Freeze-dried / fresh mihesd - Hanging method 0.1/0.04 3.5/3.44 (De Maettl., 2007)
1100-2500 Reflectance Be#&dngissimus thoracimuscle 7 or 3 days Honikel bag method 0.20/0.26 36/0.55 (Prieto et al., 2008)
1000-2500 Reflectance Potkngissimusnuscle 48 h Tray drip loss method 0.51-0.55 1-1.1 (Geesink et al., 2003)
400-2500 Reflectance Porlgngissimus dorsimuscle 48 h Tray drip loss method 0.39-0.58 0.86-0. (Prevolnik et al., 2010)
400-2500 Reflectance Porlgngissimus dorsimuscle 48 h EZ-DripLoss method 0.37-0.66 0.88-1. (Prevolnik et al., 2010)
*Note: Rfcal: coefficient of determination in calibration, E§ (%): standard error of cross validation.
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2 Objectives

Improve the understanding of the drip productioncpss and investigate the suitability of
NMR as a reference method for faster, online spectpic methods.

In particular, the present thesis aims to:

1). Use NMR as a tool to gain information on threversible and slow transport or migration
of water and macromolecules from the sample dwsimayt-term drip production.

2). Access the accuracy of NMR in measuring snfaihges of water in a model system and
in meat.

3). Comparing NMR and EZ-DripLoss methods and deiteing whether NMR relaxometry
could be a suitable reference method for measWHRIE in meat.

4). ldentifying and minimizing different sourceseasfor in T, measurement.

5). Exploring the ability of NMR to predict purgeom pork muscle after vacuum-packed

storage post mortem.
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3 Methodological considerations

3.1 Study materials

Two simple model systems were investigated befomglementing NMR to meat samples,
including CuSQ solution of different concentrations and a seaesl,O/D,O mixtures. The
solutions were selected due to their simple anddgemeous characteristics compared to
meat samples. Copper (Il) sulfate (anhydrai®9.0%) and deuterium oxide (99.9 atom % D)
were purchased from Sigma-Aldrich Co (St Louis, MUSA).

Studies designed for method comparison consistexhiohals with a variation of WHC and
were selected according to several factors inctudimeeds, meat percentage/back fat
thickness, chilling methods and early pH (6pim). Breeds used in this thesis included
Landrace, Duroc, Noroc (50% Duroc, 25% Landrace 268 Yorkshire) and LYLL (25 %
Yorkshire and 75 % Landrace). The porcioagissimus dorsimuscle was selected as the
study material due to its lean and homogeneousealiuhas very low intramuscular fat (~
1%, averaged from 710 pigs of Landrace breed, esyrdbf Norsvin, Harmar, Norway), but
heterogeneity still exists throughout the muscled has been reported to increases towards
the cranial end (Christensen, 2003). This hetereiyemwas studied ipaper |1. In addition,

the LD muscle has been studied extensively reggMiRC, thus was considered suitable for

result comparison purposes.

3.2 Sampling protocols

The sampling procedure for NMR measurements is shoviFigure 4 a-c. A slice of approx.
1 cm in thickness was cut off from thlengissimus dorsmuscle. A cylindrical sample ¢8x

10 mm, ~0.459 g) was cored using a sharp cork lvateout pressing the muscle. Since there
is a distance of around 12.5 cm between the tdpeoNMR instrument and the homogeneous
magnetic field where the sample should be placathgumeasurement, the sample holder
should be long enough (Figure 4 d). The samplethas gently pushed to the bottom of the
glass tube with a glass rod, while maintaining fiber direction parallel to the cylindrical
axis. A layer of parafilm was placed on the toghef muscle to prevent water evaporation. It
should be mentioned that although care was takengltransferring the meat sample into the
glass tube, the glass rod may have unavoidablyedasi®all amount of unwanted liquid loss,

which may be a source of error. The glass samplgehevas used ipaper 1-1V. Another
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bigger, detachable Teflon sample holder was also used in paper IV (Figure 4d-¢), where
samples could be inserted into the bottom of a Teflon sample holder, which was the same size
as the meat samples, and a long Teflon rod could be attached to the top of the sample holder.
This sample setup eliminates possible errors caused by sample squeezing. In addition, the
effect of sample holder size on sampling errors was considered. Bigger samples have smaller
surface-to-volume ratio, and likely to be less affected by sample handling. The sample
irregularity was also expected to be lower on bigger samples. The bigger sample holder is

shown in Figure 4e and was used in paper IV.

Another sample setup was used in papers I, III and IV to document the changes of the
sample during dripping. The sample was suspended above the bottom of the glass tube, where
the drip fluid can flow down freely as shown in Figure 4. A layer of parafilm was placed on

the top of the sample to avoid water evaporation.

Figure 4. a) Trimmedongissimus dorsmuscle. b) Sampling on a thin slice of LD muscle
using a sharp cork borer. ¢c) An NMR tube with a trssample in the bottom. d) Glass NMR
sample holder (left), detachable Teflon sample éolgniddle) and cork borer (right). e)
Larger Teflon sample holders, detached (left) atatched (right). f) Suspended sample in an
NMR tube, with parafilm on the top.
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When different techniques (EZ-DripLoss, NMR, VisRIspectroscopy and X-Ray
spectroscopy) were compared, the LD muscle wasl@livinto different sizes and assigned to
different techniques accordingly. Slices of defirtaitkness at the cranial and caudal ends

were discarded to avoid potentially extreme drgslo

3.3 NMR measurements

Transverse relaxation was measured by applyingaditisnal CPMG pulse sequence
(Meiboom and Gilll, 1958). Different parameters eversed based on the materials and
instruments. Further details can be found in thedfxental part opapers I-IV. Other

experiments not considered papers |-V comparing the two NMR instruments (with the
same magnetic field strength, 0.54 T, Maran UltMRNinstrument, Resonance Instruments,
Witney, UK) that have different sample holder sinese conducted, in order to compare the
measurement errors. The instruments had samplemhsizes of 8 x 10 mm and 16g x 22

mm.

3.4 Vis/NIR measurements

Figure 5a shows the instrumental setup for Vis/MtiRasurement for meat samples. The
UV/Vis/NIR spectra were collected using a USB20p@drometer (Ocean optics, Dunedin,
FL) in the range 350-1025 nm. The two optical fdbbéone fiber for illumination (400 pm)
and another fiber (200 um) for detection) separbied set distance of 8 mm, were inserted
into meat samples (~1 cm under sample ) resultirgVis/NIR interactance signal with more
increased absorption features than a reflectanaigooation would give. The incoming light
propagated through myofibers and was transmittedk ba the detection optical fiber. The
interactance configuration requires that lightaatsered through the muscle before it reaches
the detection fiber and the resulting interactaspectra contains both the scatter effects and
strong absorption peaks since the light travelslaively long distance before it is detected.

This setup was used paper 11.
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Figure 5. a) Set up of Vis/NIR for WHC measuremdmtA typical Vis/NIR transmission

spectra of meat samples.
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4 Data Analysis

4.1 NMR relaxation data analysis

The two approaches used for T, relaxation data analysis were discussed in section 1.4.2.3,
namely the discrete and the continuous models. diberete model fitting includes three
exponential functions (Eq 4) was performed usingi@r9.0 (OriginLab Corporation, MA,
USA). One fitted curve and its three exponentiahponents are shown in Figure 6 a as an
example. The residue plot showing the differendsvéen observed data and fitted curve is
shown in Figure 6 b. The residuals were small amdlomly distributed except for a slight
effect of non-randomness in the early part of tRMG curve.

x 10

10000

a) |

o
o
o

- Original data i 4+ B
—— Fitted Curve

Intensity

1004 2

100+ b) T20

l«—x 100—»|

Residual

0% 05 10 15 10 10 10 10
Time (s) R (5'1)

Figure 6. a) Observed CPMG response curve of a sa@aple shown in black dots, fitted to a
sum of three (%o, T21 and hy) exponential functions model (Eq 4) and b) residuiat
between the observed CPMG curve and the modetl fdteve (3-exponential function). c)
The relaxation rate distributidf(R,) of water in the same meat sample as Figure 6Ta®.
intensity of the fasR,-distribution componenfy(R,) with R, > 300 § was multiplied by a
factor of 100 for clarity. The three distributioaraponents are shown ag,IT,; and .

As described irsection 1.4.2.3, a distributed exponential fitting of tH& relaxation data was
performed and a continuous ldg)-relaxation time distributiodl/dlog(T,) was acquired. The
Ro-distributionF(R,) = dI/dR, was then computed, as shown in Figure 6 c. Thistglulition
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peaks were observed (shown asg, T;1 and o), in which the fastest relaxation component
(Too) is represented by a rather complex shape, indgcakeviation from a pure exponential
decay. This may explain the initial oscillation belor of the residue curve shown in Figure 6
a. Two of the relaxation distribution components; @nd T) were also closely fitted based
on a three-parameter function (more details rebepaper I11), where excellent fit was

obtained for all samples.

The discrete model was used to fit the NMR datpapers |-111, and the continuous model
was used irpapers 11 and 1V. Direct comparison was made between water rel@axattes

and their corresponding mole fractions obtainedths two approaches, and discussed in

paper |11.

4.2 Vis/INIR spectra analysis

The Vis/NIR transmission spectra were correctegdoyrce and background spectra (Eq 10),
measured by inserting the optical fibers into glasads (g1 mm) in a lightproof case when

the source was turned on (asukg and off (asdackgroung-

IMeat_IBackground (10)

Vis/NIR spectrum =

ISource_IBackground

Figure 5 b shows a typical transmission spectru®-{#350 nm) of where the absorptions
(indicated by arrows) are mainly due to water. @hsorption at 578 nm is due to myoglobin

(Brgndum et al., 2000), the absorptions observ@®@ainm, 970 nm and 1190 nm were due to
third overtone O-H stretching in water, the secondrtone of the O-H stretching, and the
combination of the first overtone of O-H stretchiagd the O-H bending respectively

(O'Farrell et al., 2011).

Savizky-Golay smoothing was applied to the spe€ra:-processing methods including mean
normalization and Standard Normal Variate method\(5(Rinnan et al., 2009) were also

assessed.

4.3 Statistical analysis

Linear least-squares regression was used for atibibrpurposes, to establish the relationship

between the NMR proton signal response and masstdr molecules. Linear least-squares
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regression minimizes the sum of squares of ressdtalfind the best line. Coefficient of
determination (B was computed and compared for goodness of fi ofiodel. The root

mean square error of linear regression (RMSD) edémthe average deviation from the
regression line, and was used to calculate confilentervals (Burke, 2001). Origin 8.6

(OriginLab Corporation, MA, USA) was used for tlmelar regression analysis.

To assess if the correlation between quality patarsevas statistically significant or n@t <
0.05), Pearson correlation coefficient (r) was glated using OriginPro 2016 (OriginLab
Corporation, MA, USA).

The X-variables from data obtained from modernrumsents (e.g. Vis/NIR spectra) tend to
be numerous and can be strongly correlated, theusrélditional multiple linear regression is
not effective (Wold et al., 2001). Partial leastiae regression (PLSR) enables the analysis of
more complex problems. PLSR is a calibration metbased on finding the model relating
matrix X (predictor variables) and (response variables), in which the PLS componargs
calculated to find the maximum variation Xfrelated toY. PLSR with full internal cross-
validation (leave one out) was computed using tmsdcambler (version X 10.3, CAMO
Software AS, Oslo, Norway). Statistical parametectuding coefficient of determination of
cross validation in calibratiorRgy) and standard error of cross validation in catibra(se.)

were obtained for model comparison.
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5 Results and Discussion

5.1 Accuracy of B relaxation analysis

The accuracy of NMR, while separating different vRlues in a controlled system was
analyzed. The Jrelaxation time of water in the presence of pagme#tc ions differs from
pure water, and the scale o} @epends on the concentration of the paramagnefic i
Paramagnetic ions, e.g. copper (ll) ions, can redhe T of water by interacting with
hydrogen nuclei, providing additional oscillatinglél that resonates at the Larmor frequency
of the protons (Melville, 2014). Thus, differentvalues can be observed on CyuS0lutions

of varying concentrations. The, Telaxation was measured on a series of Gu&sutions
(CuSqQ, g/L = 0.67, 1.06, 1.94, 4.73 and 14.24), andnadr relation was found between
relaxation rates (1£) and the concentration of copper (Il) ions (Figded, which agreed with
early reports (Koylu et al., 2009). As mentionedyiously, the Frelaxation decay of meat is
multi-exponential, and most studies have reportedet exponential functions. In order to
simulate the multiple exponential behavior efr&laxation in meat, three, Values similar to
the ones reported in meat samples (1.30, 45.00140d00 ms) were chosen, and the
concentrations of CuSGsolutions (128.17, 3.67 and 1.48 g/L) were caledlabased on
Figure 7 a. Each of the three solutions was thepared and measured using NMR in a glass
tube separately, and the relaxation curve wadfittea single exponential function, which
resulted in the following Fvalues (1.13, 44.85 and 108.58 ms). Speciallygthesi three-
layered cylindrical glass tubes were filled withetthree selected Cu$Qolutions, each
solution having its own layer (Figure 7 b-c). Agm replicate of each tube system was
included, and the srelaxation was measured on the 6 tubes with 3 tegeaeasurements for
each tube.
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Area of each layer (mm?)

Tube number | 1] 1

1 3.14 12.57 11.78
2 7.07 7.07 11.78
3 3.14 5.50 21.99

Figure 7. a) Relationship between the concentraifabuSO; (g/L) and 1/ (s%). b) Three-
layer glass tube system labeled based on layéh3.(t) Three different tube systems (1-3 in
the embedded table) of different layer area/unitme. OneCuSO, solutions was added to
each layer of the glass tube system, based orotieentration of th€uSO, solutions and the
area of each layer in the tube (e.g. in tube nurttbéreCuSO, solution of concentratioh.48
g/L was filled in layer I, the CuSO, solution of concentratiof.67 g/L was filled in layer 11
and the CuSO;, solution of concentration28.17 g/L was filled in layer 111, according to the
embedded table).

The relaxation curve was then decomposed usingea-#xponential discrete model, and the
average of the three,§ (n = 6) was computed as 1.17 ms, 45.13 ms andi91s with
relative errors of 10%, 0.3% and 0.4% respectivElgmpare to the theoretical values, the
relative errors were much smaller on the componevite more protons (bigger layer

area/unit volume).

Another model system (H,O and D,O mixtures) was tested to determine the absolute accuracy
of NMR when measuring small changes of water (paper II). The relaxation signal intensity is
proportional to the number of protons in '"H NMR. Since deuterium has a different magnetic
moment and spin, it is invisible to 'H NMR. A series of H,0/D,0 mixtures then had a
different number of protons in a fixed volume, which served as a calibration set for water

mass based on the NMR proton intensity. The results showed that NMR was able to measure
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small water changes accurately in the model systerd,the NMR proton intensity had a
good correlation to the mass of water in th@©HD,O mixtures (R = 0.9989, 2.6% prediction

error in 99% probability).

A similar study was then conducted on meat. It sfasvn that water content can be predicted
from the NMR proton intensity, using the correlatabtained between water mass and proton
intensity. Based on 20 samples (82 x 10 mm, ~0ffog) the same porcine LD muscle, the
samples mass and the estimated water mass haghtyspoorer correlation (R= 0.9765)
than in the model system, where the root mean sqeraor of linear regression (RMSD) was
0.0139 g (~0.375 g #D in meat). The results were presentepaper 1.

5.2 Understanding drip production using NMR

In order to understand the formation of drip andhgaformation on the gross transport or
migration of water and macromolecules during doipe meat sample (sample setup shown on
Figure 4 f) was monitored, without being disturbém, 45 hours continuously using CPMG
NMR at 25°C. The results were reportedpaper |. Each relaxation curve was decomposed
to three relaxation components after subtractingng T, component (t > 0.5s) using the
discrete model. The relaxation rates and theireesge intensities obtained by the discrete
model (section 1.4.2.3) was highly reproducible doethe very distinct relaxation rates
(different by a factor of more than 3) and highnsilgto-noise (S/N) ratio (>200). Based on
the magnitude of the spin-spin relaxation ratesfast relaxation component (F), an
intermediate relaxation component (I), and a slelaxation component (S) were identified.
Both the relaxation rates and their relative init&s during the 45-hour drip experiment fit
very well to the second order polynomials withinpesmental error (Figure 8). No
observable changes in signal intensity or relaxatate within domain F were noted, thus the
F domain was considered as not changing duringadyipg, and was excluded for further
investigation. The proton relaxation rates of | &domains revealed a monotonic increase
with drip time (). The shortest spin-spin relaxation rate was fotmbe larger than 8%s
which is much large than the relaxation rate ofepwater (0.3-1 %, and indicated

interactions dominating the relaxation of water.
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Figure 8. a-c) Observed spin-spin relaxation réswithin domain F ), | (o) and S {) as
a function of drip time(ts). d-f) Normalized proton signal intensity of thesobsed
components F(), | (o) and S A) as a function of drip tim&g). The initial sum of intensities

of F, I, S and the longzlcomponent was set to 100%.

A simple first order dynamic model (Figure 9, composed of two spatial domains in meat (I
and S) and the drip domain (P), was used to describe the migration of water and
macromolecules from the inner to the outer part of a sample. The model also assumed that the
molecular migration was irreversible from I to S then to P during the 45-hour drip experiment.

The rate constants were determined by a simultaneous fit to a number of equations and were
presented in Table 2. Neithek nor k; could be reliably determined which is most probably

caused by their rather small intensities of less tP%. The migration of water from domain S
to the drip fluid domain was approximately 4 —rhds faster than the migration of water from
domain I to S, indicating that the drip is stronglyverned by migration of water from domain
S during the experiments.
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S T i

Figure 9. Schematic view of the distribution of @ramnolecules (W») and macromolecules
M within domains | and S in whicki contains functional groups possessing a protom)E (

that can exchange with protons in water moleculdse parallel dotted line —) is
introduced to illustrate the spatial differenceviExn domains | and S. The parametectand

k; define the rate constants of migration of g (= id &) between the domains. P represents

the drip fluid outside the meat.

The number of water molecules represented by theakiintensity decreased by 8.5%0
0.1%) in domain | and by 37% (+2%) in domain S Kdgréd5 hours of drip. By assigning
domain | and S to the intra- and extra-myofibrilligrace respectively, the intensity changes
might be a result of myofibrillar shrinkage and dgdndinal contraction which “forces” free
water from | and subsequently into S, and subsetyueunt into P (Figure 9). At the end of
the experiment, the relaxation rates of domair8I{H# 0.3%) and S (21.3 + 0.3%) increased.
Under the condition of fast exchange of adsorbed and "free" water within one domain, R; is
proportional to the surface-to-volume ratio (S/V) of the domain. For spherical or cylindrical
geometries it follows that the inverse diameter or the inverse length of the cylinder becomes
proportional to the water relaxation rate (R}’ ). According to the data presented in Figur@-8

¢) an increase in relaxation rates would correspond tlecrease in the diameter/length of
domains (I and S) of the order of 10 — 15%, whiah be explained by water being expelled
from the domain and a reduction in the volume efdomain as the drip progresses (Bertram
et al., 2002b).

The drip solution was analyzed at the end of expemt (§ =45 h), and three distinct
components were observed, where one of thedRponents was comparable to bulk water.

The multi-exponential behavior of the relaxationveu of drip solution support previous
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results where it was stated that macromoleculesatgigrom the meat and into drip solution.
The number of macromolecules (probably small) megfainto the drip solution was
estimated based on the decrease in the numberch&egeable protons in domain S (25% +

2%).

Table 2. Rate constark¥, k¥, kF andkf as determined by a simultaneous fit and their

respective errors.

Rate constant Value

K (1.7 + 0.810° s*
kY (7.5 + 0.210° s*
KE 3+ ?)108st
KE 1+ 2 n0°s

5.3 Assessing NMR as a reference method for WHC condpar&Z-DripLoss

method

In order to assess and compare the NMR and EZ-Dsglmethods as potential reference
methods for faster, online spectroscopic techniguBsmuscles from forty pigs with a large
variation of WHC were measured. Vis/NIR and X-rgedtroscopy were investigated as
potential online spectroscopic techniques and fhextsa were obtained on the same LD
muscles. The results are presentedpaper II. Of the NMR parameters, the slowest
component (32, 100-250 ms, ~10 % of signal intensity) corresgotm extra-myofibrillar
water (Bertram and Andersen, 2004) and was seleadethe potential reference value for
WHC. This water group has been suggested as thesusseptible to dripping (Tornberg et
al., 1993). In this thesis, the Pearson correlatoefficient between ;b and EZ-DripLoss
values was determined as 0.64 (P < 0.05), whichasasistent with previous works, where
To, was reported to correlate with WHC determined t@avgnetrical and centrifugal methods

(Bertram et al., 2001a; Brendum et al., 2000; Tornberg et al., 1993).

PLSR models using Vis/NIR or X-ray spectra as raspoparameters, and,Tor EZ-

DripLoss values as “design” variables were sumnedrim Table 3. In contrast to EZ-
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DripLoss values, the Vis/NIR and X-ray spectrosespexhibited good correlation®%;)
between both spectra ang,Tvalues. It should be noted that the standard esfocross
validation of the two reference values,{ Bnd EZ-DripLoss) are not directly comparable as
they have different units. Only a few works havierapted to correlate Vis/NIR spectra and
EZ-DripLoss values, and good correlations were nteylo(r = 0.79-0.84, gsg = 1%) (Forrest

et al., 2000; Prevolnik et al., 2010). However, eotlsimilar approaches, especially those
concerned with reference methods for WHC (e.g. kieinbag method, tray drip loss and
Barton-Gade method) for Vis/NIR spectra have shamstable correlation coefficients @l

= 0.004-0.71, Sgy = 0.36 — 3.5%, Table 1), which indicated the aurr@/HC techniques

lack robustness and predictability as referencénoukst.

