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Abstract
This chapter focuses on nuclear magnetic resonance relaxation, pulsed field
gradients NMR, and magnetic resonance imaging applied to the characterization
of dairy products and dairy processes. This chapter is an updated version of a
previously published review (Mariette F. Nuclear magnetic resonance: principles.
In: Fuquay JW, Fox PF, Mc Sweeney PLH, editors. Encyclopedia of dairy
sciences. 2nd ed. San Diego: Academic Press; 2010). This chapter is organized
in several parts. The first part provides an overview on the interpretation of water
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NMR relaxation and its application in dairy systems. It starts with diluted models
where the diffusion exchange is fast and only chemical exchange and molecular
mobility are considered. Next, the regime of slow diffusion exchange is consid-
ered and applications to concentrated and complex systems are discussed. The
second part of this chapter focuses on the special case of fat relaxation in the
liquid and solid states. The third part includes all the aspects related to the use of
the pulsed field gradient NMR technique for water diffusion and molecular probe
diffusion. The fourth part provides some insights into applications of magnetic
resonance imaging.

This chapter is dedicated to Brian Hills for his impressive contribution to
NMR science and its application in food.

Keywords
Casein micelle · Sodium caseinate · Whey protein · Cheese · Fat · Gel · Ice
cream · Cream · Draining · Curd · High pressure · Powder · Ripening · Solid fat ·
Syneresis · Rennet · Water diffusion · Probe diffusion · Acidification · Rennet

Introduction

Dairy systems are fascinating because they offer food scientists a large space of
investigation to design new food products and/or ingredients for many applications
[1]. To profit from these opportunities, several experimental techniques are used as
standard methods, including the most sophisticated. Surprisingly, among all the
techniques, NMR relaxation, NMR diffusion, and magnetic nuclear imaging are
still only used by a few teams. The subject of this chapter is to illustrate the potential
of these techniques. The first part of this chapter focuses on the interpretation of
NMR relaxation and provides different examples of NMR relaxation used to model
systems up to complex and real dairy products such as cheese or ice cream. The
second part is dedicated to pulse field NMR for diffusion coefficient measurements,
and the last part deals with MRI applied to dairy systems.

NMR Relaxation

H1 Relaxation in Dairy Protein System and Skimmed Milk

In diluted fat-free dairy systems, NMR relaxation is generally described as including
two relaxing components [2, 3]: the component comprising nonexchangeable pro-
tons and the component including all exchangeable protons. The first component
corresponds to protons from the CH2, CH3, and NH2 groups in dairy protein and
lactose. The second group includes exchangeable protons from protein, lactose
(OH and SH), and water.

In nonexchangeable proton relaxation, changes in T2 or T1 relaxation can be
directly related to a change in the mobility of the molecule (rotational and segmental
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motion), explained either by composition or by a structural modification. In casein
suspensions with different concentrations of casein, whey protein, and lactose, the
nonexchangeable proton component was mainly explained by casein protons. More
recently, Bouchoux et al. [2] compared the relaxation time of nonexchangeable
casein protons for casein micelle and for sodium caseinate systems with concentra-
tions ranging from 20 to 150 g/L. In the case of casein micelle dispersions, a high
1/T2 value of between 35 and 45 ms�1 was observed, which did not vary much with
the concentration of casein up to 180 g L-1. Above this concentration, a slight
increase was observed (Fig. 1). Conversely, below 80 g/L, the sodium caseinate T2

relaxation rate was low, between 5 and 10 ms�1, while for the 80–100 g/L range, a
marked increase was observed. At concentrations above 100 g/L-1, the relaxation
rates of casein micelle and sodium caseinate protons were similar. These results were
related to the average compactness of the casein chains. Sodium caseinate is
comprised of highly deformable small aggregates, whereas casein micelles are
large aggregates with strong associative internal organization based on clusters of
calcium phosphate. At low concentrations, the relaxation rate of sodium caseinate is
slower than that of casein micelle because of the difference in the local mobility of
the casein chain. When the casein concentration increases and approaches the close
packing limit, the deformation and interpenetration of the casein chain explains the
increase in the relaxation rate of sodium caseinate. In very concentrated systems,
casein micelle and sodium caseinate had the same relaxation rate [2].