Table 3. Statistical evaluation of potential refexe methods for WHC measurement in meat
using PLSR.

Too EZ-DripLoss

2 a b 2 a b
Rév secy Rév secy

X-ray 0.76 0.0047 s 0.3 1.667%

Vis/NIR 0.66 0.0055 s 0.04 1.933%

a: coefficient of determination of cross validatidmnstandard error of cross validation.

Figure 10 shows the average Vis/NIR and X-ray spect samples characterized by more
extreme 7}, values. The Vis/NIR spectral characteristics tteddted to short and longal
times agreed with differences in light scatteringe do protein aggregation, which relate to
differences in WHC. It has been reported that mett extremely low WHC (i.e. PSE) had
high reflectance and vice verg@reaser, 2001; Monroy et al., 2010). In the current study,
samples with long % (susceptible higher drip) have shown higher tragssion. Of samples
that had short % (< 0.08 s), the X-ray spectrum was shifted towdridgher energy levels
(showed by arrows, Figure 10 b). The shift indidatepeated patterns with shorter spacing
and changes in the myofilament spacing, which taed to WHC. In addition, longer,d
has been reported to correlate to larger extréifibrifluid) space by microscopy (Bertram et
al., 2002c; Pearce et al., 2011). These resultdigig the potential application of NMR as a
reference method for WHC, as well as the necedsityevaluate other spectroscopic
techniques, especially the not widely explored gnelispersive X-ray as an online technique.
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Figure 10. a) Averaged Vis/NIR transmission speatrd b) averaged mean normalized X-ray

spectra based on the short (dotted line) and Isolid(line) T,, relaxation time.

5.4 Errors regarding reference methods for WHC

As mentioned in section 1.4.1, the EZ-Driploss percentage of a loin is calculated as the
average of two samples from the same slice. However, the correlation between the two
presumed identical samples of EZ-DripLoss method was low (R* = 0.39, RMSD = 0.14%,
assessed on 710 porcine LD muscles), and the EZ-DripLoss value is known to depend on the
position along the LD muscle (Christensen, 2003). The similar error in NMR measurements
due to sampling positions was analyzed along one LD muscle. T, relaxation was measured
against slice numbers (10 slices in total) at two locations (towards dorsal or ventral ends,
similar to the EZ-DripLoss positions) on both left and right loins from one pig at the same
time. The left loin was measured using a smaller sample size (8¢ % 10 mm), and the right loin
was measured using a bigger sample size (16 x 22 mm). After fitting each T, relaxation
curve to the discrete model composed of three exponential components, the obtained T,

relaxation parameters are plotted along slice number (Figure 11)

For the suggested reference value of WHC, T,, measured on smaller samples (8¢ < 10 mm)

was reported in paper II. After excluding 3 samples for each position (R and B)the mean

T,, at position R (towards dorsal end) and B (towardstral end) within any slice was

calculated to bel,,(R)= (0.145 + 0.002) s and,,(B) = (0.149 + 0.001) s, corresponding to a

relative error of less than 1%, which is of the saorder as the inherent NMR error.
Interestingly, the 7; values of bigger samples had less variation betvik@nd B (indicated

by two red lines in Figure 1d) compared to the smaller samples (indicated byttlaok lines
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in Figure 11 b). The % values measured using those two sample sizes liflent
magnitudes, showing samples taken from differedéssi(left and right) of the carcass had
different characteristics. Regarding other NMR paaters (B, 121 and by), less variation
between R and B was observed when bigger samples uwsed, i.e. that the variation
between NMR parameters of R and B of any slice wash smaller (comparing the

difference between red lines and black lines ah atice number in Figure 11 a, ¢ and d).

The big variation between R and B position on the slice reflected errors from different
sources. One inherent error is caused by the stgrabdise (S/N) ratio in the NMR signal
intensity. The error in the total signal intensitfyH,O/D,O mixtures of the smaller sample
was determined to be 1.2%, and the same error rgerl&aamples appeared to be 1.61%,
indicating a small difference that was caused byma sizes regarding model system.
Concerning meat samples, the S/N ratio of the loiggmples was about 5.5 times larger than
of the smaller samples. The S/N ratio can be furth@eased if a larger number of scans are
used, enabling a smaller inherent NMR error, bug #xperiment time will increase
accordingly. Other sources possibly contributeh® érror including non-separable sample
heterogeneity and sample treatment errors, e.grsedue to the sharpness of the sampling
tools or weighing and transferring of a sample iatsample holder may result in moisture
loss. However, when bigger samples were used, sagngirors might become less important
and fewer outliers were recognized (Figure 11).n&adization of either manual or
mechanical sample handling procedures is cruciahitimize the errors regardless of the

sample size.
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Figure 11. The resolved, Time constants (a-b) and their intensities in petage (c-d) (%,

the summation of component land b, was set to 100%) for sampling position R (towards
dorsal end) and B (towards ventral end) againse siumber. The thickness of neighboring
slices is 32 mm, of which a certain slice (22 mmtfee smaller sample, and 10 mm for the
bigger sample) was discarded to avoid drip loss@aby cutting between measurements.
The left LD loin of a randomly selected pig measiuog NMR with a smaller sample size (8o
x 10 mm, shown in black), while the right LD loifhtbe same animal was measured by NMR

of the same frequency but with a bigger size (1&2 mm, shown in red).

5.5 Comparison of discrete and continuous spin-spin relaxation rate models

Regarding 7 relaxation response measured on tissue/meat ssmmey few works have
compared the two methods for data analysis direetlye discrete and the continuous models
(Bertram et al., 2002a; Menon and Allen, 1991)paper 111, the T, relaxation response in a
meat sample (cut at 96phm) suspended in an NMR tube was measured everycwimng a
49-hour drip period at 25 °C. Each relaxation resgowas fitted to a three-component
discrete model as well as continuous relaxation ehod@he continuous model included

deriving a distributiondl/dlog(T,) from the CPMG signal response, and then the addain
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distribution was fitted perfectly to the distriboni function (Figure 12 a), as described in

paper I11.

Three parameters calculated from two models (cootis model, X = C and discrete model,

X = D) —R, (mean relaxation rate of the fast (i=0), internaeli(i=1) or slow component

(i= 2)) and f.* (mole fraction of the fast (i=0), intermediate X)=or slow component (i= 2))

were directly compared. Interestingly, the intengar area) of fastest relaxing component
calculated by both models revealed to be constdiitough the discrete model predicted a
somewhat larger amount compared to the continucagemby about 23(+8) %. This again

proved that the fastest relaxing component reptegebound water does not contribute to

drip loss, as presented [raper 1. Regarding relaxation rate of the fastest compboﬁﬁb),
the continuous model predicted an increasing médeamotional constraint of the bound

water whereas the discrete model did not reveakanii change with time during the 49-hour
experiment. Fitting methods seemingly affecteddllogvest relaxing componen_Réz, < 10%

in fraction) more dramatically. Both ratiok” / f° and R} /RS increased with decreasing
f,° (calculated by the continuous model, Figure 12 lwhjch reflected the inconsistency
between the two model approaches C and D. Whemtgnitude of f,° was smaller than

5%, Rz became larger thaRz2 by nearly 25%, whilef,” became larger tharf,” by nearly a

factor of 3. These differences should be highlightnce rather different biophysical

interpretations of the relaxation results can b&iakd when the two model fitting methods
are used. Finally, the relative error Ry, and f, (i = 1 or 2) were found to depend strongly

on the S/N of the drelaxation data.
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Figure 12. a) Model fitted-) and observed (dots or squares) relaxation digtabs acquired
at 1 hour ¢), 25 hours ¢) and 49 hoursH). b-c) Experimentala) and model calculated

(dotted curved lines) ratios,” / f, and Ry, / R;, againstf . The superscripts “C” and “D”

represent the continuous and discrete model aplpesacespectively. The continuous curves

were obtained by model calculations.

5.6 Prediction of purge in meat packages

Purge is referred to as the accumulation of a oree@us solution of proteins in packaged,
refrigerated meat, and relates to what would bibeido a consumer. Ipaper 1V, NMR and
other quality parameters were assessed on LD nsufdm 18 pigs to correlate with purge
after vacuum-packed storage at chilled temperafiore 9 days. Pearson correlation
coefficients (r) was calculated and showed thagefo) measured on dayp9m. correlated
significantly (P < 0.05) to a number of parametétswever, NMR parameters measured at
24 hp.m.showed very limited prediction ability (|r] = 0:8752), which suggested that the
distribution and mobility of water in meat on dap.in.may be of limited relevance for purge

production after storage. The prediction error parge by different parameters can be

38



estimated from the RMSD, e.g. the prediction efoorpurge using the relaxation time of the
intra-myofibrillar water domain (3f) measured on daydm.was £2.6% (2 x RMSD with 95%
probability, r = -0.46). By comparing the NMR pareters measured on dayplm.and after
9-day storage, sk and T, decreased, suggesting lower mobility in both intnad extra-
myofibrillar domains. An increase in the normalizadea of }; was observed, which

suggested possible uptake of extra-myofibrillarexat

In order to understand the poor predictability, NMieasurements of water mobility and
distribution was conducted on one meat sampledgic@6 hp.m) daily during a 9-day storage
period. The sample setup in Figure 4 f was usedulRe shown in Figure 13 indicated
complex water movement during the 9-day storagegewhich can be divided into three

phases (shown as 1-3 in Figure 13):

1). Water exchange between intra- and extra-myidéibdomains (from day 1 to day 5), that
the increase in the area of thg, Tomain accounted for 63% of decrease in area,of T
domain on the day 5 of storagé in Figure 13 a-b). The water exchange did notltesu

significant purge, as can be seen from the slowedse in the total area loss (Figure 13 c).

2). Water release from the extra-myofibrillar wateging as drip (day 5-7). Continuous
decrease of 2f and T, area was observed (Figure 13 a-b), which resuttesignificant drip

(indicated by the decrease in the total area inréid.3 c).

3). Water inflow from extra-myofibrillar domain fatra-myofibrillar domain. An increase in
T,; area was observed on day 8-9 of storafyein( Figure 4 a), presumed due to the
degradation of cytoskeletal structure enabled wétaving back from extra-myofibrillar
domain. The decrease in total area loss slowlyedsed on day 8 and day 9. The relaxation
distribution of the drip fluid in the bottom of ti¢MR tube was analyzed on day 9. The T
value of the drip fluid was of the same order & values. Thus it is reasonable to suggest
that the some intake of water from drip fluid imyofibril water compartment is possible.

The experiments verified the complexity of the watedistribution between domains, and
explained that it is not straightforward to predictrge after storage from NMR parameters
measured on dayd.m.In addition, the purge and NMR measurement emake it difficult

to predict purge. Although the measurement erropuwfge using the current method is
unknown, the error of purge loss on beef steak23-kKg) has been reported and estimated to
be 3-4 % (Elam et al., 2002).
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6 Advances beyond state of art

Proton NMR T relaxometry has been used for muscle/meat sttoliess few decades (Cope,
1969; Hazlewood et al., 1969). The flelaxation of muscle/meat was found to be multi-
exponentially behaved, and the rElaxation time was much shorter than bulk weeveral
hypotheses have been proposed to explain the exgtnential behavior (Bertram et al.,
2001b), including 1) physical compartmentalizatminwater, where cell membranes act as
physical barriers, 2) contraction of muscle/meauits in the structuration of intracellular
water and 3) fast exchange between free water landavall of differently sized pores. One
study of Bertram et al. (2001b) based on processeat and other protein matrices did not
support the physical compartmentalization hypothdsit reported that the multi-exponential
behavior of meat indicates the state of proteirgnty and morphology. Three distinct
relaxation time domains reflect the degree of wdteund to macromolecules (proteins):

tightly bound, intra-myofibrillar or extra-myofiblar.

The drip loss in meat accounts for large economiocates for the meat industry, e.g.
according to the data obtained from 2009 in Norvea$% increase in drip loss would result
in 738 fewer tons of meat (Gjerlaug-Enger, 2011)e Tormation of drip is still not fully
understood, but NMR can assist the understandirigeofirip production process. The water
and macromolecules transport among different dosnam meat during drip loss are
informative for understanding drip production, Inats rarely been addressed in the literature.
Thus inpaper I, an in situ drip-loss study (45 hours) oroagissimus dorsmuscle was
performed using proton NMR in order to understdremolecular transport among domains.
A simple first order kinetic model was set up idl@rto interpret proton transverse relaxation
in terms of water/small macromolecules in differdphamic regimes, and of their kinetics of
exchange during drip-loss. To be more specific, ekehange of “free” water and water
molecules temporarily bonded to the functional goaf macromolecules on a biopolymer is
a local process, restricted to smaller and indi@idlomains as compared to the much slower
and irreversible water transport between and outlarhains. The latter transport process
involves a net transport of water/macromoleculgsveen domains during drip, and was the
focus inpaper 1. It should be noted that the experiments wereoperéd at 25C, which
increased the rate and amount of drip loss comptreexperiments performed at lower
temperatures. The increased drip rate and amouathagher temperature were documented

on 2 samples (25@ x 25 mm) measured at 2 diffeaegnperatures (4 and 25 °C) using EZ-
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DripLoss setup (Figure 14) during 120 hours aftemgling. This effect might be more
pronounced on the current smaller NMR sampéeX8.0 mm) than the EZ-Driploss samples
(Figure 14) due to the increased surface to volatie.

A short T, component of minor intensity was found which cep@nded to the bound water
domain. Further Janalysis indicated that the fastestdbmain representing bound water did
not change as a function of drip time. This congphgth what has been reported in the
literature, that bound water is less mobile andhgea very little in post-rigor muscle (Huff-
Lonergan and Lonergan, 2005). The exchange ratstaais of water between the domains
showed that the irreversible migrating rate of wdtem the slowest relaxation domain
(extra-myofibrillar, contains free water) to driprdain is around 4-5 times faster than the rate
of water moving from the intermediate relaxationm@in (intra-myofibrillar, contains
immobilized water) to the slowest domain. Thisicaded that the drip production at early
storage/drip time is governed by migration of wafterm the extra-myofibrillar domain,
which is consistent with a previous work (Zarate &aritzky, 1985). Myofibrillar shrinkage
and longitudinal contraction may provide force tbe water transport from intra- to extra-
myofibrillar space and further out of the meatsthas been already reported (Bertram et al.,
2002b), and supported by the increase of relaxataies in both domains in current
experiments. The migration rate of the macromokscgbuld not be reliably estimated due to
the rather small fraction of exchangeable proten2% of the total proton intensity), but the
relative ratio of macromolecules in intra-/ extrgefibrillar space was estimated to be around
11.
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Figure 14. EZ-DripLoss values of two meat sampsasnpling at 96 Ip.m) of size 25g x 25

mm stored at 4 or 25 ° C as a function of time.

The majority of methods for WHC prediction arevg|dedious and time consuming (e.g. EZ-
DripLoss method> 24 hours) which indicate the need for a fastecueate and robust
reference method for WHC measurement. NMR transvegmxometry is a relatively faster
technigue (measurements within several minutes) tlas been gradually accepted and
applied as a tool to analyze WHC in meat prodwagst provides information on the physical
and chemical properties of myowater (Bertram andeksen, 2004). Some of the relaxation
parameters obtained from the NMR relaxation cuh@aed certain correlation to early post
mortem WHC measured using e.g. Honikel bag methog, € 0.72 and r7,= 0.77) and
centrifugation (rgz = 0.50 and rf; = 0.75) at 24 hp.m. (Bertram et al.,, 2001a). The
distribution of both intra- and extra-myofibrillawater were found important for WHC
determination (Bertram et al., 2001a). Regardlelsthe numerous studies reported, the
measurement error of WHC using NMR has not beearlgleaddressed. This is actually
surprising bearing in mind its economic importarieis topic was assessedpaper |1, and
NMR was found to accurately measure water massdan&olled model system ¢B/D,O
mixtures), but the measurement error increased eat amples. Except random error that
may be caused by temperature etc., other errocepuegarding NMR measurement include

the inherent NMR error and non-NMR error (causedshynple heterogeneity, sampling
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handling, etc.). The inherent NMR error depends SIN ratio, and using the current
experimental settings, this error of the total pnosignal intensity was determined as 1.2% on
the HO/D,O model system (of size 8 x 10 mm). The errorlmafurther decreased when
the S/N ratio is increased (by increasing the nurobscans), but the time of analysis will be

increased as well.

Various sizes of NMR samples (10 x 10 x 50 mm, 35mn¥mm, 7¢ x 30 mm, 8cm in
length etc.) and different sample handling procesdrave been used when WHC was studied
on meat in the literature (Bertram et al., 2002artBm et al., 2003; Straadt et al., 2007;
Tornberg et al., 1993). However, as sample heteriggeand sample handling will affect the
NMR method by changing water distribution in meamsples, errors caused by sample
treatment and sample heterogeneity can vary acwiydiThis topic is of great importance
regarding method accuracy and result comparisonhls been seemingly omitted. When
bigger samples are used, sample heterogeneity ateat lwss due to sampling might decrease,
which affect measuring errors. Although the errdrsm these two sources (sample
heterogeneity and sample handling) cannot be siolarthese errors can be reflected on
samples of different sizes. The inherent error BfRNis similar on samples with small (8g x
10 mm) or big size (16g x 22 mm) investigated iis tinesis using the 40/D,O model
system, both below 2 %. However, as shown in Figlte difference between paired
measurements on each slice of all the NMR parame&tas smaller when the measurements
were done using the bigger sample size. In othedsyahere were fewer outliers when bigger
sample size was used, and these outliers werelikelgtcaused by sample heterogeneity and
sample handling. In order to achieve smaller ertities present thesis suggests confirming and
then implementing the NMR instrument with a biggample holder size (16@ x 22 mm) over
the instrument with a smaller sample holder size @8g x 10 mm) for industrial use for intact
meat measurements. In addition, compared with Bgtbss method, NMR was independent

on slice number and also had lower absolute error.

In paper II, the potential of using NMR relaxometry as a refiee method for fast
spectroscopic methods of WHC in pdokgissimus dorsinuscle was assessed. Although the
T, relaxation time of the slowest relaxation compdnéh,,, corresponding to extra-
myofibrillar/extra-cellular water and is most sustiele to dripping (Tornberg et al., 1993))
has been found to correlate with WHC (Bertram gt20l01a), 3>has not been investigated
as a reference value for WHC previously.pbper |1, To;values showed higher correlation

(assessed by PLSR analysis) with both Vis/NIR anthy spectra than drip loss values
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measured using the EZ-DripLoss method, indicativegpotential 7, has as a reference value
for WHC.

Two approaches (the discrete and the continuouseihnbdve been used to assess the T
relaxation data, as summarized in section 1.4Th2. continuous model has been suggested
to be more appropriate for water relaxation in claxmeterogeneous samples (e.g. muscle)
(Lillford et al., 1980). However, very few worksuecompared the two methods (Bertram et
al., 2002a; Menon and Allen, 1991), in which Bertrat al. (2002a) performed an indirect
comparison. There has been no direct comparisareketthese two methods in the literature.
The correlation between WHC (determined using Helnilag method) and,Telaxation data
on water in meat fitted using different methods evegported to be different, and a higher
correlation was obtained when the continuous m¢rdel-0.85) was compared to the discrete
model (r = -0.77, 2-exponential function) (Bertramal., 2002a). This indicated that the two
fitting methods provided different results regagliNMR parameters. Although the true
values of the Tare not known, the difference regarding the twalet® may result in rather
different biophysical interpretations regarding @vadctivity in meat during drip, which is of
significance in understanding WHC. Thus paper 111, the “discrete” and “continuous”
relaxation rate models were directly compared awbaled significant differences in both
relaxation rates and corresponding mole fracti@ssderived from the same experimental
CPMG response, and was confirmed by analyzing syiettCPMG data. The differences
showed that cares must be taken when data fittiathods are selected for complex meat
samples, especially when the acquired resultscabe ttcompared with other works that used
different data fitting methods.

In the last manuscrippéper 1V), the predictability of quality parameters, espgiNMR
parameters measured early post mortem (before &4 &f) were discussed regarding 9-day
storage purge. The purge produced during storafiect® the visibly accumulated red
aqueous solution of proteins in packaged refrigerabeat, which is important for consumer
acceptance, but to the best of knowledge, veryv@sks have predicted purge using data
obtained early post mortem and none of the worled USMR data. As summarized in a
published investigation (Huff-Lonergan and Lonerga005), desmin degradation at day 1
p.m.was a reasonable predictor for purge loss, intaagidesmin degradation accounted for
24.1% variation of purge loss over 7 days by ustepwise regression models. The purge
production process follows different rates post tenor (Zarate and Zaritzky, 1985), which

depends on the meat structure changes (which caW$#S changes). If purge is to be
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predicted early post mortem, a method with higlcigien is needed. A number of parameters
measured before or at 24plm. correlated with purge, in which,Tmeasured on day@dm.
correlated negatively to purge (r = -0.46, RMSD.31% of 1.15-7.69% purge). However, it
corresponded to a large prediction error i.e. £2[@% RMSD, 95% probability). The low
correlation between NMR parameters on day 1 ané9dayrge suggests that it was difficult
to predict purge early post mortem. A closer inggdion of the F characteristics on both
day 1 and day 9 showed that both @nd T, have decreased on dayp9n, indicating the
decreased mobility in intra- and extra-myofibrill@ater. A decrease in,Ton day-7 and day-
14 storage has been reported elsewhere (Straaalkt, e2007). The decrease in,Talso
indicated a decrease in drip loss (increase in WHE)h, has been reported to reflect the
width of gaps between meat fiber bundles and teetate positively with drip loss (Tornberg
et al., 1993). The area of each domain reflectatheunt of water, and showed that there was
an average increase of about 2.4% in theeddmain, which might be a result of water inflow
based on the hypothesis, that during storage, ytuskeleton proteins degraded, and water
flows into extracellular space ceases, and prelyoespelled water can to some degree
reverse (Huff-Lonergan and Lonergan, 2005; Kristenand Purslow, 2001; Melody et al.,
2004; Straadt et al., 2007). The water uptake eeillse swelling of the myofibrils, which has
been recorded by confocal laser scanning microsaogychanges in,T width during storage
(Straadt et al., 2007). The effect of storage t{fhdays) on continuous purge production was
studied on one meat sample (taken at 6nm) suspended in an NMR tube. Decrease4n T
time constants was observed during storage and amedysis showed water exchange
between domains was dominant during the first Ssd#ystorage. Major drip was produced
on day-6 storage. An increase iz} @&rea showed possible water intake from extracellalea.
The complexity of the water movement between domadiring storage, together with the

error in the NMR and purge measurement determinegador prediction of purge.
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7 Conclusions

CPMG NMR can provide valuable information regardimgter mobility and distribution in
meat. The NMR relaxation-rate data on an in siip trss study (45 hours) suggested that
information regarding the exchange of water andjdarmolecules between the distinct
domains can be extracted to assist the understmdimeat structural changes during drip.
The studies presented in this thesis have showrNil& accurately measured small changes
of water content in a homogeneous model systes® @hd HO mixtures), and the inherent
error of NMR method was rather low (1.2%). Whersthias repeated on meat samples
measured, the water content was slightly less atelyr predicted as expected, due the
heterogeneity and complexity of the meat. The spin-relaxation curve of meat could be
decomposed into three components, each of whichdiséisict mobility. T, values can be
accurately separated in homogeneous model systeaSQC solutions of varying
concentrations), but when meat samples were mehdine errors in thelvalue, especially
of the smaller component £J) was higher, which can be a result of sample bgtareity and
sample handling etc. By increasing sample sized#tected error decreased as the result of
increased S/N and possibly decreased sample hghdhomogeneity error. Of the same
operating frequency (e.g. 23 MHz), the NMR instratngan measure a larger sample volume

is thus preferred for water measurement in intagatnsamples for industrial use.

NMR showed potential as a reference method forigtiad WHC and correlated better to
both Vis/NIR and X-ray spectra compared to theiti@aal methods, i.e. EZ-DripLoss. It is
thus suggested that NMR has potential as a refene@thod for faster spectroscopic methods
of WHC in meat. In the storage experiments, NMR snead on day J.m. had limited
prediction ability of purge produced during longérrage time (9-day) in packaged meat, due
to the complexity of WHC changes during storage #rel error in the NMR and purge
measurements. Purge production is a combinatiovatér redistribution and dripping, which
is closely related to the meat structural changegsng methods of T relaxation data should
be carefully chosen. Analysis of $howed differences in decomposeddlaxation rates and

their proton intensities when different models ¢dese and continuous) were used.
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8 Future approaches

1) The ability of NMR to predict purge after vacuyoacked chill storage was not satisfactory.
Although changes in WHC is a complex process dustogage and this partly accounts for
the poor correlation. The prediction may, howevsr,improved if more measurements are
done at the start of the purge production procéasate and Zaritzky (1985) have reported a
fast release of drip (nonlinear increase of driprupme) during day p.m.on beef, followed

at a slower and constant drip rate. The trend ofjg@oproduction against storage time should
be further studied for pork. The correlation migktimproved by measuring the meat sample
twice at early post mortem using NMR, and the tweasurements should be performed after

the drip rate has stabilized and can be calculated.

2) Since sample heterogeneity and sample handliewge wecognized as part of the error
sources, further investigation on this matter stiooé carried out. Sample heterogeneity
naturally exists and is unavoidable, but sampledhiag errors need to be minimized. Water
distributions in meat are sensitive to any pressockiding vacuum. In the current thesis,
NMR samples had a diameter of either 8@ x 10 maberx 22 mm. Manual coring was done
using a sharp cork borer. Although care was taklkeanacoring samples, it is not guaranteed
that the applied pressure was the same for evenplsawhich might cause increased errors
in reproducibility. To study the effect of forcedsisure on error in sampling, a mechanical
sample coring machine of which the applied foregpure can be controlled and changed is
suggested to be investigated. In order to avoid diffgrences caused by animals, one loin
(e.g. the left loin) from one animal can be dividetb 10 slices, and 5 samples are to be cored
using the same force/pressure level from the sdimoe. Different force/pressure shall be
applied for coring samples from the respectiveeslEigure 15). All samples should be
measured by NMR right after cutting, and the decoseg T relaxation parameters can be
compared. Since sample handling errors can be nzednby using larger samples, NMR
machines with even larger sample holder sizes dhbelinvestigated (e.g. MQC23 model,

sample size 14 mL from Oxford instrument, Abingdonjted Kingdom).
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Figure 15. One leflongissimus dorsioin is divided for NMR measurement. Sampling start
from the joint between the 3rd and 4th lumbar J@deThe first three slices are shown (slice
1-3, in light orange), thin white stripes betweéoes indicate slices to be discarded to avoid
dripping caused by cutting. On each slice, five [gas are cored using the same
force/pressure level. Different force/pressure leae used for different slices (shown as

pressure 1, 2 and 3).

3) In this thesis, studying the changes of the saaraple as a function of time during
drip/storage was used as a tool to explore thenmaderomolecule exchange among domains
against time, in order to further understand thehmaaism of drip loss. Promising results
were obtained. Similarly, as suggested in Figureekferiments can be performed on the drip
solution produced during storage as a functionimitusing proton NMR spectroscopy.
Proton NMR spectra has rich information regardingtabolite profile, and can thus provide
changing patterns of certain metabolites which migd informative for WHC mechanism

interpretation.

Due to the high proton content of meat samplestoprélMR spectroscopy has very high
sensitivity when meat samples are studied. ProtetRNas been used in metabolic studies
(e.g. lactate) for meat quality, when a water sapgion technique was used (Bertram and
Andersen, 2004). Metabolite profiling of meat isetatively new research topic, that only a
few works have been focused on (Brescia et al.22@aham et al., 2012; Graham et al.,
2010; Straadt et al., 2011; Straadt et al., 203#padt et al. have investigated the potential of

proton NMR for assessing quality of meat from ddéf® breeds, using freeze exudate and
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meat extracts and revealed difference in their budite profile (Straadt et al., 2011). Another
study has analyzed beef LD samples over a 21-dagdpasing proton NMR spectroscopy,
and found 12 of the identified amino acids increassing freeze extracts (Graham et al.,

2010). They concluded that the increase was atresuicreased proteolysis during aging.

/TT_\\_\_

Drip fluid é-——-é

Figure 16. One meat sample before 24.m. is stored in the container used in the EZ-

Meat sample < = =

v v v v
Day p.m. 1 2 3 4 14

DripLoss method at chilled temperature (e.gC3. The drip fluid is collected every day for
proton NMR spectroscopic profiling during the stgegeriod (e.g. 14 days).
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ABSTRACT

BACKGROUND: Three distinct proton spin-spin relaxation rate componentsat ane known to be associated with
three corresponding spatial domains possessing different molecular ratateodnd/or macromolecules (extra- and
inter/intramyofibrillar). In this work we acquire the proton signal istignand corresponding relaxation rate of the
three components during a drip experiment with the objective to pghebé&reversible migration of water and
macromolecules between domains with drip time.

RESULTS: Each CPMG relaxation curve is decomposed into three relevamlistingt relaxation components
(intensity and relaxation ratep first-order kinetic model is adopted which enables the irreversible and slow
“migratiori’ of water and macromolecules between domains to be monifodtailing of the kinetic model applied
is thoroughly discussed.

CONCLUSIONS: The amount of water and macromolecules within the respectardon meat is monitored and
quantified by in situ CPMG measurements during drip. Theerobd and irreversible change in proton
intensity/relaxation rate during drip is rationalized by a slow migration aiemmolecules and macromolecules
between the domains

GENERAL SIGNIFICANCE: To shed new light on the water holding capanityialogical material by probing the
slow migration properties of water/macromolecules between different dothaing drip loss.

Keywords: Water holding capacity; relaxation rates; kinetic model; relaxation sink; drip loss; maalsxules

1. INTRODUCTION

Water Holding Capacity (WHC) is a general term referring to the ability affiaetli sample to retain intrinsic or
extrinsic fluids under specified conditions [UnderstandingVHC is crucial for meat industry, which will affect the
product amount, quality, recipe and future processing yields [2te@umethods for WHC prediction use gravity,
centrifugation, and other externat capillary forces, for examplérip loss, filter paper method, centrifuge force
method, cooking/heating loss, processing loss, thawing losslég@ld and technological yield [3, 4The EZ-
DripLoss method using gravitational force is favored by many ilalnseat industries due to the simple procedure,
high sensitivity and reproducibility and cost effective equipment [5].

Drip (or weep or purge) is the red aqueous solution of proteins (sarcoplasmic proteins, glycolytic enzymes and
myoglobin) that flows out of the cut surface of a carcass [6]. Drip loss results in the undesirable appearance of meat,
weight loss as well as nutritive value loss and thus lowers the value of meat [6, 7]. Lean muscles contain about 75%
of water [8, 9], and according to the data obtained from 2009 in Norway, a 1% increase in drip loss would result in
738 less tons of meat [10]. In addition, drip is an excellent culture medium for certain micro-organisms, whereby the
shelf life of meat may be shortened due to safety reasons [7].

There is a lack of complete understanding of the formation of drip. Although EZ-DripLoss method is able to
predict WHC of meat, it does not provide any information about the dyeareltind the water loss, and from what
sort of structure the water is lost. The experimental time of EZ-Dripkdgpically 24 hours or more, but no dynamic
measurements are reported during this period of time. Unlike ntomal methods, NMR relaxometry is a potentially
powerful tool to quantify the mobility and distribution of water betwdd#ferent domains during the conversion of
muscle to meatwhich — in turn - may explain how these changes are linked to meat qudlityd?1. Renou and
coworkers were the first to correlate longitudinad)(@nd transverse ¢J relaxation times to WHC [13, 14]. Studies
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have shown that three groups akExist in meat, namely a fast (0-10 ms), an intermediate (35-5anus) slow
relaxing componentl00-250 ms) [13]. Also, Bertram et al has demonstrateglation between the final sarcomere
length and drip loss [15] and reported on some correlation betweamd sarcomere length, and betweenahd
myofilament spacinfl5]. Much work has focused on the mechanisms of post-mostier mobility in meat [16-
20]. Also, kinetic studies during processing, namely cooking 22}, salting [23] cooling[24], demulsification [25]
and rehydration [26] have been reporteldwever, to the best of knowledge, there seems to be-litileany -
information regarding the kinetics related to the slow migration of watgrngacromolecules between various
domains during drip

The overall goal of this work is to monitor the proton Carr-Purcel-btaifp-Gill (CPMG) response with time to
gain information on the irreversible and slow transport or migratievatér and macromolecules out from the sample
during drip. This process is characterized by a much slower rate conp#necexchange process of water molecules
and exchangeable protons on a macromolecule within specific domdinst. @der kinetic model will be applied to
characterize thémigration” rates by model fitting experimental CPMG curves acquired at different timieg diip.

In particular, the drip experiment is performadsitu, by placing the sample (randomly selected portingissimus
dorsi muscles) within the NMR magnet. When decomposing the CPMG relaxasipornse into a discrete and finite
number of exponential functions, distindynamic domains” are identified. Three domains are generally reported in
the literature based on the magnitude of their spin-spin relaxation raist eeffaxation component (X = F)p a
intermediate relaxation component (X = I) and a slow relaxation component (¥espgktively [27].

2. EXPERIMENTAL

2.1. Sampling

Pigs used in this study are young boars from Landrace anda Breed, tested at the Norsvin boar test station (ljseng
Norway) as part of an on-going breeding program. The boaselemted for semen production, were slaughtered and
had carcass weights around 95kg. The animals were slaughtered at Nortura Rushggda (Ringsaker,y)\dxywva
carbon dioxide stunning (90%). Exsanguination, scaling andisglivere finished within 30 mipost mortemAfter
cleaning and evisceration, the caremswere carried through a cooling tunnel (-22, 810 m/s air velocity).
Subsequently, the carcass were left at 15 °C for 5 min and chille@ &C for96 hours. The carcasswere then
transported to a partial dissection line at Animalia (Oslo, Norway), and tee@tongissimus dorsimuscle was
obtained. Cylindrical samplg8¢ x 10 mm, ~0.459 g) were cored and suspended with the fibetidirgarallel to

the cylindrical axis in an NMR glass tubes. Enough space (17was)eserved between the bottom of the NMR
glass tube and the muscle (figure 1 a). A layer of parafils placed on the top of the muscle to avoid water
evaporation.

2.2. Low Field NMR Relaxation M easurements

The experiments were performedakaran Ultra NMR instrument (Resonance Instruments, Witney, UK) operating
at a magnetic field strength of 0.54 T, corresponding to a proton resonance frequency of 23 Mi&zNMR signal
response was acquired and stored every hour during the drip expgddéaturs) by applying a traditional CPMG
pulse-sequenc§?8] with a fixed inter-pulse time = 24 us, 10 K echoes and 8 transients if not otherwise stated in
the text. The time between each transient was set to 3 s to ensure quasttapling (T was determined to be less
than 0.5 s). All measurements were performed &% € and equilibrated at this temperature for 10 minutes before
initiating any NMR experiment. Some CPMG experiments were also performedadniptfiaid (figure 1b) by lifting

the sample tube manually so that only the drip fluid was located withtrattemitter/receiver coil.

The strong dipolar interaction between protons within the solid masidts iramuch shomr spin-spin relaxation
time of the order of a few microsecori@®, 29]. Sincean 180 -t-90° -t echo pulse sequence will not refocus such
strong dipolar interactions (short)Jthe echo amplitude of the “solid” like protons is made invisible. Actually, by
increasing the inter-pulse timingfrom 24 us to 100 us, no observable change in the extrapolated CPMG signal
intensity was noticed. Hence, we decided to apply the shortest passil?d us) in order to a) restrict the observable
NMR signal to mobile protons only [30] and b) avoiglcbntribution from mobile protons diffusing in an (internal)
gradient field. Parafilm was tested under the same experimental conditidriidarot contribute to the signal.

A small signal of less than 2% of the total signal intensity and havingch looger T relaxation than the other
components was observed in all CPMG curves. The origin of tslsis discussed later in this work. The spin-
lattice relaxation data were obtained at the end of the experitperd% h) using a 186c-90° pulse sequence.
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Origin 9.0 (OriginLab Corporation, MA, USA) and Microsoft ExcéllD (Microsoft Corporation, WA, USA) were
used for curve fitting.

Parafilm

*<«— Dirip fluid

Figure 1. Sample setup during drip.at the start ¢ = Oh) and b) at the endd(t 45h) of the drip experiment whererépresents
drip time.

3. THEORETICAL OUTLINE

3.1. Migration — a Dynamic M odel
In this section we present a simple dynamic model which describesigination of water molecule®V and

macromoleculesVl from the inner to the outer part of a sample that is composed dfitfecent spatial domains |
and S. The molecules are only allowed to migrate irreversible from | to Soandte versaas illustrated in figure 2.

I S
- g i * -
'M_‘pﬁ "JM .
- * - .7 b . o ln
WL .kq M
L] * 2l
P

Figure 2. Schematic view of the distribution of water moleculess(\Wid macromoleculedVl within domains | andin which
M contains functional groups possessing a proton & that can exchange with water molecul&&e dotted line (— —) is
introduced to illustrate the spatial difference between domains Barithe parameterlaxlq and kg define the rate constants of
migration of q (= W and Ebetween the domains. P represents the drip domain.

The total number of mobile protonNTX within domain X (= | or S) originate from two proton soutces 1)

water moleculesV and 2) exchangeable protoBdocated on some functional groups dh. Since the hydrogen
exchange between W and E is assumed to be much faster (ordet)dhamsthe slow and irreversible transport of
water between domains (order of hoBrsve will use the term “migration” for this latter dynamic process in order to
make a clear distinction between the two different rate-processes. Henceaywset up some dynamic equations
describing the migration of water molecules W and exchangeable pBbateeen the domains.
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3.2. Intensity versus Drip Time
At some time during the drip process, the number of water molediffeand the number of exchgeable protons

Né (located on macromolecule ) in domain X will approach some constant valueéeq (g =WorE).If

assuming the time dependencel‘(bj< to follow a first-order rate law during drip, a set of simpleat#htial equations
can be set up with reference to the reaction scheme shown inZigure

dN/

Tq =k (Ng = Ngeq) (1a)
d

quS q | | q S S

o, =K' (Ng = Ngeq) — K3 (NG = N&eq) (1b)

dnp

Tq=kg(NqS—N§eq) (10
d

It should be remarked that if adding Egs-11c we obtain the important result:

d
E(|\1(5+N§+N(§’):o wd

Which impliesthat the total number of respectively E and W in the sample (includippat any timety during
drip is conserved.

The above equations are derived under the assumption that theodgpgs on a much slower time-scale (residence
time of the order of hours) compared to the proton exchange bebvaed W within | and S (residence time of the
order of milliseconds or seconds), respectivilis explicitly assumed that g migrates out (P) via domain S and not

directly froml. As a consequence, since the NMR signal intensiiyis proportional to the number of nuclelc§<
contributing to the NMR intensity, it follows from simple algebra that thatism to Eqs 1a 1d can be expressed by
Ié< . After some simple but tedious algebra we find;that

1 [ 1tas ] 12 _1a

|q'((g)) =1 |q'((o? E— E:S_:;ﬂ €
q L q J 1

190 [, 15049 ] 1- Exptkity)

150 13(0) | 1- Exg-45Y)

“ L e ? )

K [150) 1549 [ 1- Expkty)  1- Exp—kdty)
kI -k3|1S©0) 15(0) | 1-Expg—45kg) 1- Expg—45kS)

Consequently, it follows that the intensilﬁ of the fluid dripping out of the sample can be expressed by:

1P(t,)=1. (0 +150) -1/ (45 -15(45) 2o)
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Where | (0), 15 (0),1;(45) and | J(45) represent the proton signal intensitiegi¢E or W) in domains X (I, S or
P) at the starttf = 0) and at the endq(= 45 hours) of the migration processspectively. Moreover, it follows that
the total proton signal intensityrx within domain X (= | and S) at any tintgcan be expressed by:

17 (tg) =2l (tg) + 1 & (t4) ed

3.3. Spin-Spin Relaxation versus Drip Time
In the following section the spispin relaxation rate of “free” water W within any domain X is represented by

ng = 1/T£W) with wa being the spin-spin relaxation time. Likewise, the spin-spin relaxation oatéhe
exchangeable protorislocated on some functional grou@sr instance-COOH,—NH, -OH and-SH groups [31)]
onM is denotengE , which is much faster than the relaxation rate of bulk water. Since varjpes oy functional

groups on M exist, a distribution dRS,E is expected. However, since it is not possible from the present NMR
measurements to derive these relaxation distribution characteristics, we spnglsent them by a single, average
relaxation rateRg E-

Hence, under the condition of fast exchange between E and W, a ssgleable relaxation ratEZX for domain
X can be assigned, according to

X _ o
(N&,+N§)R2X=N@‘,-R§W+N§~R§E@N,§=§2—R§§(’Nﬁ (3)
2,E 2

where all symbols are previously defined. Eq 3 shows the impoesuit that the number of exchangeable proton

sites Né (on M) can be calculated from the number of water moIecN@X,sby taking into account the relaxation
This relation becomes important in the model-fitting as it reduces the nofrbdjustable parameters.

In particular, spin-spin relaxation time measurements is required agatiassn characterizing the fate of the
exchangeable protons E during drip

4. RESULTSAND DISCUSSION

4.1. CPM G Response Analysis

It has previously been reported that the proton CPMG response cuneatifmuscle can be well represented by a
sum of three exponential functions [33]. Using the experimentalpsshown in figurd, we found a “3-exponential”

fit to the observed relaxation curve to give a slightly non-randomn distribution, at leasat longer drip times. For
instance, a typical CPMG response curve observed in this wodpisduced in figure 3a and reveals a single
exponential decay contribution, denoted@ t > 0.5swhich is characterized by a long (bf the order of a second)
and a small signal amplitude (~12 %). After subtractindp from the observed CPMG curve, a corrected CPMG
curve is derived (figur8b) which could be represented excellently by a sum of three exponential furdziooied

F, I and S, respectively. The excellent quality is confirmed by the randoribwlistn of the residual curve, as
illustrated on figurec.

Although a model equation composed of a sum of four exponemieidns may be expected to result mils-
posed numerical problem, we found the above procedure to be vasy foball CPMG curves analyzed in the present
work. Actually, after subtracting the fourth component (D) ftomobserved CMPG response function, the remaining
6 adjustable parameters - as obtained bgralinear least-squares fit to a surtbree exponential functions - were
found to be highly reproducible. One reason for this robusiedhsat the four relaxation rat&s; are very diferent
[34] and that the signab-noise (S/N) ratio is high (of the order of 200 or larger). Foamst, the S/N-ratio of the
CPMG curve shown in figure 8) was even larger (400). By arranging the relaxation rates in 8iogearder, each

relaxation rate was found to be faster than the former by a factor efthan 3, i.e..:RY ~1s, RS =951, R, =
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25 stand RZF =~ 900 s, respectively, which is fortunate. A much smaller difference betweenethxation rates
would reduce the reliability in resolving them.