Differences between the nonexchangeable protein protons T2 depending on the
state of the protein have also been reported in whey protein systems. For example, a
biexponential relaxation T2 curve for a CPMG was measured in whey suspensions
[4]. A component with a T2 which decreased from 3.9 to 1.28 ms when the
concentration of whey protein increased from 1.79 to 44.66 g/100 g of water was
attributed to nonexchangeable protein protons. After thermal aggregation, this
component was no longer detected in the CPMG. The relaxation time was strongly
reduced by thermal aggregation and only an FID would have enabled the detection
of short T2 component.

Fig. 1 NMR relaxation of
nonexchangeable protein
protons. The relaxation rate
1/T2ne is plotted as a function
of casein concentration for
both casein micelle (squares)
and sodium caseinate (circles)
dispersions (From Ref. [2],
reprinted with permission)
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The interpretation of the relaxation of exchangeable protons is more difficult
since this parameter includes protons from different molecules (water, protein, and
lactose) but also involves different NMR mechanisms. Several studies have been
undertaken to understand the mechanisms which govern the variations in T2exch

relaxation in food systems in general, and a general model has been proposed
[5–7]. According to the pioneer paper by Hills et al. [5], this model considered
bulk relaxation (or free water), hydration water relaxation, and exchangeable protons
from protein and lactose. A fast chemical exchange occurs between the two water
fractions and also between the hydration water proton and the exchangeable protons
from nonaqueous molecules. For protein dispersion, this model is characterized by a
linear relationship between relaxation and protein relaxation expressed through:

1

T2exch

¼ Pa

T2a
þ Pb

T2b
þ Pc

T2c þ K�1
c

(1)

where a, b, and c refer to bulk water, hydration water, and exchangeable protein
protons. T2i is the relaxation time of different proton states, Pi is their relative
population, and kc is the rate of proton exchange. One of the main conclusions of
this model is that T2exch measured experimentally is not a true measurement of water
mobility, as was often assumed, and should not be interpreted in terms of less mobile
or more mobile water [8]. Indeed, this term also includes information on macromol-
ecule mobility [2, 9]. The relative importance of the water hydration relaxation term
and the chemical exchange term between water and nonwater molecule has been
discussed [5, 6]. In casein systems, the hydration term has a significant effect on the
relaxation time T2exch. This was demonstrated by comparing the T2 variation in the
dairy system with pH measured by 17O and 1H [3, 6]. Compared to 1H relaxation,
NMR 17O relaxation only reflects changes in the molecular motion of water. The
relaxation is thus given by the simple two-site model with free and hydration water
in fast exchange. So, any change in 17O T2 could be interpreted either as a change in
water mobility or as a change in the hydration water fraction, or both. Several
authors observed a decrease in 17O relaxation time of water in skim milk when the
pH decreased from 6.6 to around 5.3 [3, 6]. The same behavior was observed for
1H T2 relaxation, which confirms that hydration water has to be considered in casein
systems. This result also highlighted the sensitivity of NMR relaxation time to casein
micelle structure, which is discussed in Fig. 2.