1= 1
] a)
0.1
= 0.01
Z ]
c
o
£ 1e3
0.1 4
1E-4 4.
= ' C
3 1E-5 4 . °
S 0.00 0.25 0.50
k= Time/s
C)
i 0.002
0.01 "Obs" \ ! Ly
Lo R TR H‘ Bt g ! H\
IIHHMHW Gl b m
© it A ' AL A
=) 10 ¥ i
2 0.000
j 8 1
| b i H Hu i
“H‘H | ‘Hi‘ ‘\” H“\HHW i
-0.002
1E-3 T T T T T T T
00 02 04 06 08 1.0 12 1.4 0.00 025 0.50
Time/s Time/s

Figure 3. a) A typical CPMG response curve of the meat sample investigated wotkisThe long-T component D (- - -) is
excellently fitted to a single exponential function for t > 0.5)Difference between observed relaxation cuame the long-T2
component Ddenoted “Corrected”, is fitted to a sum of three exponential functions F, | and 8esdual plot between the
“corrected” CPMG curve and the model fitted curve (3-exponential function) ifHe) data shown on figure a) are taken from a
parallel experiment on an identical meat sampking the same experimental parameters as presented in the experinaital se
except for the repetition time which was set to 10 s and the naihseans which was fixed t0Q

Hence, Eq 4s used as a model equation (or fitting function) throughout in thik imawhich the long-¥ component
(component D) was first fitted to a single exponential functiort f010.5 s and then subtracted from the observed
relaxation curve before a 3-exponential fit was applléw goodness of the above model is illustrated on figure 4 in
which the function;

I (tty) = 1o (t,) expl- RE ()t + 1, (t,) expl- Rt )t

s(td)exp[— RS (t )t]+ ID(td)exp[— RY(t,) t] )

(with Rg > Ré > er’ > RE) is plotted against time t for different drip timgs= 3 hours, 9 hours, 21 hours and 45

hours, respectively. The intensiy(Eq 4 as a function of drip time will be presented in a later section in which its
physical significance will be discussed more thoroughly.

212



IJRRAS 23 (3)e June2015 Hansen & Zhw New Insight into the Dynamics of Water

Intensity

Residual

00 01 02 03 04 05 0.0 01 02
time (s)

0.3 0.4 0.5
time (s)

t,=21h

R;=867 s VAR

Ri=25.0s" *.R

Residual
Residual

0.0 01 02 03 04 05 00 01

X 0.2 . 0.3 0.4 0.5
time (s) time (s)

Figure 4. CPMG relaxation curves (obtained after subtracting the loRkgcomponent (component D) from the observed CPMG
curve) at drip timesdt= 3 h, 9 h, 21 h and 45.fThe three exponential components F, | and S are shown as dotted au each

figure. The residual curves (the difference between observed and modéhiaidntensities) are shown below each figure. The
red curves represent model fits to Eq 4. See text for further details.

The spin-spin relaxation rate of pure, distilled, and oxygen frderved room temperature is measured to be
approximately 0.3- 0.4 st while bulk water saturated with air/oxygen reveals a somewhat larger relastiqdue
to the interaction of water with paramagnetic oxygen) and amoubstween 0.6- 1 s'. Since the shortest of the
three proton relaxation rates in the present system is found to lee hagp 8 3, some additional interactions or
dynamic processes must exist which dominate the relaxation of wateiilebd @ommented on in the next section.
As can be further noticed from figure 4, all residual curves reveal siaadlpm error distributions, suggesting the
“4-exponential” relaxation model (Eq 4) to give an adequate representation of the relaxatieiobdhagportantly,
these random error distributions were observed in all model-fitted relaxatia@scthiroughout the drip experiment.

4.2. Spin-L attice Relaxation
In contrast to CPMG, the Inversion Recovery measurements reveayedvordistinct relaxation componentsshort

relaxation component possessin@ia= (77 + 6) ms and a relative intensity of (4.5 + 0.5)% and a deswth much
longer relaxation component ®f = (499 + 2) ms (figur®).

213



IJRRAS 23 (3)e June2015 Hansen & Zhw New Insight into the Dynamics of Water

1.0 a)
0.8 Component Il
0.6
0.4 4
> 0.2
b=~
9 004
S Component |
+= -0.24
£
-0.4
-0.6
-0.8
-1.0 T T T
0 1000 2000 3000
Time/ms
0.02 4 oo b)

5
0014° & o o° %%
q
&

.
= -
= &0$°# o so e T%e &® o,
@B 0008 JFo " Qo © ° o -
fay %ﬁ Y e .S o °°°
) e 2" CceT e® o 2 e -
= *®e 22 ° -
B 8LY Singal t
-0.01 4o 0@%0 ingal component (o)
o o Double component (e)
8
0.02 L . . § . . . X
o 500 1000 1500 2000 2500 3000 3500

Time/ms

Figure 5. Inversion recovery NMR experiment acquired 45 hours stlierof the drip experiment. Based on the residual curve
analysis (bottom), two distinct relaxation components were identified.

Within experimental error, the intensity of the shbricomponent equals the intensity of the siertomponent of
the F-domain, as derived from CPMG-measurements. Hence, we aissighoriT:;-component to water molecules
in domainF which do not exchange fast enough (onp-diffie scale) with water molecules within domairmndsS. In
contrast, the much longer spin-lattice relaxation time component suggests #disateachange of water between
domaind andStakes place on a time scale of second(s). Importantly, ngitheor T, measurements give any direct
information on the slow and irreversible transport process related todhegion of waér, which occurs on a much
longer time scale (residence time of minutes/hours) and will be déstirsthe next section.

4.3. Redistribution of Water and M acromolecules during Drip
Based on the model-fitted CPMG response curves (figure 4; Eq 4) theeglaiton signal intensityT>< (see Eq 2d)

is plotted o figure 6 as a function of drip timig for X = F, I, S and D. Since the time between each CPMG pulse
sequence is longer than approximately 3 times the spin-lattice relaxat®fitithe proton signal intensity can be
considered quantitative.

Importantly, within experimental error all intensitieg and relaxation ratesz are excellently fitted to second order

polynomials (solid curves in Figure 6) and suggest that the exponentialiteaquations 2a and 2d can be Taylor
expanded to second order with respect to time. This is advantegoud siadess it possible to easily dreliably

calculate the intensitiek (0) and Ia((45) and relaxation rate®y (0) and Ry (45) in domain X for both q = E and W
from Egs2d and 3However, this approach requires information about the relaxatiorﬁ%éewhich represents some

average relaxation rate of proton E on a functional group (on M) wkadtaages fast with water molecules located
in the close vicinity of E. To the best of knowledge, one early puldica¢pored on ﬁgE of 1.0102 s* which is—

within experimental error - equal uazF of (0.9+ 0.1)10°3 s?, as reported in this work [19]. We have therefore adopted
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this latter value oﬂ?egE and applied a second order polynomial fit to all data in Figure 6. Thksre$ the analysis

are summarized in Table 1.

a) Proton intensity b) Proton intensity c) Relaxation
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Figure 6. Normalized proton signal intensity of the four resolved coemterr, | S (a) andD (b) as a function of drip tim&he

initial sum of intensities of F, & and D was set to 100%he corresponding spin-spin relaxation ratBs  as a function of drip
time are plotted on figure cAll solid curves represent 2. order polynomial fits and are further disclis) the text.

Within experimental error, no observable change in signal intensigiaation rate within domain F was noticed
(figure 6 a). In contrast, the intensitgP of the long-& component D reveals a sort of oscillating behavior with drip

time and will be commented on in a later section.

As can be inferred from the results presented in Table 1, the numbatesfmolecules decreases by 8.6%9.1%)

in domain | and by 37% (+2%) in domain S during 45 hoursipfaird truly shows the migration of water molecules
from the respective domains. This is further supported by the secheaelaxation rate of 13.1% (+ 0.3%) and 21.3%
(+ 0.3%) within the two respective domains. Also, the number dfiangeable protons in domain S decreases by
approximately 25% _(+ 2%), suggesting that a significant numbema€romolecules (probably smaller
macromolecules) migrate into the drip solution. This argument is badbd assumption that exchangeable protons

are associated to functional groupsthe macromolecule.
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Table 1. Relative intensities; (0) and 14 (45 and corresponding relaxation rateBs(0) and Ry, (45) as
calculated by second order polynomial fits to the data in Figure 6 by applyg2glEand 3.

Parameter | Value (%)
|Jv(0) 772 +0.7
|Jv(43 70.6 +0.7
|v%(0) 182 +0.6
|v%(45) 114 +0.6
||E(0) 0.53 +0.01
||E(43 0.60 +0.01
|g(0) 0.037 +0.002
||§(43 0.028 + 0.002
Ré ©) 23.1 +0.2
R£(45) 272 +0.2
RéS 0) 86 +0.2
R’?(‘]@ 9.7 +0.2

From the present calculations we can estimate the fraction f of exchangeahtes [fretative to the number of
water molecules) within any domain which extends to f = 0.015 iradohand f =0.004in domain S, respectively.
From these numbers the relative ratio of macromolecules in domains | el I8 estimated to abolt. The
corresponding ratio of water molecules within the same two domaéstiisated to approximately 4, showing the
density of macromolecules (macromolecule/water molecule) to be almost mda&tdigher in domain | than in
domain S.

One observation which seems to violate the assumption regarding irreversflthigydynamic reaction in scheme
(Eqg 1) is that the number of exchangeable protons in domain | iesreéth drip time by about 13% (after 45 hours
of drip). We do not have a clear understanding of this result. Hoyeeemay speculate about it and we find two
reasonable justifications:

1. Some small macromolecules (or acid protons) may diffuse from domait iRtardomain | during drip. This
net migration would not significantly affect the relaxation rate or pragmakintensity in domain F which is
expected to possess a pool of macromolecules with a higher concentratiacromolecules compared to
domains | and S. In contrast, a small amount of macromoleculeatimigirom F and into | may significantly
affect the number of macromolecules in I. A potential migration of macronteseand/or water frorf is not
implemented in the dynamic reaction model (scheme 1).

2. The accessibility of exchangeable protons on M may change duringddepto restructuring of the

macromolecules - for instance by denaturation [13,36] and may #feeaumbenZ .

Finally, we address the question of molecular dynamics or migratigrtheeate of change of E and W during
drip. This can simply be resolved by fitting Eqgs 2a, 2b, 2dandhe observed intensity/relaxation curves in Figure
6. All parameters, except the rate constants, are known (Table 1) and Igafe@io() parameters adjustable for
model fitting. The model fitted relaxation curves and intensities arersihowigure 6 and- not surprisingly-
coincide with the 2.order polynomial fits, as mentioned previouslg.rate constants are summarized in Table 2.
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Table 2 Rate constants" , k'

Hansen & Zhw New Insight into the Dynamics of Water

,kE andkf as determinetby a simultaneous fit of Eqs 2a, 2b, 2d and 3 to the

data in Figure 6. All parameters except the rate constants were kept fixed {J.abhe respective errors in the
rate constants were estimated by Monte Carlo simulations in which the non-aldjysedimeters (Table 1) were
chosen randomly (from a normal distribution) before each miitdel

Rate constant | Value

KW (1.7 +0.8)10°s?
kY (7.5+0.2)10°% st
klE 3+ 108 st
kE 1+  po°st

The analysis demonstrates that neithﬁmor sz could be reliably determined which is most probably caused by
their rather small intensities of less than 2%.

In contrast, the rate constant for the migration of water from domairs Sowad to be approximately-45 times
faster than the migration of water from domain I. This is not upebel, as the migration of water from domain | is
motionally more constrainds it contains a larger concentration of macromolecules (macromolecules/watedeholec
compared to domain S. As a consequence, the drip is strongly gdusrmmigration of water from domain S while
the migration from | probably comes into play at a later stage duripglflassigning | and S to the inter/intra- and
extramyofibrillar space, respectively [17] the reduced intensity at longetiieépmay be explained by myofibrillar
shrinkage and longitudinal contraction whitforces” free water from I and subsequently into S, and subsequently
out into P, i.e., resulting in a net loss of water from both donmaind S. Such a shrinkage effect can be argued from

the R§< -behavior with time, as it is well known thﬁtzx is proportional to the surfade-volume ratio (S/V) of domain

X. For spherical or cylindrical geometries it thus follows that the invefr$iee diameter or the inverse length of a
cylinder becomes proportional to the water relaxation nge Hence, according to the relaxation data presented in
figure 6 (right) the diameter/length of the domain (I and/or S) wdalitease b§0 - 15% during 45 hours of drip

resulting in a subsequent "collapse" (volume reduction) of the domain Jpgwagresses. To the best of knowledge,
this was first suggested by Bertram and colleagues [15].

4.4.“Drip” - curve

By applying Eq 4 the drip-loss can be calculated by subtracting #ralbebserved signal intensity(ty) from the
initial signal intensityit(0) and is shown by open circles (0) on figure 7 a in whielstilid curve was calculated by
a simple second order polynomial fit. The difference between the obserdditad drip curvess illustrated on
figure 7 b by open circles (0).
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Figure 7.a) Observed drip curve (0) in meat as a function of drip tim&He solid curve (—) represents a simple 2.order
polynomial fit b) Difference between observed and model-fitted intensities from Figuféeolid points (®) are reproduced
from figure 6 (right)
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As can be inferred frorthe data in Figure 7b, the “oscillating” behavior of the drip curve - as illustrated by the
open circles (0) in Figurea- resembles the behavior the corresponding oscillation behavior of the Jaogiponent
D (e) and leads to the tentative conclusion that the overall drip-curve is composed abmpoments. One
component which increases monotonically with time (main drip) and adsotall-amplitude, oscillating compongnt
denoted‘residual drip” which is tentatively believed to build up on the outer surface of thelsaRqpbably, small
water drops evaporated and condensed (or adhtertite inner glass wall of the NMR tube and water confined at the
sample surface. As time progresses, this water then drips (flotvBpm the detector coil. However, the oscillating
behavior continuous as long as the main drip component forms. Actwelllyave seen this phenomenon on all drip
experiments performed on our small sample NMR instrument. This iepiader further investigation in our
laboratory and will be discussed elsewhere.

4.5. Spin-Spin Relaxation Time Char acteristics of the Drip-Fluid

Although it is known that macromolecules (proteins) migrate outraodlie drip solution with time [37] we will in
this last section give support for this statement by spin-spin relaxati® measurements performed on the drip
solution According to Cooke et d138], the relaxation mechanisms in muscle fibers and protein solutions (fiere d
solution) are similar. Actually, to obtaareliable fit of the observed relaxation curve of the drip fluid, it was secgs

to adopt three individual relaxation components, as illustrated on the C&Gnse curve of the drip fluid in figure
8 and by the results presented in Tahlef3vhich one component has am #mponent comparable to bulk water.
The other two components show much larger relaxation rates and heesafmie order of magnitude as in the meat
sample (see figure 4). The observation of three distinct companehts drip fluid suggests that the various proton
species are not satisfying the fast exchange conditions.

1000 4

100 4

Intensity (a.u.)

200 4

Residual

Figure 8. 8 CPMG response of the drip fluid after 45 hours drip. b) Residual. Ajperinental parameters were the same as
presented in the experimental section, except for the repetition timewdscet to 15 ;= 0.5 ms and the number of
transients N =16.

Hence, the above relaxation time measurements simply support previdtssthedumacromolecules migrate from
the meat and into the drip solution. It is reasonable to expect tludittfie drip solution will change with drip time.
However, this topic is not part of the present work and will not be discusshdrf
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Table 3 Spin-spin relaxation rate Rvithin the drip solution (after 45 hours of drip)

derived by a“3-exponential” fit to the observed relaxation response function in figure 8.

Component Rz Intensity
(sh (%)
23.7+03 69.9 +0.8
6.2+0.3 11.1+0.1
3 0.452 + 0.002 19.0+0.1

6. SUMMARY AND CONCLUSION
In this work we have reported proton CPMG experiments performesmmelongissimus dorsimuscle samples
(86 x 10 mm, ~0.459 g) during drip which enables three dynaomtaths X (= F, | and S) to be identified and their

proton signal intensityITX and spin-spin relaxation raR‘ to be monitored as a function of time. A monotonic

increase/decrease IRZX /Ix was noticed within all domains, except for the F-domain, which intensityelaxation
rate remained within experimental error - constant during drip.

Meat/muscle is a rather heterogeneous and complex biological material containioghalecules that are most
probably described by a broad distribution of molar masses anelsgsogsa corresponding distribution regarding the
number of (water) adsorption sites per macromolecule.

It is further known that water molecules that interact with exchangealtienpron a macromolecule possess a
faster spin-spin relaxation rate; [B8]. The existence of such relaxation sink sites are particularly impartan
biological materials and may significantly affect the relaxation rate.

It is thus necessary to make some model simplifications/assumptionsdén to gain some relevant
physical/chemical insight from the observed NMR intensity- and relaxaditan Hence, a simple first-order kinetic
model was designed which solutions (Eqs 2 and 3) were fitted simulslpeto the observed NMR signal
intensities/relaxation rates of domains | and S and enabled the rate cémsti#wet migration of water between
domains to be established.

A) The total number of protons within any domain X (= F, | and S) is exqatdgsthe sum of exchangeable
protons NX on a macromolecule and free water molec&$. The exchange rate of these water

molecules is a fast process (characterized by a short residence tiv®xafer of a few ms) as compared
to the irreversible transport or migration process , i.e. drip-ldsishws a slow process, characterized
by long residence time of the order of hours).

B) The probability of water molecules W to exchange with exchangeablenprigton a macromolecule
will depend on the population of both E and Which may change during the migration process. Also,
restructuring of the macromolecules may affect the number of Ehdfiance by denaturation [13,36]).

C) A contraction or shrinkage of a domafnmay lead to a extra “push” of water molecules out of that
domain and results in a relative enhancement of the fraction ofbadserater molecules remaining. As a
consequence, the spin-spin relaxation ratevit increase (due to the fast exchange of free and bonded water
molecules within the domain) and enables the S/V-ratio of the domain to foatestti

Options A — B rationalize all the findings presented in this work, including the slogration or drip of
macromolecules.

Finally, we will emphasize that due to the rather small fraction of exchadegaaons (< 2% of the total proton
intensity), it was not possible to obtain any reliable estimate of the migratiorf taeemacromolecules.
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The potential of using NMR as a reference method for WHC measurement in porcine longissimus dorsi
was investigated. The accuracy of NMR when measuring small water changes was assessed in a model
system and in muscles. Visible/near infrared (Vis/NIR) and X-ray were used as potential online spec-
troscopic methods to assess WHC on 40 muscles. Drip loss and spin—spin relaxation were also measured.
Calibration models were built using partial least squares regression (PLSR) with Vis/NIR or X-ray spectra

as input and NMR or drip loss values as output. The slowest spin—spin relaxation time (T,2) showed

Keywords:
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higher correlation with both Vis/NIR (R%\, = 0.66) and X-ray spectra (R%v = 0.76) than EZ-DripLoss values,
demonstrating NMR has potential as a reference method for WHC measurement. NMR was more robust

NMR against variation along the length of the muscle when compared to the EZ-DripLoss method.

Vis/NIR spectroscopy

X-ray transmission

EZ-DripLoss

Porcine longissimus dorsi muscles

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Water holding capacity is one of the most important traits for
meat quality both in fresh meat and in processed products due to
economic and sensory reasons. Online measurement of the WHC is
still a dream for the meat industry despite the amount of research
conducted in this area. WHC is affected by genetics, physiological
factors, rearing conditions and factors with regards to slaughter and
further processing (Den Hertog-Meischke et al., 1997).

The available methods for WHC determination (Trout, 1988) are
mostly destructive and time consuming. Alternatives to

Abbreviations: CPMG, Carr-Purcel-Meiboom-Gill; DFD, dark, firm and dry; NMR,
nuclear magnetic resonance; PLSR, partial least squares regression; PSE, pale, softs
and exudative; SG, Savizky-Golay; SNV, standard normal variate; Vis/NIR spec-
troscopy, Visible/near infrared spectroscopy; WHC, water holding capacity.
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conventional methods are fast spectroscopic methods that have the
potential to be implemented online. Spectroscopic techniques have
been investigated for assessing WHC in meat but there are unre-
solved issues with repeatability and accuracy (Brendum et al., 2000;
Elmasry et al., 2011; Prevolnik et al., 2009). Also, an unavoidable
aspect of spectroscopic methods is their need to be calibrated
against other methods. Assuming good experimental design when
developing calibration models, the accuracy of spectroscopic tech-
niques for measuring any quality parameters depend on three main
factors: 1) the natural heterogeneity of all biological materials; 2)
the distinctiveness and variation of the features in the measured
spectra; and 3) the accuracy and repeatability of the reference
method. The first and second are unavoidable due to sample char-
acteristics and composition. Previous works have shown that when
different reference methods of WHC were used for Vis/NIR spec-
troscopy, a significant variation in the coefficient of determination of
calibration (R%cal = 0.004—0.71) and prediction error of lost water
(0.36—3.5%) appeared (Brendum et al., 2000; Forrest et al., 2000;
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Hoving-Bolink et al., 2005; Leroy et al., 2003; Pedersen et al., 2003;
Prevolnik et al.,, 2010; Prieto et al., 2008; Savenije et al., 2006),
probably related to variation in accuracy and repeatability of refer-
ence methods as well as differences in sample size.

Energy dispersive X-ray (or X-ray spectroscopy) and Vis/NIR
spectroscopy were investigated as potential online spectroscopic
methods. X-ray spectroscopy provides information of the inter-
molecular forces in water and meat microstructure (Diesbourg
et al,, 1988; Kosanetzky et al., 1987), i.e. the distance between
myosin and actin fibers in the muscle, which is related to WHC
(Hughes et al., 2014; Offer and Trinick, 1983). The volume of myo-
fibrils can change up to threefold due to the changes in the inter-
filament spacing, which generates the driving force for drip losses
and WHC variation (Offer and Trinick, 1983). Encouraging results
have been obtained using lab-based X-ray diffraction measure-
ments (due to scattering) showing post mortem changes in the
pork myofilament lattice (Diesbourg et al., 1988; O'Farrell et al.,
2014). Vis/NIR spectral changes occur due to pH reduction and
subsequent denaturing of proteins affecting light scattering.