A strong linear relationship has been observed between 1/T2 and the casein
concentration by several authors [10, 11] and was confirmed in a wide range of
casein concentrations [2]. The comparison of the 1/T2 linear relationships with
protein concentration in different proteins showed that the same relationship exists,
but there is a clear distinction between the absolute T2 value in casein micelle,
sodium caseinate, and globular proteins such as whey protein or bovine serum
albumin [2] (Fig. 2). These results show that a change in the amount of hydrating
water cannot explain the data because it is known that hydration of sodium caseinate
in gwater/gprotein is higher than the hydration of casein micelle, which is inconsistent
with the T2 value measured. So, only a change in the relaxation time of hydration
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water or a change in the chemical exchange term kc and the relaxation time of
exchangeable proton T2c could explain such differences. To explain the difference
between the caseinate and micellar casein relaxation rate and the linear relationship
between 1/T2 (which means that Pb, T2C, and Kc remain constant with concentra-
tion), Bouchoux et al. [2]. suggested that the parameters T2c and kc mainly depend on
the loss of molecular mobility induced by direct casein-casein and casein-CaP
interaction, as observed during protein aggregation, but remain constant despite a
change in casein concentration. This is in agreement with the key role of the calcium
phosphate cluster in the relaxation. The role of the calcium phosphate cluster in the
chemical exchange mechanism was first demonstrated by investigating the effect of
pH, the addition of a chelating agent to milk, or the addition of calcium and
phosphorus to sodium caseinate [6, 12]. The calcium phosphate complex appears
to locally affect the mobility of the casein chain and plays the role of a strong
relaxing agent for the surrounding water molecules. Conversely, if casein micelles
are coagulated by adding rennet, which does not modify the casein-casein interaction
due to the calcium phosphate complex, no variation in the relaxation time of water
and exchangeable proton is observed [12, 13]. Note that the slight variation reported
by [12] is probably explained by an artifact of the fitting method. Indeed, two
relaxation times with values of around 90 and 120 ms are extracted with a discrete
multiexponential fitting method. Such close T2 values show that the water relaxation
cannot be described by a Dirac function but needs to be interpreted as a continuous
distribution [14]. Thus, the slight variation in the relative amplitude observed after
105 min of coagulation rather reflects the beginning of the shrinkage of the gel, than
the change in casein micelle caused by renneting.

Fig. 2 NMR relaxation of both exchangeable protein protons and water protons plotted in a
log � log scale and as a function of casein concentration in grams per gram of water. Casein
micelle solution (squares) and sodium caseinate solution (circles). The dashed lines are guides for
the eye (From Ref. [2], reprinted with permission)
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The sensitivity of 1/T2exch to the structure and the state of aggregation of whey
protein was demonstrated by Indrawati on β lactoglobulin solutions [15]. By
comparing the relaxation time T2 measured for β lactoglobulin gel and concen-
trated unfolded β lactoglobulin at the same concentration, Indrawati et al. showed
that the change in T2 was directly related to the aggregation of the β lactoglobulin.
The T2 decreased with an increase in the hydrodynamic radius, which is consistent
with a decrease in the exchangeable protein proton T2. Thermal aggregation
induced protein-protein interactions which consequently reduced the overall
mobility of the protein as a function of the increase in the hydrodynamic radius.
The same observations have been made for a milk concentrate solution at pH 5.3
processed by high-pressure homogenization at 300 MPA [16]. Samples with 4.2 g/
100 g of casein exhibited particle sizes of 4–300 μm compared with 0.01–1 μm for
sample with the same casein concentration with 3% added salt. The sample with
the larger aggregates was also characterized by a short T2 < 80 ms (and a T1 of
around 600 ms) compared with a T2 = 160 ms (T1 around 1 s) for the smaller
aggregates.

Thanks to the sensitivity of the NMR relaxation time to casein structure, this
technique has been extensively used during gel formation induced by thermal, high-
pressure [16], enzymatic processes [12] or by a change in pH [3, 17]. The advantage
of the NMR technique is the ability to monitor changes continuously to investigate
kinetic effects.

Interactions between dairy protein and polysaccharides have also been investi-
gated using T2 relaxation measurements. For example, Burgardt et al. [18] studied
microstructural modifications of gelified caseinomacropeptide (CMP) with the addi-
tion of carboxymethylcellulose (CMC). Whatever the concentration of CMP, addi-
tion of CMC resulted in changes in the monoexponential T2. The modifications
depended on the CMP:CMC ratio. At low CMP concentrations, a slight decrease in
T2 was observed with an increase in the CMC, as expected. But at a concentration of
0.6 g.Kg�1, the T2 increased when CMC was added at a concentration of 0.025 g.
Kg�1. In that case, the CMC had a plasticizing effect which weakened the CMP
network [18].