The EZ-DripLoss method has been preferred in many labs
because it is simple, inexpensive, sensitive (Rasmussen and
Andersson, 1996) and has produced relatively high heritability
values in the Norwegian pig breeding program (Norsvin, Hamar,
Norway, 2006-present). However, even as a reference method, the
EZ-DripLoss method is slow (t > 24 h), labor intensive and highly
dependent on the operator. The prediction of WHC using EZ-
DripLoss as reference method does not provide any information
about the dynamics behind the water loss, and from what sort of
structural changes occurred. Hence, there is a need for a faster,
accurate and robust reference method for WHC measurements.
Although pork longissimus dorsi muscle, often used for EZ-DripLoss
measurements, is visually homogeneous, inherent heterogeneities
exist throughout the muscle, and they increase towards the cranial
end (Christensen, 2003). The sampling procedure for EZ-DripLoss,
as developed by the Danish Meat Research Institute, involves
WHC measurements on two samples within the same slice to
define a WHC value (Danish Meat Research Institute, 2010). The EZ-
DripLoss value is known to depend on the position along the
longissimus dorsi muscle. Christensen (2003) reported drip losses
at three positions (A, B and C in Fig. 2, Christensen, 2003) using
1115 slices of LD muscles from 34 animals. A, B and C indicate
dorsal, superficial and ventral positions on LD muscle, and position
A and C are the two normal sampling positions in routine EZ-
DripLoss measurement. At position A the drip loss decreased line-
arly about 50% with slice number, while no change in drip loss with
slice number was observed at position C. The heterogeneity of small
meat samples may even increase when sample handling cannot be
fully controlled since water distribution is sensitive to pressure.
Standardization of manual or mechanical sample handling is
crucial to minimize errors for most methods including NMR.

NMR proton relaxometry has been used for quantitative mea-
surement of different components in meat (total fat and moisture
content) (Serland et al., 2004). It provides information on the
physical (distribution, compartmentalization) and chemical
(mobility, interactions with macromolecules) properties of the
water (Bertram and Ersen, 2004). This means that NMR relaxom-
etry could be used to quantify the mobility and distribution of
water in different meat domains (Bertram et al., 2001; Tornberg
et al., 2000) and has the potential to quantify WHC rapidly. To be
more specificc WHC can be measured by relaxation time of water
associated with pores in muscle of different size (Trout, 1988).
Renou and Monin (1985) were among the first ones to show cor-
relations between NMR relaxtometry (T; and the population of T»1)
and WHC assessed by pH paper imbibition technique. Later on, an
extensive number of studies have reported that meat of different

WHC from Pale, Softs and Exudative (PSE) to Dark, Firm and Dry
(DFD) can be distinguished by NMR transverse relaxtometry as
reviewed by Pearce et al. (2011, Bertram et al., 2002b; Tornberg
et al,, 1993, Tornberg et al.,, 2000). Unlike bulk water, the Carr-
Purcel-Meiboom-Gill (CPMG) relaxation curve of meat appears to
be multi-exponential, i.e., characterized by a distribution function
of spin—spin relaxation times, T»s, resulting from microscopic meat
heterogeneity (Renou et al.,, 1989). The slowest component (T2,
100—250 ms, ~10% of signal intensity) corresponds to mobile water
outside myofibrils (Bertram and Ersen, 2004; Tornberg et al., 1993).
Tornberg et al. (1993) suggested that T, corresponds to extra-
cellular water, i.e. water that is most susceptible to dripping.
Although T3 has been reported to relate to WHC as determined by
Honikel bag method with correlation coefficients of 0.60—0.75
(prediction error was not reported) (Bertram et al., 2002a), T2, has
not been investigated as a reference value for WHC.

The objective of this paper is to determine the suitability of NMR
as a reference method for a faster, online spectroscopic method to
evaluate WHC based on three studies. Since there is interest in the
meat industry to know the total amount of moisture, immobilized
and free water in the meat products (Q-PorkChains, 2007—2011),
the ability of NMR to determine the parameters is investigated. The
accuracy of NMR to measure small changes in water in meat was
assessed. The measurement error of two spectroscopic methods,
Vis/NIR spectroscopy and energy dispersive X-ray transmission in
combination with two possible reference techniques, the EZ-
DripLoss method and NMR are investigated. In addition, the pos-
sibility of using NMR as a reference method for WHC determination
is discussed. The accuracy and repeatability of the NMR is
evaluated.

2. Materials and methods
2.1. Animals and sampling

Without specification, the pigs used in studies 1 and 3 were
young boars from Landrace and Duroc breed, tested at the Norsvin
boar test station (Ilseng, Norway) as part of an on-going breeding
program. The boars not selected for semen production, were
slaughtered and had carcass weights of around 95 kg. The animals
were stunned in an atmosphere with 90% carbon dioxide. The
carcasses were left at 15 °C for 5 min and then chilled to 1-3 °C for
96 h before transporting to a partial dissection line at Animalia
(Oslo, Norway), where the porcine longissimus dorsi muscle was
removed.

In the second study, comparing EZ-DripLoss method, NMR and
other spectroscopic techniques, 400 pigs of Landrace and Noroc
(50% Duroc, 25% Landrace and 25% Yorkshire) were slaughtered (at
Tensberg, Norway) during 4 days. In order to obtain a wider range
of WHC, forty pigs were selected based on their breed and pH
measured 6 h postmortem (pH = 5.47—6.75). Left porcine long-
issimus dorsi loins were obtained 24 h postmortem and cut as
shown in Fig. 1a) for the different measurement techniques.

2.2. NMR relaxation measurements

In the first study, transverse relaxation (T») was measured on a
series of H,O/D,0 mixtures (Hy0O, vol% = 0, 2.5, 8, 12.5, 37.5, 50,
62.5, 75, 87.5, 100) using a Maran Ultra NMR instruments (Reso-
nance Instruments, Witney, UK), operating at a magnetic field
strength of 0.54 T, corresponding to a proton resonance frequency
of 23 MHz. Sample volumes were 0.54 mL (height < 10 mm). De-
ionized water was purified in an ELGA-purelab system (Veolia
Wiater, Paris, France). Deuterium water (99.9 atom% D) was pur-
chased from Sigma—Aldrich (St. Louis, MO, USA). The NMR signal
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Fig. 1. a) Left porcine longissimus dorsi loin, divided for different techniques (approximately 250 g, ~7 x 7 x 5 cm for each technique) for WHC measurement. b) Left porcine
longissimus dorsi loin for NMR measurement. Sampling started from the joint between the 3rd and 4th lumbar vertebra. The first 3 slices are shown, and gray area indicates slice that
was discarded. The sample slice and discarded slice were 10 mm and 22 mm respectively. Set up of ¢) Vis/NIR and d) X-ray for WHC measurement.

response was recorded by applying a traditional CPMG pulse-
sequence (Meiboom and Gill, 1958) with a fixed inter-pulse time
7 = 1.0 ms, 6 K echoes and 8 transients.

For studies 1 and 3, the same 20 meat samples were taken from
the left longissimus dorsi muscle from one randomly selected ani-
mal, were measured by NMR. Sampling started from the joint be-
tween the 3rd and 4th lumbar vertebra, and slices of around 10 mm
in thickness were cut (Fig. 1b). The remaining meat was covered
with plastic and stored at 4 °C to avoid moisture loss while the slice
was measured. Two cylindrical plugs (8¢ x 10 mm, ~0.5 g) were
cored using a sharp cork borer from each slice and marked as R or B,
the dorsal or ventral part of the slice, respectively. Samples were
gently inserted in closed Teflon sample holders (1 cm in length),
thermostated at 25 °C for 10 min before CPMG measurements were
performed. The NMR signals were recorded with T = 150 ps, 12 K
echoes and 16 transients. The t value for meat samples was set
lower than for water in order to record lower T, values in meat.
Between each slice, a slice of 2.2 cm was sliced off and discarded in
case the drip loss process had started due to cutting. A total number
of 10 slices were investigated with 2 plugs from each slice.

For study 2, three cylindrical samples (8¢ x 10 mm, ~0.5 g) were
cored for each loin (the position of the NMR-dedicated meat is
shown on Fig. 1a and inserted into the bottom of the NMR glass
tubes with the fiber direction parallel to the cylindrical axis. A layer
of parafilm was placed on the top of each sample to avoid water
evaporation. Spin—spin relaxation experiments were performed.
The T, measurements were performed with a t-value of 24 ps, 10 K
echoes and 8 scans of repetition. The repetition time between two
succeeding scans was set to 3 s. All samples were measured at 25 °C
and equalized at this temperature for 10 min before NMR de-
terminations. Parafilm tested under the same conditions, showed

no signal contribution.

2.3. Drip loss measurements

Drip loss was measured using a standardized EZ-DripLoss
method developed by the Danish Meat Research Institute, (2010;
Rasmussen and Andersson, 1996). Two cylindrical samples
(250 x 25 mm) were cut from longissimus dorsi loin using a cork
borer along the fiber direction for each animal. Each sample was
placed in the specific containers (Danish Meat Research Institute,
2010), and stored at 4 °C for 24 h. The containers (empty and
with meat sample) were weighed in the beginning, and drip and
container were weighed at the end of the experiment. The drip loss
percentage was calculated as the ratio between the drip weight and
the initial meat weight.

2.4. Vis/NIR spectroscopy

UV/Vis/NIR spectra in the 350—1025 nm range were obtained
using a USB2000 spectrometer (Ocean optics, Dunedin, FL). Inter-
actance spectra were obtained using one optical fiber (400 um)
connected to a halogen source for illumination and another fiber
(200 um) connected to the spectrometer for detection. The distance
between the illumination fiber and detection fiber was set to 8 mm
(Fig. 1c) while the integration time was set to 40 ms. To increase the
signal to noise ratio, an average of 10 consecutive spectra was used.
For each sample, five spectra were recorded: a dark reference
(source off); a white reference, and three spectra from different
positions in the meat sample. The fibers were inserted ~1 cm into
the meat slice at three randomly selected positions. The direction
chosen was with the light traveling parallel to the myofibers. All
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samples were measured at 25 °C and equalized at this temperature
for 10 min before initiating measurements.

2.5. X-ray spectroscopy

Fig. 1d shows the experimental set-up used for X-ray trans-
mission measurements. For each measurement, three spectra were
recorded, the dark reference (source off), the white reference
(source on and no meat) and the transmission measurement
through the meat slice. Two measurements were recorded for each
meat sample. The detector used was Amptek Cadmium Telluride
(CdTe) diode detector (Amptek Inc., Bedford, MA). Further details of
the X-ray set-up and components have been previously described
(O'Farrell et al., 2014).

3. Data analysis
3.1. NMR spin—spin relaxation data

For study 1, the data from the H,O/D,0 mixtures were fitted to a
single exponential function model (Eq. (1a)).

I = L*exp(—t/Ty) (1a)

where I represents the proton signal intensity and T, represents the
resolved spin—spin relaxation time.

For study 2 and 3, the spin—spin relaxation curve was fitted to a
3-exponential function model (Eq. (1b)):

[ = Io*exp(—t/Tyo) + Ir1*exp(—t/Ta1) + Ip*exp(—t/Tyy)
(1b)

where | represents the proton signal intensity, I, I21 and Iy
represent the resolved proton signal intensity of the fast, inter-
mediate and slow relaxing component. Ty, T2; and Ty, are the
spin—spin relaxation times of the three components respectively. In
all three studies, Origin 8.6 (OriginLab Corp, Northampton, MA) was
used for curve fitting.

3.2. Spectral correction

3.2.1. Vis/NIR spectra
The Vis/NIR spectra (460—950 nm) were corrected according to

Eq. (2).

I — 1
Vis/NIR spectrum = Meat Background (2)

ISource - IBackground

IMeat is the interactance spectrum of the meat, Igackground is the
spectrum when the source was turned off, and Isoyrce is the spec-
trum of source when the two fibers are inserted into glass beads
(91 mm). Three measurements were taken for each of the 40 loins
and the signal intensities were averaged before spectral correction.

3.2.2. X-ray spectra
The X-ray spectra were corrected as follows:

X — ray Spectrum _ —Log< JMeat _JBackground ) (3)

JSource - J Background

JMeat is the spectrum of X-ray transmitted through the meat,
Jsource is the spectrum without any meat in the path and Jgackground iS
the spectrum with the source off (dark reference). Two measure-
ments were taken for each of the 40 loins, and the signal intensities
were averaged before spectral correction.

3.2.3. Preprocessing and multivariate analysis of spectra

Spectra pre-processing was performed using Matlab version
R2013b (The MathWorks Inc., Connecticut, USA). Savizky-Golay
(SG) smoothing was applied on the Vis/NIR and X-ray spectra. Af-
ter spectral correction and SG smoothing, further pre-processing
methods including mean normalization and Standard normal
variate (SNV) method (Rinnan et al., 2009) were also assessed.
Calibration models were built separately when the processed
spectra were used as input and NMR or EZ-DripLoss values were
used as output in order to predict WHC using PLSR with full in-
ternal cross-validation (leave one out) using the Unscrambler
(version X 10.3, CAMO Software AS, Oslo, Norway). Two calibration
statistical parameters were used for model comparison including
coefficient of determination of cross validation in calibration (R%V)
and standard error of cross validation in calibration (secy).

4. Results and discussion

4.1. Study 1: proton signal intensity and water content — a
statistical evaluation

In proton NMR, the relaxation signal intensity is proportional to
the number of protons in the system (Serland et al., 2004). Fig. 2a
shows the correlation (coefficient of determination, R?> = 0.9989)
between the relaxation signal intensity and the water mass in the
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Fig. 2. a) Correlation between NMR signal intensity and water mass (m(H,0), fixed
volume of 0.54 mL) based on a 99% prediction level, b) correlation between meat
sample mass and water mass (calculated from the calibration curve in a) based on 20
meat samples. The straight lines represent 99% confidence (—) and prediction () in-
tervals, respectively. One data point was removed (an outlier; not shown) from the
statistical analysis.
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system. The calculated 99% prediction level error was 2.6% repre-
senting the smallest error possible within the current NMR settings,
shows that NMR accurately measures water mass in the sample.
This number can be further decreased if a larger number of scans are
used.

The measurement of proton in real meat samples using NMR is
more complex. Meat samples contain more than one pool of pro-
tons including water, fat, protein and others (Hills, 1998). The cor-
relation between NMR signal intensity and water mass in meat
samples was slightly poorer (R?> = 0.9765) than in the model sys-
tem. Using the linear regression curve in Fig. 2a) as a calibration
curve, the water mass in real meat samples can be estimated from
the CPMG proton signal intensity, as illustrated in Fig. 2b). The root
mean square of the error of linear regression in Fig. 2a) and b) are
0.0033 g (~0.54 g H,0/D,0 mixtures) and 0.0139 g (~0.375 g H,0 in
meat), respectively. Interestingly, the slope of the straight line in
Fig. 2b) is relatively close to the water fraction in meat and reads
0.715 + 0.014 (within a 99% confidence interval).

4.2. Study 2: correlation between spectroscopic techniques and
reference methods for WHC measurement

In Study 2, two possible online spectroscopic methods including
X-ray spectroscopy and Vis/NIR spectroscopy requiring absolute
reference methods for industrial implementations were tested.

WHC was determined for 40 meat samples using two potential
reference methods, NMR and EZ-DripLoss. Fig. 3 shows the Vis/NIR
and X-ray spectra of samples characterized by the more extreme
Ty, times. The Vis/NIR spectra showed absorption (Fig. 3a, as
indicated by the arrows) at around 578 nm due to myoglobin
(Brendum et al., 2000) and absorbance at 760 nm due to third
overtone O—H stretching in water (Wu et al., 2013). The spectral
characteristics that related to short and long T, times, respectively,
were over a large wavelength range agreeing with differences in
light scattering due to protein aggregation. This again relates to
differences in WHC. The spectra in Fig. 3a revealed that samples
with long T3, which are more likely to drip, possessed higher
transmission. This is in agreement with PSE meat — which has high
reflectance is correlated to low WHC, while DFD meat is normally
associated with high WHC (Greaser, 2001; Monroy et al., 2010). The
samples investigated in this work did not, however, belong to these
extreme groups. Spectral differences detected within the visible
range of wavelengths (<700 nm is these spectra) is mainly associ-
ated with sample color and not strictly relevant to WHC.

The X-ray spectrum is a result of both low-angle scattering and
transmission. The scattering occurs due to the repeating structural
units since muscle (myofilament thickness/spacing) has a long-
range ordering of 10's of nanometers, which is absent in normal
water whose ordering arises from a repeated inter-molecular dis-
tance of 4 A (0.25 A~1). For example in the work of Harding and
Kosanetzky (1987), X-ray scatter due to tendon has a peak at
lower energy levels, which pure water doesn't have, since it has
regular molecular arrangement with larger spacing of about 30 A.
In Fig. 3b it can be seen the spectra for T2, < 0.08 s is shifted towards
higher energy levels (as indicated by the arrows in the figure),
indicating a repeated pattern with shorter spacing. Since the most
important region for water holding is the interfibrillar space,
changes in the myofilament spacing are suggested. Microscopic
data have shown that a longer Ty, corresponds to a larger extra-
fibrillar (fluid) space (Bertram et al., 2002b; Pearce et al., 2011).

All NMR relaxation curves presented in this work were fitted to
a sum of three exponential functions, and thus characterized by
three relaxation time constants (T,s) and their corresponding in-
tensities (Is). Several PLS models were designed using Vis/NIR or
X-ray spectra as response parameters, and Tys or Is as “design”
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Fig. 3. a) Average of Vis/NIR transmission spectra and b) mean normalized average of
X-ray spectra based on the short-(dotted line) and long- (solid line) T, relaxation time.

variables, respectively. Table 1 gives a summary of the different PLS
models, in which NMR and EZ-DripLoss were used as reference
methods, respectively. In contrast to EZ-DripLoss, good correlations
(R%V) were found between Vis/NIR and NMR (T2;) and between X-
ray and NMR (Tsy). It should be mentioned that the standard error
of cross validation of T, and EZ-DripLoss are not directly compa-
rable due to differences in units.

The poor correlation with EZ-DripLoss was not unexpected.
There are only a few previous WHC prediction models aiming at
correlating spectroscopic data and EZ-DripLoss (Forrest et al., 2000;
Prevolnik et al., 2010). For instance, Forrest et al. (2000) reported a
NIR study (900—1800 nm) on 99 porcine longissimus dorsi muscles
(spectra acquired 30 min post exsanguination), and found a good
correlation (R = 0.84) between NIR and EZ-DripLoss with a root
mean square prediction error of 1.8%. Another study on 228 porcine
longissimus dorsi muscles using Vis/NIR (A = 400—1100 nm) and EZ-
DripLoss reported an R%V = 0.62 and secy = 1% (Prevolnik et al.,
2010). Previous works have shown that when different WHC

Table 1
Statistical evaluation of potential reference methods for WHC measurement in meat
using PLSR.

Tao EZ-DripLoss

R%,? seqy” R%,? secy”
X-ray 0.76 0.0047 s 03 1.667%
Vis/NIR 0.66 0.0055 s 0.04 1.933%

2 Coefficient of determination of cross validation.
b Standard error of cross validation.
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Linear regression of EZ-Driploss R (%) and B (%) P

— -~ 99% prediction level from calibration

EZ-Driploss B (%)

EZ-Driploss R (%)

Fig. 4. Correlation between drip loss (%) measured on one slice near the dorsal end (R)
and one slice near the ventral end (B) of 710 porcince longissmus dorsi muscles.

methods (i.e. Honikel bag method, tray drip loss, Barton-Gade
method) were used as reference for Vis/NIR spectra, the correla-
tion coefficients are not very robust (Brendum et al., 2000; Forrest
et al., 2000; Hoving-Bolink et al., 2005; Leroy et al., 2003; Prevolnik
et al,, 2010; Prieto et al., 2008; Savenije et al., 2006). The large
variation in R%cal indicates that the predictability of drip loss from
current WHC measurement techniques lacks robustness and pre-
dictability. The reason for this is not clear.

The significant improvement in WHC predictability from
relaxation time NMR data presented in this work (T2) is encour-
aging, and suggests that NMR might be used as a reference method
for WHC based on varying T, values. Moreover, findings from this
study suggest that energy dispersive X-ray, which has not critically
been considered to be widely applicable to WHC measurements,
should be further evaluated as a potential online spectroscopic
technique for WHC.

4.3. Study 3: evaluation of experimental reference methods for
WHC

EZ-DripLoss and NMR were evaluated as potential WHC

reference methods. Fig. 4 shows the correlation (R?> = 0.395) be-
tween the EZ-DripLoss from two presumed identical samples R and
B (compares with position A and C in routine EZ-DripLoss mea-
surements) (Christensen, 2003) from the same animal based on a
total of 710 different animals slaughtered during 1 year (courtesy
Norsvin, Hamar, Norway), with a root mean square error of linear
regression 0.14%. The relative error was found to be around 1.7%.

CPMG NMR measurements at two different positions R and B
within each slice of a total of 10 slices along a longissimus dorsi
muscle (corresponding to position A and C in reference
(Christensen, 2003)) were performed and their T»,'s determined by
non-linear least squares fits (Eq. (1b)).

Since the proton signal intensity of the T, component in meat is
of the order of 10% of the total proton intensity it will certainly affect
the error in the derived T>». In principle we may consider the overall
error ot in Ty to originate from two different and independent
sources: 1) the error caused by the inherent signal-to-noise ratio in
the NMR signal intensity, resulting in an error onug in Ty, after
application of Egs. (1b) and (2)) the non-NMR error Gpon-NMR OTig-
inating from sample heterogeneity (Onon-NMR(a)) and sample treat-
ment (Gpon-NMR(b)» Cutting and transferring of sample to the NMR
probe etc.). Unfortunately, it is not possible to make a distinction
between Gpon-NMR(a) a0d Cnon-NMR(b), SO We simply write:

2 2 2 2 2
01(T22) = ONMR + Thon-NMR(a) T hon-NMR(b) T € (4)

where ¢ represents random error (temperature, baseline correction
etc.). onmr Was determined by simulation (Eq (1b)) using the
known S/N-ratio of the signal intensity I, resulting in onyr = 1.2%.