Applications of NMR are not limited to casein systems and several studies have
been performed on whey systems. The sensitivity of the T2exch to protein structure has
also been used to investigate thermal denaturation of whey proteins [19], the effect of
pH on gel structure [20], whey-polysaccharide interactions [21], and protein-protein
interactions [22]. These changes have been reported in pure protein solutions as well
as in complex formulation concentrates [8]. The formation of gel under high pressure
has been investigated in a mixture of α-lactalbumin and β lactoglobulin [23]. The T2

relaxation curve was fitted using a three-exponential decay model, but the effect of gel
formation was observed on the two major relaxation components. A significant
decrease was observed for both T2 and their relative amplitude after high-pressure
treatment, which could be attributed to a decrease in protein mobility and a change in
the homogeneity of the sample, because the difference between the two T2 values
decreased significantly (T2a = 12.6� 0.6 ms and T2b = 42.9� 0.7 ms in the solution
and T2a = 17.5 � 0.9 ms and T2b = 24.3 � 1.9 ms in the gel).
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T2 Relaxation Mechanism in a Diffusion-Limited System

The relaxation mechanism described above is only valid when the fast diffusive
exchange limit has been confirmed. If the diffusion coefficient is slow compared to
the relaxation rate, then the water molecule will not be exchanged and the NMR
signals will be characterized by several components of water relaxation, each with its
own relaxation time. The NMR signal is therefore given by Eq. (2)

Y tð Þ ¼ A1 exp � t

T21

� �
þ A2 exp � t

T22

� �
þ of f set (2)

In this case, each exponential term will be an NMR signature of the two local
environments. The limit between the fast and slow diffusion regimes is given by

a2Δ
1

T2

� �

D � 1.

The change from a fast to slow diffusion regime is therefore a very sensitive way
to detect slight modifications in the distribution of water in a sample. This change
from single exponential was first reported in rennet gel [13]. Indeed, rennet gels are
unstable and because of the gel shrinkage, a release of the whey, called syneresis, is
observed. A soon as syneresis starts, the relaxation become biexponential and each
component can be attributed to each water fraction, the water fraction expelled from
the gel, and the water fraction confined in the gel shrunk [13]. The NMR method has
been used to study the effects of chemical factors on syneresis such as ionic strength
and pH, or physical factors such as temperature [1] and to simultaneously monitor
the kinetic effects of lactic fermentation on casein destabilization and its conse-
quences for the water retention properties of yoghurts [24], or to investigate the
effect of the addition of polysaccharide on the water retention properties of milk
drinks [14]. For example, Solomonsen et al. [14]. studied the effect of pectin on
whey separation in acidified milk drinks. A narrow monoexponential T2 distribution
was observed in samples with more that 0.3% of pectin, which corresponded to
stable samples with no whey separation. Conversely, broad monoexponential T2

distribution was observed in samples with low or no added pectin but with clear
whey separation. This change in the T2 distribution is clearly a signature of the
heterogeneity of the gel sample related to the stability of the sample against whey
release. This was illustrated by the influence of temperature on T2 relaxation. The
samples were heated from 5 �C to 25 �C and then cooled to 5 �C. A reversible T2

variation was observed in samples with pectin, but a new T2 component with a T2

value above 1000 ms was detected in samples with a low concentration of pectin,
due to expelled whey.

The sensitivity of water relaxation time to water distribution in porous samples
was used to propose a new NMR method to characterize the water-binding capacity
(WBC) of protein microparticles. WBC is commonly calculated from the dry matter
of the protein suspension hydrated in excess water and the weight of a pellet after
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centrifugation to remove the surplus water [25]. This method assumes that the
amount of water confined between the particles can be disregarded. Recently, Peters
et al. [25] demonstrated that water relaxation in a pellet of whey protein micropar-
ticles can be described by two water relaxation times. The first T2 (10 ms) was
attributed to the water inside the microparticles, and the second one (T2 = 100 ms)
was attributed to the water between the microparticles. The authors then demon-
strated that some variation in WBC determined by centrifugation can be explained
by a change in the amount of the water confined between the particles and not by a
change in the water inside the microparticles. The NMR method is consequently
more accurate because it allows the quantification of the two water fractions
separately.

Water-holding capacity can also be measured using a method based on washing
out water using heavy water [26]. T2-experiments were performed before and after
washing with D20. The reduction in the NMR signal is therefore proportional to the
amount of water replaced and related to the water-holding capacity of the sample,
assuming that the NMR signal for liquid fat protons is negligible.

Finally, the NMR method has also been proposed to monitor powder rehydration
[27]. The advantage of the NMR method is that measurements are performed under
stirring at a controlled temperature. As a consequence, the NMR method provides
complete kinetics of the rehydration process and can be used whatever the compo-
sition of the powder. Moreover, due to the sensitivity of T2 to protein structure, the
method also enables to discriminate the powder according to the denaturation of the
protein induced by the preparation of the concentrate before drying and by the drying
process itself.

Complex and Fatty Dairy Products

Analysis of the NMR relaxation time in concentrated dairy products such as cheese
is very difficult to interpret because of the multiexponential relaxation behavior. This
nonexponential behavior can have different origins: first, the composition of the
cheese, so that the contribution of protons from different molecules, fat, protein, and
water, has to be taken into account; second, the diffusion limited process, which, as
mentioned above, can induce multiexponential behavior of the water phase; third,
the experimental conditions of the measurement. For example, the choice of the
number of points and the interecho spacing in the CPMG can considerably modify
the number of components. For example, it was found two relaxing components in
mozzarella cheese, one with a T2 of around 7 ms and a second one with a T2 of
around 20 ms at 5 �C from a CPMG decay curve acquired up to 70 ms [28]. Con-
versely, in another study on the same system, four relaxation components were found
from a CPMG curve acquired up to 4.8 s at 8 �C, the shorter one around 7.2 ms, the
second one around 16 ms, the third one around 69 ms, and the longest around 488 ms
[29]. Finally, the choice of the fitting method should also been considered. Care
should be taken when using a nonlinear discrete method to process the relaxation
curve. For example, in cream cheese with 6% fat content, around 79% moisture
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content, 0.4% salt content, and a pH at 4.4, a biexponential fitting was used with a
first T2 at 54.3 ms and a second one at 126.7 ms with a relative intensity of 23.7% for
the first component [30]. Conversely, when a continuous distribution method was
used to fit the CPMG curve of a similar cream cheese with very similar composition
(4% fat, 78.5% water, pH 4.17, and 0.17% salt), three relaxation times were
obtained, T21 = 2.8 ms, T22 = 11.1, and T23 = 82.3 ms, with a relative intensity
of 1.3%, 0.9%, and 96.1%, respectively [31]. The difference between the two results
highlights the sensitivity of the results to the processing method and to the acquisi-
tion parameters, which, in turn, influence the interpretation of the data.

In cheese, the first attribution of the different relaxing component to the fat,
protein, and water protons was proposed by [32]. The full range of relaxation was
measured from a combination of free induction decay and a CPMG curve from 11 μs
up to 4 s and fitted by the following equation:

Y tð Þ ¼ A1 exp � t

T21

� �2

þ A2 exp � t

T22

� �
þ A3 exp � t

T23

� �

þ A4 exp � t

T24

� �
þ of f set (3)