Experimental T, data as a function of slice number and position
(R and B) on 20 different samples from the same loin are plotted in
Fig. 5. In order to determine the longitudinal sample robustness,
the average Ty in two successive slices i and i + 1 at positions R and
B was calculated. The results are shown as open squares ([1) in
Fig. 5. Based on these data the mean T,, at position R and B within
all slices (except for slices 1, 8 and 9 (position R) and slices 1,2 and 3
(position B)) was calculated, resulting in T»,(B) = (0.149 + 0.001) s
and T, (R) = (0.145 + 0.002) s. Importantly, these relative errors are
slightly less than 1%, and are of the same order as the inherent NMR
error onwvr (= 1.2%).

Hence, we tentatively believe the large deviation (80—90%; Eq
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Fig. 5. Spin—spin relaxation time T,, (M), as derived from model fitting Eq. (1b) to the observed CPMG curves, against the slice number and the position R (a) and B (b) within a
slice. The open squares () represent the average spin—spin relaxation time for two successive slices i and i + 1 within R and B, respectively. The horizontal “band” (in dashed line)
in each Figure represents a 99%-confidence interval (+3onur) around the mean Ty, (after excluding 3 outliers each). Also, the error bars are defined by 3onur. See text for further

details.
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(4)) of the Tozs in slices 1, 8 and 9 (position R) and in slices 1,2 and 3
(position B) to originate from non-NMR effects, i.e. sample het-
erogeneity and/or sample handling. It is worth noting that no sig-
nificant difference in Ty, between positions B and R was evidenced
after removing the above “outliers”.

Keeping in mind that Ty, in 3 out of 10 slices was significantly
different fromT,,, T>> measured on a randomly selected sample
becomes less reliable as an estimator forT,,. However, this reli-
ability is improved by taking the mean T»; of two successive sam-
plesiandi+ 1 we are still facing a problem of sample heterogeneity
and/or sample handling. It will be important to identify the cause of
the outliers if NMR should replace EZ-DripLoss.

It is expected that the effect of sample heterogeneity and
sample-handling on T, can be minimized by increasing sample
size. In this respect, preliminary T, measurements (not shown)
performed on much larger samples (~7 cm?) at the same magnetic
field strength suggested that heterogeneity and/or sample handling
becomes of minor importance, if any. Work on this issue is in
progress and will be reported elsewhere.

5. Conclusions

CPMG NMR was demonstrated as a potential reference method
for measuring WHC. CPMG NMR is also a faster method than EZ-
DripLoss method. The slowest relaxation time T, shows a higher
R-square with both Vis/NIR spectra and X-ray spectra compared
with these spectra's correlation to EZ-DripLoss values. Energy
dispersive X-ray gave lower prediction errors than Vis/NIR.

The longitudinal sample robustness along longissimus dorsi
muscle was higher for T, compared to EZ-DripLoss values. The
results favor NMR as a reference method.
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Discrete and continuous spin-spin relaxation ragidutions derived from
CPMG NMR response curvesa comparative analysis exemplified by water in
meat
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Abstract

The spin-spin relaxation rate distribution of wate®l porcindongissimus dorsmuscle was
derived from an inverse integral transformatiortha proton CPMG (Carr-Purcell-Meiboom-
Gill) NMR signal at each hour during a 49 hourggreriod. This “continuous (C)” relaxation
rate distribution was found to be excellently rey@red by an empirical peak function,
characterized by three parameters: a peak widtlavarage relaxation rate and a skewness
parameter, which enables the distribution to bentjizively defined. Also, the same CPMG
response were fitted to a sum of 3 single expoakdécay functions, denoted a “discrete (D)”
relaxation rate model. The analysis shows that wihenfraction of the slow relaxation
component ¢ from the continuous model is close to 5%, which isither typical value, the

mean relaxation ratézDz from the discrete model becomes larger than theegponding
relaxation rateﬁngrom the continuous model by nearly 25% afdbecomes larger than

£ by more than 75%. Likewise, whéiff approaches 2.5%R2 becomes larger thaRs by

more than 75% and,” becomes larger tharf,” by more than a factor of 3 which are
supported by model simulations. The relative quadihd goodness of the two different
relaxation rate models are discussed. Finally, thmber of transients needed to obtain a
preset error in relaxation rate and/or mole fract@s determined by model simulation.

Key words: NMR; meat muscle; discrete relaxatiote nmodel; continuous relaxation rate
model, simulation
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1. Introduction

Water is the most abundant (~75 %) and importanic&tral compound in skeletal muscle
and allows substrate and enzymes to diffuse andte@oact. Also water controls the rigidity,
plasticity and gelatinization of the insoluble mios (myofibrillar, cytoskeletal and
connective tissue) [1]. Not only the total amouhtvater, but also its mobility is crucial for
meat quality. Water organized within different stiures in meat show different mobility. As
shown on Fig 1, the muscle is divided into bundieperimysium, in which each bundle is
made up of muscle fibers encased in endomysiuim.denerally agreed that three forms of
water exist in muscle: bound, immobilized and fres&ter [2]. Bound water is attracted to
polar or ionic groups of macromolecules like progeand is reported to make up less than a
tenth of the total myowater. Moreover, it is cham@@ed by a reduced mobility and changes
only slightly in post-rigor muscle [4]. Immobilizesater resides within muscle structure (e.g.
water held in myofiber by cell membrane) and bouodly partially to proteins [3-6]. Free
water moves unimpeded and is held by weak intercntde forces between the liquid and the
surrounding matrix, e.g. between myofibers in thien-fascicular space (interfascicular) or
between the muscle bundles in the extra-fasci@gace (extrafascicular) [7]. Water holding
capacity (WHC) describes how post-rigor muscle binéter under specified conditions, and
hence influences the quality and palatability ofaimg8]. There is still a lack of complete
understanding of WHC, however monitoring the walistribution and its mobility with time
might offer additional explanation of the mecharssaf drip loss [9]. In this respect, NMR
proton relaxometry has the ability to probe the iityband distribution of water in different
meat domains [9, 10] and has been suggested ag eefarence method to quantify WHC
[11]. Importantly, if NMR is to be applied as a esfnce method for WHC, an accurate
method to characterize the distribution must be chosen, especially regardivegglong &
component ().

All biological systems exhibit heterogeneity ontaer length scales, thus a distribution of
relaxation times is expected [12]. Many efforts déaéeen put into the elucidation of spin-spin
relaxation of water in tissue/muscle since theyed#él70s [13]. Two different approaches of
data fitting have been considered regardingelaxation of tissue/muscle water, a discrete-
and a continuous model. The discrete model fits @RMG response curve to a sum of
exponential decaying functions (2 or 3, and wasffest by most authors when first studying
T, relaxation in muscle/meat [14-18]. Due to samm@ietogeneities caused by distribution of
pore shapes, pore sizes and surface relaxatias) sitthree-component relaxation may only
represent an approximation [12, 19]. To the be&nofvledge, Lillford et al. were among the
first to suggest that a continuous relaxation ma@ilets a better characterization of the water
relaxation in complex heterogeneous samples, ssichuscle/meat [20]. Later, Kroeker and
Henkelman [21] applied a continuous relaxation ritigtion model to describe the, T
relaxation in mice leg tissue and identified twdlvgeparated distributions between 0 to 0.2 s.

Regarding relaxation in meat science, both mod®e lheen widely used, and the continuous
model has been preferred in recent studies [18232]. However, there are very few works

comparing the two methods directly [12, 19]. Meraord Allen [12] applied nonlinear least

squares techniques to spin-spin relaxation datéagered red blood cell ghosts as model
sample. Both the nonlinear least squares techraqdethe nonnegative least square model
gave an adequate fit from a goodness of fit pointiew, but they failed to reveal the true

distribution of relaxation times [12]. In anotheomk, Bertram et al. measured felaxation

on 74 porcinelongissimus dorsimuscles, and found that the correlation betweenCWVH

(determined using Honikel bag method) ang r€laxation data was higher using the
continuous model (r = -0.85) than the discrete h@de-0.77, 2-exponential function) [19].

2



82
83
84
85

86

87

88

89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

105

106
107
108
109
110
111
112

113

114

115

116
117
118
119
120
121
122
123
124

In this work, we present experimental and simula&@&MG data of water in meat with the
objective to make a direct comparison between walaxation rates and their corresponding
mole fractions, as obtained by the discrete ancctmtinuous relaxation model, respectively.
The quality and the goodness of both models willliseussed.

2. Material and methods
2.1. Meat sample

Porcinelongissimus dorsmuscle is among the most studied muscles regaMiRigC, and
was selected as the study material due to its (edgramuscular fat content ~ 1%) and
homogeneous appearance. Boars used in this study weeing boars from Landrace and
Duroc breed, tested as part of an on-going breegliagram (Norsvin, liseng, Norway). The
boars (~ 95 kg) were slaughtered at Nortura Rushdéingsaker, Norway) by carbon
dioxide stunning (90%). Exsanguination, scaling apttting were finished within 30 min
post mortem. The carcasses were carried througbokng tunnel (-22 °C, 8-10 m/s air
velocity) after cleaning and evisceration, and wefeat 15 °C for 5 min and chilled at 1-
3 °C for 96 hours. The carcasses were then traregpty a partial dissection line at Animalia
(Oslo, Norway), andbngissimus dorsinuscles were prepared. Opagissimus dorsmuscle
was randomly selected, from which one cylindrickigp(8 ¢ x 10 mm, ~0.5 g) was cored
gently using a sharp cork borer. The sample wagesuted with the fiber direction parallel to
the cylindrical axis in an NMR glass tube. A gapl@mm was reserved between the muscle
and the bottom of the NMR glass tube, for the dup to flow/drip down to the bottom. A
layer of parafilm was placed on top of the musolevoid water evaporation. The parafilm
was found to not contribute to the NMR signal.

2.2. NM R measurements

The meat sample was placed within the homogenemti®prf-coil of a 23 MHz Maran Ultra
NMR instrument(Resonance Instruments, Witney, UK). The CPMG aigesponse was
acquired using a 90f-pulse of 2.0 us with 16K echoes and a time distaz = 0.1 ms
between successive 180° rf-pulses. The sample tmhdized at 25 °C for 10 min before
measuring and the temperature was kept consta®® aC during the whole experiment,
without changing the sample position. A CPMG retararesponse was acquired every hour
for 49 hours.

2.3. Theoretical outline
The CPMG signal response was analyzed by two diftespproaches:
2.3.1 Continuousrelaxation model (C)

A distributed exponential fitting on each acquil€BMG response, as characterized by an
inherent signal-to-noise ratio equal to 350, wasgpmed by the built-in Maran Ultra integral
transform algorithm (Rl Win-DXP software releasesien 1.2.3, Resonance Instruments,
Witney, UK) to obtain a continuous logifrelaxation time distribution dl/dlogg). The 16K
data points (0.1 ms to 1600 ms) were pruned |dgardally to 256 points prior to analysis.
The weight parametek was determined by an implemented noise estimadigorithm,
resulting inA = 0.026, a value which ensured a minimum broadgnointhe resulting line
shape and avoided spurious peaks. Additional irétion regarding the numerical procedure
is outlined in a paper published by Bertram et[&8]. The dl/dlog(TE)-distribution was

3
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subsequently transformed into a spin-spin relaratrate distributionF(Ry) using the
transformation (see Appendix 1 for further details)

FRp) == d_ f(od®) __To ;I with R, = 1/T (1)
dR, d(LogTy) dR IN10 d(LogT)

The reason for using Rrather than T is that it became possible to design an analytical
equation in closed form which Laplace transform veadculated to yield an excellent
approximation to the observed CPMG response fumcfithis is of great advantage when
performing model simulations, as the results beconoee reliable, robust and consistent
since the numerical ill-posed problem of findingetHnverse Laplace transform is
circumvented. This will become clearer later intsec4.1.

In principle, it is commonly accepted in meat scethat the Rdistribution of water in meat
can be represented by a linear combination of tldisénct and normalized relaxation
distributionsFo(Rz), F1(Ry) andF,(Ry):

(_:[)Fi (R)dR =1 (2&)

which areassociated with the fast-, the intermediate- amddlow relaxation components,
respectively [33].
Hence, the overall relaxation distribution takess fibrm:

F(R)=2_IFR(R) (2b)

wherel * represents the signal intensity aﬁ§ represents the “mean” relaxation rate of

component “i”, i.e.:

RS = [RoFi (Rp)dRy / [Fi (Rp)dR, (2)
0 0
The three relaxation distribution components reéftee bound-, immobilized- and free water,
respectively. Alternatively, we may introduce thelenfraction f of (water) protons in
domain “”, as defined by:

FRIR,
(C =0 __l (2b)

o 2
[F(R)IR, X4
0 i=0

whereRS> R, > R.
2.3.2. Discreterelaxation model (D)

The discrete relaxation rate model D is define@lsym of three simple exponential functions:
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2 _
lcpmclt) = _Zol X @XF{— Rz?t] 3)
i=

Where | and ﬁz'? represent the signal intensity and the mean rataxaate of component |,

respectively. These parameters are obtained hggfittq 3 to the CPMG signal response
using Origin 9.0 (OriginLab Corporation, MA, USAl&will be discussed in the next section.

3. Results and discussion

3.1. Continuousrelaxation moddl (C)

The overall relaxation rate distributiof(R;) was obtained by an inverse integral
transformation of the CPMG respondesmc(t), as commented on in section 2.3.1, and is
plotted in Fig 2. Not surprisingly, the error is @inand randomly distributed along the-R
axis (not shown) as expected due to the inheramtraints involved in the integral transform

technique. The signal intensitf of the fast relaxing componen}(R,) with R, > 300 s*

was — within experimental error — found to be canstand independent on (drip) time. The
results displayed in Fig 2 show that all three xaten rate distributions are skewed and
hence asymmetric.

3.2 Discrete relaxation model (D)

Excellent fits of Eq 3 to the observed CPMG respsnis Fig 2 were achieved on all 49
relaxation curves, as illustrated by three exampfeSPMG curves acquired at 5, 25 and 45
hours on drip, respectively (Fig 3). The residwaése small and randomly distributed except
for a slight effect of non-randomness in the eadyt of the CPMG curve. This is not too
surprising as the initial part includes the fadaxation component, which surely deviates
from a pure exponential decay as its inverse LaptaansformFy(R,) is represented by a
rather complex shape, as noticed in Fig 2a. Thaetis model analysis (Eq 3) also revealed a

constant intensity(? of the fast relaxing component. Hence, both modmlgaled a constant

amount of strongly bound water which was indepehadandrip time, although the discrete
model predicts a somewhat larger amount comparethd¢ocontinuous model, by about
23(+8) %. The fast relaxing component is claimetitoacontribute to drip loss (WHC) [34]
and is consistent with the results presented in B although an exchange of water
molecules between domains can’t be ignored. Of msoreern, however, is their difference
in relaxation rate with time (Fig. 4a), which affecthe physical interpretation of the
relaxation data. That is, the continuous model iptedan increasing molecular motional
constraint of the bound water whereas the disareidel does not reveal any such change
with time.

Corresponding differences in signal intensity agldxation rate versus time between the two
other components, as obtained by the two diffeneodels are displayed in Figs 4b/e and 4c/f
and clearly confirm the inconsistency between the telaxation models. In particular, the
fast relaxing componeiiiy(R,) reveals a more complex distribution shape as cosdp® the
two slower relaxing componens(R,) andF,(Ry).
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Plotting °/f,Cand R /RS againstfS (for i = 1 and 2) eliminates the time parameter, as
shown in Fig 5. The important and general conclugem be drawn from Fig 5 is that both
ratiosf;® / fiC andﬁ2| /RC increase with decreasmgz and reflect the inconsistency between

the two model approaches C and D. Also, differatibs of ,° / fiC and Rz? /R2i appears for

the samefzC which - at first glance — seems remarkable. Howeagwill be seen in the next

section these observations can be rationalized frmdel calculations on simplified “two-
component”-systems.

4. Simulation and modelling
4.1 Relaxation distribution and corresponding CPM G response functions

The analytical representation (or formula) of thlaxation rate distributioif; (Ry) for i equal

1 or 2 is —a priori — unknown. However, by trial and error we founsiraple and normalized
three parameter function (Eq 4) to provide an dgnelepresentation of all the relaxation rate
distribution componentss (Ry) displayed in Fig 2 (using a non-linear least sgsafit
technique).

K 2N + 17
1+exp KA)] ST+

F(R)=— ") Bl K(R -R,)] (4)

with:

Ryp,

=Ry, = R2a<R2a<R2<R2b)ande(Rz>dRz [F(R)dR, =1.

RZa
The three parameters Ry;,andA represent adjustable parameters which uniqueineléfie
relaxation rate distributioR(R,) . Note, the function attains the value 0 &y < R,,and for

R, >Ry,

The model-fitting of Eq 4 to the observed relaxatdistributions are illustrated in Fig 6 for
three different relaxation distributions acquiréd. a25 and 49 hours of drip (Fig 2). Actually,
the first (5 hours drip) and final (49 hours drighstributions represent extreme relaxation
behaviors while the relaxation rate distributiomizied after 25 hours of drip represents some
“intermediate” relaxation behavior. Furtermore, thigstribution function (Eq 4) was
successfully tested on approximately 100 diffemetexation distributions of water in meat,
acquired previously in this lab.

Hence, any relaxation distribution componef(r,) with i = 1 or 2 (Fig 2) is uniquely

represented by Eq 4, which comprises three indeggngdarametersk, R,; and A. The
distribution parameters obtained for the threeritistions are summarized in Table 1.

Table 1. Relaxation distribution parameters Kg.RndA of F (R,)andF,(R,), as derived by
fitting Eq 4 to the “observed” distributions pressth in Fig 6. The alternative distribution
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characteristics: mean relaxation r&§ (Eq 6a), distribution widthw (Eq 7) and skewness
(Eqg 8a) are shown, as well.

F(Ry)-parameters Time on drip experiment
1h 25 h 49 h
K1/IK; (S) 0.457//0.075 0.352//0.0643  0.316//0.0585
Roatl/Roaz (S1) 3.85//6.88 3.84//6.52 3.81//7.19
Adfl A, (S1) 3.03//30.3 2.69//33.3 3.37//52.5
£ (%) 4.0 3.4 5.1
RE/IIRS (s 5.17/123.7 5.07/127.7 5.33//38.8
wa/lw; (%) 1.83//16.3 1.71//18.2 2.12//25.4
s/l 0.129//0.296 0.065//0.269 0.081//0.462

Of particular importance, the CPMG signal respof¥#®) is nothing but the Laplace
Transform (LT) of Eq 4, hence:

R®) = 17 [F1(Rp) BXpERa)AR, + 15 [Fo(Rp) BXpERy)AR,
0 0

R R (5a)
c Raot c Ran2
=177 JR(R) expERoARy + 157 [F2(Rp) [eXpERot)dR,
Roa1 R2a2
in which each integral term in Eq 5a takes the form
Robi
[Fi (R2) ExpRot)dRy
Roai (Sb)

K2A? + 712 Dexp{— (A + Rogi) IK; +1)]+exd~ Roai (Ki +1)]
(K +1)202 + 772 exd- (8 + Rogi) K; |+ expl- Rog; K; |

Thus, knowing the two sets of distribution charastes K, R, andA; (i = 1 and 2), the
exact CPMG response function R(t) of a two-composgstem can be expressed analytically
in closed form (Eqs 5a and 5b) and enables the ncafig ill-posed ILT operation to be by-
passed and facilitates a more reliable, robustedfettive way of comparing the continuous
(C) and the discrete (D) model approaches by sitonlaThis will be discussed in the next
section.

4.2 Two-component simulation

Since thery(Ry) -distribution is rather complex (Fig 2), its LT cat be represented by a

simple analytical formula. However, we may stilta relevant information about the three-
component system by performing two-component sitiaurla. If denoting the two component
system by the index Il and the three-componentesydiy the index Ill we can show that the

mole fraction(f5)y =0094f5 )y, (F° 162 ) =(£°7£P) and(£2 /5w =(FL2155))

This is elaborated on in Appendix Il. Importantllyis approach is further justified by the fact
that the relaxation distributiory(R,) is well separated by the distributioRgR,) andr;(R»)

as reflected by their very different mean relaxatiates: RS>> Ry; >R, .
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Hence by presetting the mole fractioff (andf;” =1- £,°) and the parameters;, Ry and

A; (i =1 and 2) not only the overall relaxation rdtstribution (Eqs 2b and 4) is specified, but

also the CPMG response functiBiit) of the two-component system is uniquely definegs(E
5a and 5b). A short procedure for how to generasyrahetic CPMG responsesi(t) is
summarized below:

* ChooseK;, Ry and A (with i = 1 and 2), which uniquely define the relaga
distributions F(Ry) and F»>(Ry) via Eq 5b.

+ Select a valué,

+ Calculate the mean relaxation rafe§and RS, from Eq 2c.

» Calculatel .,,s(t) by combing Eqgs 5a and 5b, i.e.:

KZD+7  exd- (Bq + Ros) MKy +1)] + exd- Roga (K1 +1)]
(K1 +1)202 + 712 exf]~ (Roat + A1) [K; |+ exl~ Rox (K4]

+C KF05 + 7 £X= (A2 + Roap) (K +1)] + extl- Raap (K2 +1)]
% (K +0)20% + ° exf- (Roaz +02) Ko +ex- Roap K>

lcpma(t) = @~ fzc)

» Generate a synthetic CPMG respohsgt) by adding random-noisst) to | .,,(t) :

Isyn(®) = Tcpma(t) +&(t)

 Fit equation:lcpmg(t) = @— f2D) Baxd— ﬁlet]+ f2D @x;{_ ﬁzthJ
to the synthetically generated response d@% (t)to determinef2D , F_eleand ﬁzDz

» Plot P/ fiC and ﬁz'? /ﬁzci againstf2C and repeat the procedure if necessary.