To validate the attribution of the relaxation parameters to a specific proton molecule
fraction, an approach was used based on the comparison of two cheeses, a soft cheese
versus a hard cheese, the effect of changing the measurement temperature from 6 �C to
12 �C in order to change the solid/liquid fat ratio, and including measurements of the
anhydrous fat extract from the same cheese. The conclusions were that the T2 at 17 μs
mainly explained the solid fat fraction and partly explained the nonexchangeable
protein protons, and the T2 at 100 μs was explained both by a fraction of the semisolid
fat and protein proton. From the CPMG, the T2 of 13 ms for hard cheese and of 30 ms
for soft cheese was mainly explained by the water phase, and the second component
with a T2 of 13 ms for hard cheese and of 7 ms for soft cheese was attributed to liquid
fat. The analysis of the relaxation distribution of the extracted fat in the liquid state
showed a wide distribution of T2 from 7 to 30 ms at 6 �C. The complexity of the fat
relaxation has also been reported in a cheese model [33, 34] and from D-T2 measure-
ments of numerous dairy products [11]. From these studies, it appears that the water
relaxation and the liquid fat relaxation are often superimposed and the different
components cannot be attributed to fat or water separately. This observation was
confirmed by T1-T2 or T2-D experiments [11] and also by water and fat saturation
CPMG sequences [35]. Finally, a contribution of the protein proton to the CPMG
signal could not be excluded [32]. It should be mentioned that the work reported by
Chaland et al. [32] did not consider possible multiexponential behavior of the water
protons, which introduced a higher level of complexity in the interpretation of the data.
This multiexponential behavior has been reported in sheep cheese measured at 20 �C
by using a CPMGwith an echo time of 7.9 ms and including a fat suppression scheme
measured at 300 MHz [35]. A bimodal T2 water distribution was observed with a first
peak centered at approximately 9 ms and a second peak at 35 ms. A single peak
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characterized by a broader distribution between 20 and 100 ms attributed to fat was
observed from a water-suppressed CPMG sequence curve. Biexponential behavior
was also reported for water relaxation in cream cheese and in mozzarella cheese [29,
30]. The fast relaxation component with a T2 = 7.2 � 0.8 ms was attributed to water
molecules trapped in the casein. The relaxation component with T2 = 16.2 � 0.1 ms
was attributed to the water inside the mesh of the gel network, this value being
controlled by diffusive exchange [29]. In nonfat cream cheese, a first T2 at 61.7 ms
and a second one at 149 ms were obtained with a relative intensity of 57% for the first
component. Changing the pH from 4.4 to 5.0 or changing the salt content from 0.4 to
0.9 resulted not only in a change in the T2 value but also in marked variation in relative
intensity [30]. Such variations are a clear sign that in such a cream cheese, water
relaxation should be considered as a wide T2 distribution reflecting a water diffusion
regime induced by local heterogeneity in the water distribution, and should not be
interpreted as being caused by different water mobility regimes.

Finally, when interpreting their results, several authors failed to mention a possible
contribution of protein protons. It is known that the contribution of the exchangeable
protein proton have to be taken into account and the changes in water T2 cannot be
discussed in terms of bound or free water or water mobility as it was still previously
reported.

Despite the difficulty in attributing the relaxation component, several investigations
of cheese microstructure have been performed using NMRwhich demonstrated the high
sensitivity of the technique. For example, NMR relaxation time measurements have
been used to investigate the effect of pH on the casein gel structure of cream cheese [30,
31], the addition of emulsifying salt in processed cheese [36], changes occurring during
heating [37], the effect of freezing [38], the effect of the different processing stages in the
manufacture of imitation cheese, and the effect of starch in such processed cheeses
[39]. Ripening has been also investigated by NMR. During ripening, the variation in T2
can be related to a change in protein mobility and hydration induced by pH and
hydrolysis, and the migration of salt [35]. Changes in water distribution have been
investigated in mozzarella cheese. For example, three water relaxation components have
been identified in mozzarella cheese [29], one for serum water, the water accumulated in
the large open channels of the protein network, one for the water inside the meshes of the
casein gel-like network, and one for water trapped in the casein matrix. A decrease in the
T2 from the serum was observed during aging, and was attributed to a change in the
microstructure of the cheese induced by the rearrangement of the protein network. The
effects of the composition of the surface of the fat globule on water-holding capacity
have been studied in rennet-derived retentates [33]. Reconstituted fatty retentates were
prepared from a fat-free retentate mixed with different fat-in-water emulsions stabilized
with native phosphocaseinate (NPC) or sodium caseinate. The coagulation of retentate
reconstituted with native fat globules (fresh cream) and industrial fatty retentate was also
investigated. The results showed that fatty products reconstituted from fresh cream and
the industrial retentate had less water-holding capacity than that obtained with native
phosphocaseinate (NPC) or sodium caseinate emulsions. The high sensitivity of water
relaxation to any change in the structure of the protein network has been also used to
propose an NMR method to distinguish Sardinian sheep cheese made from heat-treated
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or raw milk [40]. Cheese made from heat-treated milk showed a significant difference in
the relative intensity between the two water relaxation times. In heat-treated cheese, a
high relative fraction (70–80%) for the water T2 around 9 ms was obtained compared to
the raw milk cheese, for which the opposite was observed.

Dairy Powder

Only few studies have been performed on dairy powder [41]. In such systems, the
complete relaxation decay curve should be measured with a combination of a free
induction decay (FID) and the CPMG sequence [41]. The signal was described by a
Gaussian exponential equation with a sinc function and an exponential equation:

Y tð Þ ¼ A1 exp � t

T21

� �2
sin btð Þ
bt

þ A2 exp � t

T22

� �
þ of f set (4)

where b is a constant, A1 is the proton of the solid fraction, A2 is the proton fraction
of the mobile component mostly from water, and T21 and T22 are the corresponding
relaxation times. The sinc term is used for systems with a highly structured solid
phase which show a sinusoidal oscillation at the end of the Gaussian phase in the
echoes. The second moment can be calculated according to:

M2 ¼ 1

T2
21

þ 1

3
b2 (5)

The transversal relaxation time T21 of the immobile component as a function of
the temperature difference from the glass transition temperature Tg remained rela-
tively constant independently of the physical state (Fig. 3). Conversely, the T22 was
very low for powder in the glassy state and increased considerably beyond the glass
transition temperature (Fig. 4). Thus, the physical state has a major impact on the
transversal relaxation time T22 of the mobile component. Moreover, crystallization
led to a step increase of the second moment. From the second moment, the crystal-
line state can be distinguished from amorphous powders, i.e., glassy or rubbery in
the case of model dairy powders. The power of NMR to characterize the chemical
stability of dairy powders and to complement the stability concept based on the
physical state was demonstrated [41].

Fat Relaxation

Measurement of Solid Fat Content

Among the NMR-based techniques used for quality control in the food industry, the
solid fat content method is the most widespread. The technique can be used for
quality control as well as for more exhaustive studies of the interactions (compatibility/
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Fig. 3 Transversal relaxation time T2,1 of the immobile component as a function of the temperature
difference from the glass transition temperature after heating the model dairy powder (From Ref.
[41], reprinted with permission)

Fig. 4 Transversal relaxation time T2,2 of the mobile component as a function of the temperature
difference from the glass transition temperature after heating the model dairy powder (From Ref.
[41], reprinted with permission)
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incompatibility) that occur in fat mixtures containing vegetable oil and anhydrous milk
fat to improve the formulations of butyric-based shortening and butter-like spreads
[42]. Many improvements have been made since the first implementation of this basic
method. It has been demonstrated that greater accuracy in the measurement of the solid
fat content could be achieved by combining FID and CPMG acquisition. This method
also takes the α and β polymorphic forms of the fat crystal into account. It simulta-
neously provides the solid fat content and the ratio of the α and β polymorphic forms in
the crystal phase. An extension of the method has also been proposed to adapt it to
emulsions [43, 44]. For such complex products, the solid fat content can be deduced
after a full deconvolution of the NMR relaxation curves and by converting the mass
fraction of each ingredient into a proton fraction using the proton density of each
ingredient. Another extension of this method based on the rheo-NMR method has
been proposed, with which the SFC content of anhydrous fat can be measured directly
under shear, and the impact of the shear rate can be analyzed [45].