The results of the simulation outlined above ararsarized by the continuous curves in Fig 5
and confirm the general trend that the differencéntensities and mean relaxation rates, as

obtained by the two models C and D, increase wébr@asingzc. In particular, rather

different biophysical interpretations of the twaalaets (C and D) may appear regarding the
change in water distribution and their correspogdimmolecular dynamic characteristics with
time which are of significance in understanding YieIC. Bertram et al. [19] has suggested
that such a difference exist, by correlatingré&laxation time constants and their intensities
(calculated by continuous or discrete model) to Wiéference values (determined using
Honikel bag method). Importantly, the data presgimerFig 5 reconfirmed such a significant

difference. For instance, forc ~ 5%, which is a rather typical valu_%gDz becomes larger
than Rz by nearly 25% and,” becomes larger thaf, by more than 75%. Likewise, when

f” approaches 2.5°/d_RzDz becomes larger thaR>2 by more than 75% and,” becomes larger
than f,” by more than a factor of 3.



289 In principle, the three parametéts R, andA (or alternatively: the mean relaxation rdg

290 (Eq 6a), the distribution widttv (Eq 7) and the skewnesg$Eq 8a)) together wittf,” should
291  be varied systematically in order to fully evalu#tie relative impact of these parameters on
292 R, Rpand the mole fractiohzD (andflD )- Such a detailing is, however, outside the saipe

293 the present work. Nevertheless, as discussed abowree information on this important topic
294 was obtained by generating synthetic CPMG respofreas the three “extreme” sets of

295  relaxation parameters (Table 1) and varying ongyrtiole fractiorf,” followed by fitting the
296 discrete two-component relaxation model to thesg¢h®fically generated CPMG data (Fig 5).

297 4.3. Interlude- alter native distribution characteristics

298 Since K,Rypzand A in Eq 4 are not very informative distribution paeters, we prefer to
299 replace these parameters by the mean relaxatieRygEq 2c) the full widthw at half
300 maximum height (FWHM), and the skewness fast@y some simple but tedious algebra the
301  mean spin-spin relaxation tinf&~ of the distribution can be derived and reads:

300 RS = TRoF(R)ARy/ TH(RIRy = Rog #8042 (6a)
Roa Roa 1+exp@) g2+ 772

303 Wherea = K A. Likewise, the relaxation rate,R defining the relaxation rate at the
304 maximum signal height(R,,,) can be easily derived:

A
305 Rom=Rea+— Atar{]—q (6b)

a

306 Also, the full width at half maximum heigitor FWHM can be calculated by solving Eq 6¢
307  numerically.

308 F(Ry) =% F(Rom) (6¢)

309 which results in;

_ a c
310 w-ALﬂmez + m} (7)
311 The results are illustrated in Fig 7 showing thai{o) can be well approximated by an
312 empirical formula depending solely on K andwith @ = K A anda = 0.2966b = 0.1194 ¢

313 = 0.3768 andl = 2.95610% The maximum relative error iw (Eq 7) was found to be less
314  than 2%.

315 Likewise, the skewness parameter of the distrilbufimction F, as defined by the skewnsss
316 reads:

N =3
TR -F)3IN
317  s= N'=1 375 (8a)
{zl(ﬁ )N —1)}
i=
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where F represents the mean value of Bfls, as calculated from Eq 8b (a modified and
simplified version of Eq 4) with i = 1 K data pasnand equally spaced relaxation rateand
40 randomly chosen pairs df,(a)-points.

_ a’+rt N -
F —mswﬂm,)&xp[ au; ] (8b)

The results are illustrated in Fig 7 where the siesgs (m) is well approximated by an
empirical formula of the form:

s=— L+ (8c)

aa 9+ba"

With « = K A and a = 12.48, g = 2.018, b = 1.499 and r = 0.486 the maximum relative
error ins becomes less than 3.0%, showing that the skevaagsbe reliably estimated from
the parametex alone.

4.4. Error analysis

In the final section we will address the questiegarding the relative error in the derived

ratiosRx / Rz, Rai/Ro1 andf,’/ S . In particular, how to improve the data quality by

minimizing the relative error in derived NMR paraers (by increasing the number of
transients). The signal-to-noise ratio (S/N) of @MG response on current NMR instrument
is 350 withN; = 64 transients. By changing the number of trandi®m N; to N,, the S/N-

ratio would change 85Q/N,/N, . Hence, we modified the random error, or noigmtein
section 4.2 accordingly, before generating synth€®PMG data. We then selected a set of
distribution parametens, R, andA (which were identical to those found at 25 hourdrip:
Table 1), which represent a rather typical or “ager’ set of parameters.

By performing a series of Monte Carlo simulations @nabled to estimate the standard error
inR21/Rs1, R /R and f,/ f; as a function off.” for three different sets of transients: 16,
64 and 256 respectively. The results are summaiizeeig 8 and show that the relative

standard errorg(f,” / f,) ,0’(_R51/ ﬁ(z:l) anda(ﬁf?z/ ﬁ(z:z) all follow a master curve of the form:

sz 078 R21 T R22 o+ 095
J(f—;) k\/—( (_) km(fzc) ada(ﬁ‘;z) k\/_(fC)

where k, k’ and k” are constants. The standardrenrall three parameters decreases with the
square-root of the number of transients N, whiclné$ unexpected. However, the same

standard error is strongly dependent on the fracfi§ of the slower relaxation rate and

decreases with increasirfg . Interestingly, the present simulation study shdwat the
standard error in the above parameters can betfrgseljusting the number of transients (for
fixed f,”).

5. Conclusions

Since meat is a truly heterogeneous material coetpos a distribution of both pore shapes,
pore sizes and surface relaxation sites of diffet@mes (and strengths), it is reasonable to

10
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expect the spin-spin relaxation rate of the comfimater to be described by a broad range of
relaxation times (the continuous model), as corduirby the study presented in this work and
in numerous other publications. Generally, two bre¢ distinct and individual water
relaxation distributions can be assigned for angtrsample.

Moreover, a generalized, empirical peak functiors wasigned which fitted excellently to the
relaxation rate distributions derived by an invargegral transformation of the experimental
CPMG response curve (on a porcilmagissmus dorsmuscle) acquired in this work. In
particular, this approach enables a more quamiatssessment of the relaxation distribution
to be made, which involves three independent paersiemean relaxation rate, full width at
half height (FWHM) and the skewness (or asymmaifyhe distribution.

The same CPMG response curves could equally wakjesented by a sum of three single
exponential decay-functions (the discrete modeharacterized by the same number of
distinct relaxation components as found by the rsweintegral transform. However, a
comparison between the relaxation rates and tleeresponding mole fraction derived from

the two different models revealed significant diffieces. For instance, when the modifitof
the slower relaxation componeR{ decreased from about 10 to 2.5%, the intensitip rat

(£ /1) increased from 1.25 to about 3 and the relaxataie ratioRz / R increased

from 1.1 to about 1.6. Only the relaxation ratdoraRz:/ Ra: was found to increase only
slightly from 1.0 to about 1.1 and was supportedrnyel calculations from synthetic CPMG
response data. As a consequence, the two differgakation models may result in
significantly different biophysical and biochemidaterpretations of the NMR data, a result
which is of utmost importance. By simulation it wdsmonstrated that also the shape (width
and skewness) of the continuous relaxation digiobumay have a substantial impact on the
NMR properties of the three relaxation componehRisally, the relative error iR, and f,
was found to depend strongly on the signal-to-n¢&#l) ratio of the CPMG response data.
Based on simulated or synthetic CPMG response tladanumber of transients needed to
obtain a preset error iR,; and f, was determined and is discussed.
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Appendix |

The procedure applied to calculate theditribution dI/dR from the logB-distribution
dl/dlogT; is as follows:

We first calculate two “support” parameters T andd\defined by:

dl dlogTy dR
T Ro

dl
T =R R =
IR 2 =R 2 dlogT, dRy

=[UT2) 5 dlgz Al.l

- 1 dl
AllogT2)X— T (dlogTZ)

11
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and:

dl dIogT2dR
T . o2

N = J‘ldRz :j
dR2 d IogT2 dR2

dl
= dlogT Al.2
IdIogT2 0972

= A(logT2)> (dl /dlogTo);
Hence:

< R2 >= ﬁz = IRZ qdl /dRZ)dRZ :l A13
[(dI/dR)dR, N

and:
_dl_ dl dlogTy, 1 dl dinTy _
F(Ro) = P =- =
R2 dIogT2 dR2 In10dlogT2 dR2

__ 1 d dinR__ 1 di Al4

IN10dlogTy, dRy R, n10 dlogTy '
__ T dl

In10dlogTy
Appendix 11

The relation between intensities of a two-comporfhtsystem and a three-component (ll1)
system.

We start with writing down the mole-fraction ohaa-component system (lI):

X X X X X

(1) =M=l 1+l /A7 +157)
X, X X

I+l

1% { '8( ] X '8<
= 1+ =) |1+—~——
X X . X X . X X . X
1 #1541 1 +13 1 +13

where X = C (continuous model) or D (discrete mhdeébince the total intensity
I =1 +1X +15¢, the above equation can be rearranged to read:

15 115085 15 A1

IX
Fn = {“ 0 x] A2.2
T =14

For a normalized signal intensity: 1) we have observed that bd@ andloD are constants

and equal tdg = 0.062+ 0.003and|g’ =0.074+ 0.009, respectively. Inserting these numbers into
the above equations we obtain:

12
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(f5)1 = 10605 )y (A2.3)
and:

(fi® 1% =10120fi® 1 %) = (27 %) A2.3
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Figure captions

Figure 1. Schematic representation of the sketetedcle organization.

Figure 2. a) Observed CPMG response curve anddXateon rate distributior(R;) of water

in meat as a function of drip time. The relaxatrate distribution was derived by an inverse
integral transformation of the observed CPMG respoturve using the “built-in” software
package on the Maran NMR instrument to derive thdabT,-distributon. By applying Eq 1,
the R-distributionF(R;) = dI/dR, was obtained (see Appendix I). The intensity of fst R,-
distribution componenfy(R,) with R, > 300 § was multiplied by a factor of 100 for clarity.
The figures are shown in a color scale from thet stiaexperiment (blue) towards the end of
the experiment (red).

Figure 3. CPMG relaxation curves acquired aftep times 5 hours (a-b), 25 hours (d-e) and
45 hours (g-h), respectively. Original data arevanon black squaresoy, circles ) and
triangles () on each plot. The red curves represent modetditsq 3. Relaxation curves are
presented both on a linear scale (top) and a ligaic scale (middle)The residual plots (the
difference between observed and model calculatedsities) are shown in the bottom part (c

—1i).
Figure 4. Intensityix and mean relaxation ra@f (i=0,1and 2) in meat as a function of

drip time as derived from two different model apgmbes, the continuous model (X =):
and the discrete model (X = m). See text for further details.

Figure 5. Experimental §) and model calculated (dotted curved lines) ratify fiC and

RY /RS againstffor i = 1 and 2. The superscripts “C” and “D” repeat the continuous

and discrete model approaches, respectively. Thentmus curves were obtained by model
calculations (see section 4.2).

2
Figure 6. The “Observed” (dots) two-component rateon rate distributiodr(R;) (= % FZ?)

i=1
as obtained by an integral transformation of théiGPresponse curve R(t) of water in meat
at three different times (1 hous)( 25 hours ¢) and 49 hoursH)) during drip. The solid

curves were calculated by non-linear least squaisesf Eq 4. An extended view of the slow
relaxation componerftezc2 (see Figure 2b) is plotted in Figure 4b.

Figure 7. Full widthw at half maximum height (FWHM) and the skewnes®f the
normalized distribution function (Eq 4) as a funatiofa (= K A).

. . —Db ,=C —D —C D c . C
Figure 8. Standard error in the ratiBs:/ Rz, R21/R21 and f,”/ f,”as a function off,” for

three different number of transients N (= 16, 64 @&%6) respectively, as determined by
simulation (sections 4.2 —4.4) .
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The potential for predicting purgein packaged meat using low field NMR
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Abstract

The ability of NMR to predict purge from porkofigissimus dor$iafter vacuum-packed
storage for 9 days was investigated.r@laxation was measured at 24 h post mortemn)
and again after 9 days chilled and vacuum-packedage. Pearson correlation analysis
showed that purge at day 9 correlated well (p<Ov@d#) several parameters at or before 24 h
p.m.However, NMR measurements from dayp.in. were limited in predicting day-9 purge
(Ir] = 0.37-0.52). The root mean square errorreddr regression (RMSD) was 1.31% (range:
1.15-7.69% purge) for purge using the relaxatianetiof intra-myofibrillar water (1)
measured on day@dm. (r = -0.46), corresponding to £2.6% (2 x RMSD)gection error of
purge with 95% probability. This indicated that fourge production, the distribution and
mobility of water in meat on day fr.m. may be of little relevance. Further tests were
conducted to investigate this poor predictabilijpere NMR measurements of water mobility
and distribution made on the same meat samplen(tak®6 hp.m) during a 9-day storage
period. By analyzing the,T and T, domains every day, during the 9 days of storageas
revealed that during the first 5-day of storagetew#63%) moved from intra-myofibrillar
space to extra-myofibrillar space. However, thissement did not result in detectable drip. A
major liquid loss followed after 5 days. On dayargl 9 an uptake of water occurred, causing
water to return to the intra-myofibrillar space. eTlkomplexity of the water movement
between domains during storage is investigatedirthhér understand the poor prediction and
to determine if it is possible to improve robusse$ the prediction of day-9 purge using
NMR.

Key words: Purge; Water holding capacity; NMR; &tge; Porcinelongissimus dorsi
muscles; Meat structure
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1. Introduction

The drip loss of meat during chilled storage degewnrd the amount of water that is available
and the ease with which the water can exit the fawgouctural network (Warner, 2014). The
drip loss of meat is influenced by four major stunal factors: 1) the degree of myofibrils
shrinkage during rigor and myofibrillar interflam®us spacing; 2) the permeability of the
cell membrane to water; 3) the degree of cytoséklptotein degradation and 4) the
development of drip channels and extracellular sg&tughes, Oiseth, Purslow, & Warner,
2014). Water holding capacity (WHC) is very ofteeanured as drip loss; i.e. the weight loss
percentage of a meat sample after a defined pesfodhilled storage (24 or 48 h) in
specifically designed holder (Christensen, 2003har plastic bag (Honikel, 1998), where the
meat has no physical contact with drip. Purgehis paper, refers to the weight loss from
meat during storage, where the meat is in contébttive fluid. Purge is the accumulation of
a red aqueous solution of proteins in packagedgezhited meat and relates to what would be
visible to a consumer. Drip loss and purge are i@ variables relating to profitability and
quality of meat products and are highly relevantbtith meat industry and consumers.
However, these two variables have been reportée twontrolled by different processes. Drip
loss shows the WHC of meat at certain time posttenor whereas purge is likely to be the
accumulative effect of changes in WHC during sterd§everal experiments have recorded a
change in drip loss from 24 ghm.up to 14 days p. m. (Joo, Kauffman, van Laack,, l&e
Kim, 1999; Kristensen & Purslow, 2001; Moeseke & é§m1999; Straadt, Rasmussen,
Andersen, & Bertram, 2007) using different meth@d8 h Honikel bag method or 24 h
centrifugation). In general, the measured drip [@8speaked at around 48 h post mortem and
subsequently decreased. The daily drip loss posttemo seems to be animal/sample
dependent. For instance, in the work of Kristensew Purslow (2001), the average
centrifugation loss of 6 muscles reached its mariman day 7p.m, whereas the average
centrifugation loss of 4 other muscles in the samak reached its maximum on day3n.

There exist two explanations regarding the decreasate of drip loss (increase in WHC) in
meat that is stored in contact with its own drip:

1). The reduction in drip loss with sampling timespmortem is a result of “leaking out”, i.e.
the meat with poor WHC (i.e. pale soft exudativeam®SE) will lose relatively more water
early postmortem (Joo et al., 1999; Moeseke & Sr889). This leaves limited water

available for dripping in later stages. Meat watlnormal WHC has relatively more water to
lose in later stages and this water serves asip fdservoir’ that will eventually produce

similar amount of drip as meat with poorer WHC (&bal., 1999).

2). Degradation of cytoskeleton proteins can reisuétn increase of WHC later post mortem
(Huff-Lonergan & Lonergan, 2005; Kristensen & Pavg] 2001; Melody et al., 2004; Straadt
et al., 2007). Cytoskeleton proteins (representgdvibculin, desmin and talin) gradually
degrade during 10-dap.m. storage period (Kristensen & Purslow, 2001). Théert
myofibrillar linkages and costameric connectiong aemoved, and myofibril shrinkage
becomes energetically less favorable. The flow afewinto the extracellular space ceases,
and previously expelled water can to some degreerse, and support swelling of the
myofibrils. The intramyofibrillar structure has lmeshown to be more homogeneous after 14
days of storage using a confocal laser scanningostopy, which supported this hypothesis
(Straadt et al., 2007).

There have been very few articles investigatingphrezliction of purge using data obtained
early post mortem (Bidner et al., 2004; Calkins]thmus, Johnson, Eskridge, & Berg, 2005;
Huff-Lonergan & Lonergan, 2005). As summarized hyffH.onergan & Lonergan (2005),
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one study have studied using the desmin degradatiatay 1p.m.to predict purge loss over
7 days using stepwise regression models. It wasdfdliat desmin degradation accounted for
only 24.1% variation of purge. Similarly, anothéudy also showed poor prediction of purge
using several measurements (21 % variation exmlginghich aimed at predicting 21-day
purge in vacuum packaged whole pork loins usinget®dased on variables measured early
p.m. (including season, fat depth, muscle depth, haotass weight, color, pH and electrical
impedance) (Calkins et al., 2005). It seems, tloeegetthat purge is challenging to predict due
to the complexity of purge production process. #aend Zaritzky (1985) studied the effect
of storage conditions on purge production in thekpge along storage time (until 22-day
storage) in packaged refrigerated beef (cut atpl8h). Two temperatures (0 and’@) and
two films (low density polyethylene and EVA/SARAN/R coextruded film) were studied
and compared. During the first 24-hour storageuation period), the purge (%) increased
nonlinearly, and then the increase followed a reduout constant rate. Similar results have
been reported by Moeseke and Smet (1999) thatrippinl rate decreased after 48 h post
mortem. In addition, purge percentage was foundetdinearly correlated to the equivalent
area/unit volume ratio of the sample (Zarate & &&xi, 1985). Their work also suggested
that the water that turned into purge during steragas located extracellularly and
extramyofibrillarly, and the purge was mainly prodd by gravitational force since the purge
(%) rate is constant after induction time (ZarateZ&itzky, 1985). They also refuted that
diffusion is to explain the purge production, sir@edecreasing rate should be expected
(Zarate & Zaritzky, 1985).

Since WHC increases with storage time, the WHGCzdzifice between meat with high or low
initial WHC might decrease significantly towardselastorage period, as shown in the study
using meat with four different quality groups (Jetoal., 1999). However, the results showed
that the meat with initial lower WHC (i.e. PSE)lldtiad lower WHC on day 6.m.than meat
that had a higher initial WHC. It is then reasoealdl suggest that the accumulated purge of
meat having an initial low WHC might be relativédigh. This change in drip loss rate with
time might make purge prediction difficult and demamethods with high and relevant
analytical precision.

NMR is a powerful tool to study water mobility ardistribution, and has been used
extensively in studying meat structure and WHC. Ewev, to the best of our knowledge, no
studies have addressed the possibility of using Nf@Rneasure purge. In this paper, we
explored the ability of low field NMR and other nseaements/variables obtained at or before
24 hp.m.to predict purge from pork muscle after vacuumkedcstorage for 9 days. The 9-
day storage period was chosen because it is thragevstorage time used for fresh meat cuts
before displayed in retail stores according to Nam&n meat industry. The correlation
between purge and variables obtained on samples®fttay storage was also studied in order
to: 1) determine the predictability of purge on dafrom NMR measurements on day 1; 2)
understand the purge production mechanism duriegdime number of days.

To support 1) and 2) the measurement error of thERNnstrumentation also needed to be
verified to determine if NMR can measure a differe in water content between 80 % and
75 % water.

2. Materials and methods
2.1. Animals and sampling

In order to obtain meat samples with reasonable Whi@tion, 18 pigs were selected from 2
different slaughterhouses (Tgnsberg and Oslo, Ngrivased on their meat percentage/ back
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fat thickness during three weeks. The chilling raffiects drip loss and this can vary due to
the meat percentage/ back fat thickness. The asimare, therefore, selected to give
variation in fat thickness and two different cimti methods were carried out in the two
slaughter houses. The pigs used had carcass wéighteen 56.1 to 100.1 kg. Breeds used
were LYDD (25 % Landrace, 25 % Yorkshire and 50 %4rd2) and LYLL (25 % Yorkshire
and 75 % Landrace). The pigs were stunned in ansgghere with 90% carbon dioxide and
slaughtered. At Tgnsberg slaughterhouse, the casagere cooled for 30 min in the shock-
cooler/freezer and then chilled down to’@ for 18 hours. At Oslo slaughter house, the
carcasses were cooled for 18-20 h to belo&,7n a cooling room at 0C. The left porcine
longissimus dors{LD) muscles were removed. Connective tissue atdwere carefully
trimmed around the muscle.

The LD muscle from each animal was divided into seations based on location (denoted
L1 and L2, Figure 1a) with some space discardeddmt L1 and L2 (shown in grey, Figure

la). The samples were treated as separate sanmiesasdifference of WHC (as drip) has
been reported between cranial and caudal endsdiT&yDant, 1971). For each location (L1

or L2), the muscle was divided as shown in Figur@d day 1p.m.

The meat sample in the study of storage time effattion 3.3) was randomly selected from
one LD muscle of a young boar of Landrace and Dbreed. The loin was cut at 9¢phm.

2.2. Purge measurement

On day 1 p. m., a chop of 12 cm in thickness (fbrand L2 each) towards cranial end was
divided, weighed (M of 348.21-860.55 g) and vacuum packed using avaa vacuum
packing machine with internal programming levelBiséendorf, Germany) in a plastic bag
(shown as purge in Figure 1b). The vacuum packesclas were stored at’€ until day-9
post mortem; surface dried with tissue paper andglveel again (M). Purge (%) was
calculated as the weight loss in percentage ofriti@l muscle weight (Purge (%) = 100 x
(Mo-M)/ My). Purge values varied between 1.15% and 7.69 %€ T3.

2.3. pH and color measurements

The muscle pH was measured at different times pastem (45 min, 5 h, 24 h and day-9).
The pH at 45 min and 5 p.m.was measured by placing a Knick Portamess 752retkc
(Berlin, Germany) approximately in the middle oétloin. The pH at 24 h and dayp9n.was
measured on the sample using Beckmd@&1 pH Meter (Brea, USA). The sample used for
purge measurement on day-9 post mortem was divatebrding to Figure 1c. Color
parameter including L*, a* and b* were determinesing a Konica Minolta Chroma meter
CR-400 (Tokyo, Japan) after 1 hour blooming. Thre@surements were taken for each slice.
Relevant statistics for pH at different time posirtam and color values are shown in Table 1.
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Table 1.Ranges, means and standard deviations of chenhgalgal parameters of porcine
longissimus dorssamples.

Range Mean Standard Deviation
pH 45 min (n=18) 6.09-6.73 6.46 0.16
pH 5 h (n=12) 5.61-6.09 5.90 0.15
pH D1 (day 1) 5.26-5.63 5.43 0.10
pH D9 (day 9) 5.30-5.47 5.39 0.04
Purge (%, day 9) 1.15-7.69 3.71 1.46
L* (day 9) 52.41-61.12 56.92 2.10
a* (day 9) 6.32-11.20 8.30 1.37
b* (day 9) 4.80-8.32 6.10 0.73

Note: the number of samples (n) was 36 unlesswibe stated
2.4. NMR measurement

Transverse relaxation §fwas measured on meat samples both day-1 (Fidy)rarid day-9
(Figure 1c)p.m.using a Maran Ultra NMR instrument (Resonancerdmsénts, Witney, UK),
operating at a magnetic field strength of 0.54 ®rresponding to a proton resonance
frequency of 23 MHz. The NMR signals were recorbgdpplying a traditional Carr-Purcel-
Meiboom-Gill (CPMG) pulse sequence (Meiboom & Gill958) witht = 150 ps, 12 K
echoes and 16 transients. Three cylindrical san{igs x 22 mm, ~2.80 g) were cored using
a sharp cork borer for each location (L1 and L2y aamples were gently inserted in closed
Teflon sample holders (2.2 cm in length), and plasghin the homogeneous part of the rf-
coil. The samples were thermostated at@5or 10 min before CPMG measurements were
performed.

The influence of storage time on a single meat $artgection 3.3) was also studied using
another Maran Ultra NMR instrument (Resonance umsénts, Witney, UK) of the same
magnetic field strength, but different sample gizé$ x 10 mm, ~0.59 g). The meat sample
was suspended in the NMR tube with the fiber dioecparallel to the cylindrical axis.
Enough space (17 mm) was reserved between thenbattahe NMR glass tube and the
muscle. A layer of parafilm was placed on the téphe muscle to avoid water evaporation.
The CPMG signal response was acquired and stoey ey during a 9-day storage period,
performed at T = 6 °C and equilibrated at this terafure for 10 minutes before initiating any
experiment. Samples were stored at 4 °C when ngesied to measurements. The NMR
measurement was performed with & 50 ps, 32 K echoes and 32 transients. The parafi
was found to not contribute to the NMR signal. Af® days of storage, one CPMG
experiment was performed on the drip fluid by tiffithe sample tube manually (only the drip
fluid was within the transmitter/receiver coil).

2.5. Data analysis

Distributed exponential fitting analysis was penfi@d on the obtained,Telaxation data. A

continuous 7 relaxation time distribution dl/dlogg) was first derived from the CPMG signal
response using Maran Ultra algorithm (Rl Win-DXPftware release version 1.2.3,
Resonance Instruments, Witney, UK), which was desdr by Bertram et al. (Hanne
Christine Bertram, Dgnstrup, Karlsson, & Anders2®02). | is the signal intensity of the
NMR relaxation curve. Then a relaxation rate disttion F(R;) was obtained using the
following transformation:



_d_ d EpI(Log'I'z):_ T, - dl
dR, d(LogT,) dR, In10 d(LogT,)

230 F(R,) with R, = 1/T, (1)

231  Three peaks were observed for all samples reffectbbund-, immobilized- and free water
232 respectively. The overall relaxation distributiakés the form:

m FR)=Y1,F(R) @

234 wherel, represents the signal intensity aRj represents the “mean” relaxation rate of

Wy

235 component ‘", i.e.:

236 R, =[RF(R)IR/[F(R)IR 3)

237 wherei=0,1or2, an&,>R,, > R,,. Using a distribution function written in Microgof

238  Excel 2010 (Microsoft Corporation, WA, USA), therded relaxation rate distributions were
239  closely fitted. Only the domains with the longelasation times (%; and ) changed during
240 storage (Hansen & Zhu, 2015), and were furtherudised. The relaxation times; &nd T»
241 correspond to intra-myofibrillar water and extraohrillar water respectively. The
242  integrated areas of relaxation populations weranatized by sample mass {fand A.),
243  corresponding to & and o

244  Correlation coefficients between variables (P <SPW@ere calculated using OriginPro 2016
245  (OriginLab Corporation, MA, USA).

246 3. Results and Discussion
247  3.1. Univariate Correlation Analysis

248 The Pearson correlation coefficients (r) for theameed variables can be seen in Table 2.
249  Purge (%) was found to be more correlated to thieviing parameters: pH D1 (-0.46), pH
250 D9 (-0.33), a* (-0.38), b* (-0.42), ;I-D1 (-0.46), B2-D1 (-0.37), A1-D1 (-0.43), AD1

251 (0.52) and %;-D9 (-0.70). Correlations between ultimate pH (pH)@2nd purge in vacuum
252  packages (7-day) have been reported with a simdaelation (r = -0.49) to the current study
253  (Bidner et al., 2004). For color measurements,iggmt correlations were found between L*
254 and b*, as well as a* and b* at p<0.05 (Table 2ynBicant positive correlations regarding
255 same color parameters (L* and b*, a* and b*) haeerb reported for bedbngissimus
256  thoracis muscle by Leroy et al. (Leroy et al., 2003). Ies#ingly, among all the color
257 parameters, only a* (measuring redness to greenrmsselated better with the NMR
258 parameters.This may indirectly be due to pH variation (Tablg Another interesting
259  observation was the decrease in pih.when an increase was expected due to amino acid
260 degradation.

261



Table 2 Pearson correlation coefficients (r) betwaeasured variables.

pH 5h pHD1(dayl) pHD9 (day9) Purge (%) L* a* b*  T,-D1(s) T,Dl(s) AaDl ArDl  T,.D9(s) T,-D9(s) AarD9 Aoz D9
pH 45 min 0.64 -0.07 -0.30 029 009 -011 020  -0.26 -0.04 0.13 -0.20 0.02 -0.25 -0.12 0.12
pH 5h 0.29 0.27 032  -0.22 -001 0.19 -0.15 0.05 0.19 -0.47 0.39 0.06 -0.06 -0.03
pH D1 (day 1) 0.52 046  -0.02 059 0.26 0.51 0.32 0.33 -0.52 0.63 0.40 -0.13 0.13
pH D9 (day 9) 033 -028 030 -0.06 040 0.36 0.31 -0.43 0.54 0.54 -0.07 0.10
Purge (%) -0.22 -038 -042  -0.46 -0.37 -0.43 0.52 -0.70 -0.29 0.03 -0.28
L* 001 041 0.04 0.21 -0.04 -0.03 -0.01 -0.16 0.13 0.06
a* 0.49 0,51 0.39 0.44 -0.46 0.54 0.46 -0.02 0.16
b 0.14 0.15 0.21 -0.26 0.24 0.11 0.03 0.12
To-D1 (s) 0.60 0.52 -0.50 0.65 0.62 0.12 -0.10
T,»D1 (s) 0.73 -0.72 0.52 0.58 0.18 -0.10
Az-D1 -0.84 0.43 0.54 0.03 -0.17
AzrD1 -0.59 -0.61 -0.06 0.15
T,1-D9 (s) 0.56 0.24 0.13
T,»-D9 (s) 0.41 -0.49
A,-D9 -0.54

Notes: B;-D1 and TB-D1 are relaxation time constants measured on gaylA,-D1 andA,-D1 are areas of each domain normalized by sample meesssured on day 1
p.m. T»-D9 and B,-D9 are relaxation time constants measured on day9 A,,-D9 andA,,-D9 are areas of each domain normalized by sample, m&sssured on day 9
p.m.

P < 0.05, all the significant correlation coeffitie are marked in bold.
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The longest spin-spin relaxation time )T corresponds to water that resides outside the
myofibrillar protein network, which is most susabpe to dripping (H. C. Bertram, Purslow,
& Andersen, 2002). khas been investigated as a reference value for @24 hp.m) in a
previous study, which was based on drip loss (4hai.e2016), but 7> did not show a good
prediction ability towards purge after storage. Témrrelation coefficient between I
measured on day{im.and purge was -0.37 (Table 2) and therefore ndiyiltaver than the
correlation given for 7; above (r = -0.46, RMSD = 1.31%, of 1.15-7.69% pyrdn principle
this indicated that purge can be predicted as %% RMSD) with 95% probability. The
normalized area of the two domaingy®1 (r = -0.43, RMSD = 1.33%, of 1.15-7.69% purge)
and A»-D1 (r = 0.52, RMSD = 1.27%, of 1.15-7.69% purgkspacorrelated to purge, which
indicates that both domains are relevant regargiurge production. The measurement error
in purge using the current method is unfortunatelgnown. However, error of purge loss on
beef steaks (~0.23 kg) was estimated to be 3-418n(EBrooks, Morgan, & Ray, 2002). The
error in water mass (g) predicted by NMR total insi¢y measured on 20 meat samples from 1
loin was 0.019 g (~ 2.150 g.8 in meat sample of mass 2.87 g, r = 0.9945), aisguitd %

of water in the meat samples (data not shown). Trdi&ates that NMR has the ability to
discriminate meat samples that has water contdfetreince of 1.77%, with 95% probability.
This actually suggests that the purge can be pestilsut that the major reason for the lack in
predictability of NMR variables is due to the loeproducibility of NMR on heterogeneous
samples like meat. This could be improved usingatlerage of several samples or increasing
the size of the samples.

The shorter spin-spin relaxation time{)Tcorresponds to intra-myofibrillar waterp;ould
not alone predict purge (Table 2) with high accyradultivariate models, using different
variables in Table 2, were also investigated, lmuinmprovement in correlation was obtained.
One explanation as to why it is difficult to predipurge from early post mortem
measurements is that there is a sum of event®detatwater mobility that occur during the
storage period (Moeseke & Smet, 1999), which resumitchanges in the drip rates with
storage time (i.e. 1-9 days). To explore theséh@urtT, characteristics from day 1 and day 9
were compared.

3.2. T characteristics on day 1 and dag.f.

As shown in Figure 2, both,Tand T, decrease after 9-day storage (slope <1, p<0.08®. T
change in 7 relaxation times reflects the change in mobiliftywater molecules, shorter, T
indicated water that has lower mobility avide versaThe decrease in,fand hyindicates a
decrease in both intra-myofibrillar and extra-mpafiar water mobility. Straadt et al. (2007)
also observed a decrease in &fter 7-day storage, as well as a change in wadltthe T,
distribution. The 3, width in their studies decreased at day 7 (andldgycompared to day 1
p.m, indicated a more homogeneous characteristicatad-myofibrillar water, presumably
due to swelling (Straadt et al., 2007). Similadydecrease in I width (calculated as full
width at half maximum height) has been observetthéncurrent study when comparing day 1
and day 9 post mortem (data not shown) fas been shown to reflect the width of gaps
between meat fiber bundles, and to correlate pejtiwith drip loss measured at short time
intervals (Tornberg, Andersson, Goransson, & vaii SE993). Thus the observed decrease in
T,, after 9-day storage indicates a decrease in dsp br, in other words, an increase in
WHC. The range of ,among samples decreased after 9 days of storageh wklicated that
the spread in WHC of meat samples has decreaseadieSuits are in accordance with the
findings of Joo et al. who has also reported acedwspread in WHC after storage (Joo et al.,
1999). The area of ;T and T, was normalized by sample mass, and the differevas
calculated between day 1 and day 9. There was enage increase of,1area by 2.4%, and
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an average decrease of, Brea by 36.1% observed on day 9 compared to daynl The
relative small change in,T area is somewhat expected, since the water repinegehe T,
domain (intra-myofibrillar water) is about 85% dajtal water in the meat, a big absolute
change might appear to be small when it is showtherrelative scale. The decrease o T
domain is most likely a result of fluid dripping towrip formation mechanism early post
mortem has been discussed by Bertram et al. (200MR characteristics were measured on
porcinelongissimus dorsmuscle continuously for 24 hours. They suggedtatiduring early
post mortem, muscle cells swell within 2-pIm. (increase in 7;), and then expel water into
extra-myofibrillar space (increase inzfrea) which reflect potential drip loss. Unlikelgao.

m., structural changes during storage for a longenod is different. As explained by
Kristensen and Purslow (2001), within 24 h storagater flows from intra- to extracellular
water compartment due to pressure. After sevena dastorage, the shrinkage of myofibrils
is halted due to slow degradation of cytoskeletanections, and extracellular water is able
to flow into myofibrils. The increase in the areh1@; domain (intra-myofibrillar water)
support inflow of water at longer storage timeslé8 storage). During the 9-day storage, the
meat was vacuum packed, and the meat surface veasmiact with the drip fluid at all times.
It is thus suggested that the uptake of extra-nbyiiir water became possible not only from
T, water domain, but also from drip fluid if in contawith the meat. To verify this
hypothesis, an experiment was designed and rgzel$ented in section 3.3.

3.3. T, characteristics during storage

In order to study the effect of storage time ontecwous purge production and verify that the
area change of myofibrillar water was partly dueghte inflow of water from the extracellular
space, a meat sample was inserted into an NMRantemeasured every day during storage
at 4°C for 9 days. The relaxation distribution of theansample during storage is shown in
Figure 3. Since enough space was reserved betweansample and the bottom of the NMR
tube, drip fluid could flow freely to the bottom tife NMR tube and did not interact with the
meat after it had dripped. The sample ends werefiretl which enabled natural muscle
contraction.

Figure 4. a and b show the decreasejrldring 9 days of storage , which is in accordance
with the observation mentioned in section 3.2,¢ating more restricted mobility of water in
both domains. The decrease i, Tollowed a constant rate until day 7, after whith
remained constant. A noticeable decreasejrtobk place between day 1 and day 2. The area
of each domain was also plotted along storage {inéen Figure 4 a-b). The accumulated
decrease in the area of;Tand T, domains was considered to be drip and was pleif@chst
storage time in Figure 4 c. The change of areda®two domains indicating water movement
along storage time can be divided into three phéseswvn as 1-3 in Figure 4), and will be
addressed accordingly.

The first phase was the exchange between intraeaind-myofibrillar water, took place from
day 1 to day 5. The area of the; Tdomain decreased while the area of the domain
increased from day 1 to day A {n Figure 4 a-b). The increase in the area ofTthedomain
accounted for 63% of decrease in area gf domain on the day 5 of storage. The area
changed in both domains and indicated that waterement within the first 5 days of storage
was mainly water exchange between domains. Thikusgtrated by a slow decrease in the
total area loss (Figure 4 c), i.e. slow drip lo§his observation is not consistent with the
findings of Zarate and Zaritzky (1985), who repdrgehigh purge production rate during the
first 24 h storage, followed by a lower and thenstant rate after 5 days. The difference can
be explained by the difference in sample historg sample preparation. The sample in this
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study was cut at 96 .m, while in Zarate and Zaritzky (1985), the samplese cut at 48 h
p.m. The initial fast purge loss may have been releasedurrent experiment right after
cutting. The experimental setup by Zarate and Ziayi{1985) was meat wrapped in plastic
film, which enabled the inflow of water from purfeid, while in the setup in this study; the
meat sample was separated from purge fluid. Thensephase was the extra-myofibrillar
water being releases as drip (day 5-7). In thissphdoth 3; and T, area decreased
continuously (Figure 4 a-b). Significant purge ated during this phase, indicated by the
decrease in the total area (Figure 4 c). The thivase was water flowing back (inflow) from
extra-myofibrillar domain to intra-myofibrillar doan. The decrease in total area loss slowly
decreased on day 8 and day 9. There was an ohwvicnesse in 7; area on day 8-9 of storage
(A in Figure 4 a). A similar NMR study, with the sameperimental setup regarding in situ
drip-loss in an NMR tube (45 hours) was conductedaongissimus dors(Hansen & Zhu,
2015). In this case a dynamic model was suggestbdrenthe gross migration of
macromolecules and water molecules is irreversiblee dynamic model occurs in the
following sequence: water flows from the intermeeieelaxation domain (intra-myofibrillar)
to the slow relaxation domain (extra-myofibrillaad then moves out as drip. The results can
be applied to early storage time, when inflow oftavafrom extra-myofibrillar is not yet
enabled due to existence of shrinking pressuréhdnpresent study, the increase in area
(day 8) suggested an inflow of liquid fromp;Tdomain directly, presumed due to the
degradation of cytoskeletal structure and theretfiow of extra-myofibrillar water. This
liquid inflow then might account for the nominalear difference between early and later
postmortem in 7; domain reported in section 3.2. The relaxatiotritistion of the drip fluid

in the bottom of the NMR tube was also analyzethatend of the experiment. There was
mainly one domain present with a relaxation timeD@16 s, which resembles;in meat.
Thus it is reasonable to suggest that the som&erté water from drip fluid into myofibril
water compartment is possible.

It is, therefore, suggested that purge at a latee tstorage (i.e. 9 days) might be better
predicted after a few days of storage (i.e. 5 dagg)g NMR, or when the water transport is
mainly flowing out rather than exchanging betweemédins. In this later phase, the water
will flow out as drip from both domains, and the RMsignal will not be disturbed by water

exchanging between domains. This topic is undehéurinvestigation.

4. Conclusions

A number of quality parameters measured early pogém appeared to correlate well with
purge measured on dayp9nm.T,; measured on daydm.correlated negatively to purge (r =
-0.46, RMSD = 1.31% with a purge range of 1.15-%5%Area of both T; (r = -0.43, RMSD

= 1.33%, of 1.15-7.69% purge) and,Womains (r = 0.52, RMSD = 1.27%, of 1.15-7.69%
purge) correlated to purge, i.e. both domains dountied to purge. However, the prediction
ability was limited, showing that water mobility cgalistribution on day p.m. might be of
little value with regards to purge production.

Further analysis on a meat sample (taken at §ar) was measured daily using NMR to
monitor the changes in water mobility and distribntin both 1 and B, domains for 9 days.
The results indicated complex water movement dumtgrage, which might serve an
explanation for the poor prediction of purge in freckage from early p. m. data. The water
movement can be divided into three phases. Duhaditst phase (day 1-5), water movement
was mainly due to a shrinking pressure, from imgafibrillar water space to the free water
domain. Significant purging of this free water owged during the second phase (day 5-7). In

11



143  the last phase (day 7-9), the increase iparea indicated an inflow of water to the intra-
144  myofibrillar water domain, due to degradation otaskeletal structure. At the end of the
145  storage period, the mobility (indicated byvalues) of intra-myofibrillar water and free water
146  decreased, and the spread in WHC among meat sadguesased.

147  In conclusion, it is believed that the complexitlyveater mobility and distribution during
148  storage requires to be taken into account if rolpustictions of 9-day purge are to be
149 achieved. Initial investigation reveals that rolmess may be increased by being more
150  selective about when measurements are taken dstorgge, especially if the meat is in
151  contact with its own drip water.
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Highlights

1. A number of quality parameters measured earsyrportem appeared to correlate well with
purge from pork meat (longissimus dorsi) after wantpacked storage for 9 days.

2. NMR measurements from dayn.were limited in predicting day-9 purge, indicatitigt
for purge production, the distribution and mobild§ water in meat on day 1 post mortem
may be of little relevance.

3. The complex water movement between domains glstarage might explain the poor
prediction using NMR.
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Figure captions

Figure 1. a) The left porcine LD muscle was divide® sections (L1 and L2) at 24ptm.A
slice of ~ 5 cm was discarded by both cranial amadeal end (shown in grey). Two chops of
20 cm thick each was then cut near cranial (L1) @aatal ends (L2). b) Division of L1 (or
L2) at 24 h post mortem. A slice of 2.5 cm towatke caudal end was divided for NMR
measurements, and a chop of 12 cm towards cramdaivas divided for purge measurements.
c) After 9 days of chilled storage, the muscle wasded for different measurements. A slice
of 2.5 cm (towards caudal end) was cut for NMR meaments, and another slice of 2.5 cm
(towards cranial end) was cut for color measuremfrit a* and b*).

Figure 2. Correlations between;{a) and . (b) on day 1 (D1) and day 9 (D9) post mortem,
respectively. Purge values (%) were marked abowveh edata point. The correlation
coefficients were shown in Table 2.

Figure 3. Relaxation time distribution (2 comporsnof water in meat as a function of
storage time during 9 days of chilled storaggederived by inverse integral transformation of
the observed CPMG response cufVee figures are shown in a color scale from the sta
experiment (dark blue) towards the end of the erpant (red).

Figure 4. a). 7; and its area, b).,} and its area along storage time. c). Decreasatah drea
(%) of storage on each day compare to storage gnidén each figure, three phases are
marked according to water movement: (1). exchargfevden intra-and extra-myofibrillar
water; (2). extra-myofibrillar water moves out aspd (3). water inflow from extra-
myofibrillar domain to intra-myofibrillar domain.
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