Polymorphism and Crystal Organization

Parallel to the development of these T2-based approaches, changes in T1 relaxation
of the solid phase have been investigated [46]. For example, changes in T1 were
observed during the storage of a model mixture consisting of a liquid and a solid
triacylglycerol. Changes in T1 with storage time followed a power-law model which
was related to the Ostwald ripening phenomenon, which corresponds to the melting
of smaller crystals to form larger ones. An increase in the thickness of the crystals
was suggested to explain the increase in T1.

The sensitivity of the T1 relaxation time of the organization of fat crystals has also
been observed in fat mixtures with added surfactant and in food emulsions. For
example, marked variations in T1 were observed as a function of the cooling rate of
milk fat. A shorter T1 was observed for a faster cooling rate, and the T1 was reduced
when surfactants were added, compared to the T1 from the dairy fat with no
surfactant. In dairy emulsions, a change in T1 relaxation time of the fat crystal was
observed depending on the maturation temperature of the emulsion. A narrow range
of T1 was obtained with a maturation temperature of 4 �C, whereas a bimodal
distribution was obtained with a maturation temperature of 12 �C. Changes in the
T1 relaxation time of the crystallized fat phase have also been reported in ice cream
mixes and in ice cream [47]. The T1 of the crystalline phase thus seems to be a very
interesting parameter to investigate the behavior of food containing significant
amounts of fat, since the fat crystal network gives food its physical properties.

Liquid Fat Phase and Crystal Network

The relaxation time of a mixture of lipids in the liquid state is characterized by a wide
continuous distribution of relaxation times, in both T2 and T1, and is influenced by
the length of the carbon chain and also by the amount of unsaturation, which
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complicates the interpretation of the relaxation times of the lipid phase [48]. Never-
theless, despite this wide distribution, a mean T2 value can be calculated which
makes it possible to explain the expected relationship between the molecular mobil-
ity (reflected by T2) and the viscosity and chain length of the triacylglycerol. It
should be pointed out that this relationship is only valid in a nonconstrained system,
in other words in the absence of a crystal network. Indeed, in porous media, the spin-
lattice relaxation time (T1) and the spin-spin relaxation time (T2) depend on inter-
actions with the surface of the pores [48]. The T1 and T2 relaxation times at the
surface are reduced by dipole-dipole interactions, cross relaxation, and chemical
exchanges. Due to the surface relaxation mechanism, the relaxation times are shorter
in pores with a high surface-to-volume ratio. This phenomenon was used to explain
the behavior of the mean T2 value of a tricaprin in the liquid state in a tristearin
crystal network during storage. In this situation, the amount of liquid phase remained
constant and the change only depended on modifications to the specific surface area
developed by the crystals. In dairy cream, the behavior of the T2 distribution of the
relaxation as a function of the temperature has been reported [34]. The results
revealed different behavior according to the low or high content of long-chain
fatty acids in fat as function of temperature. The effect of the size of fat droplets
was also considered to significantly contribute to the difference observed in the two
fat samples at 31 �C. In that case, a surface relaxation mechanism explained by the
droplet membrane was considered to explain the effect of the droplet size on fat
relaxation. Of course, at 4 �C, the difference was smaller because the fat is partially
crystallized.

NMR Diffusion

Water Diffusion in Dairy Suspensions and Gels

In addition to relaxation, water diffusion experiments are a unique way to investigate
changes in water mobility. Many authors have reported monoexponential water
diffusion decay in different dairy systems such as casein, caseinate, and whey protein
suspensions [2, 4, 7, 49, 50]. All these results demonstrated a high degree of
universality plus the fact that the casein structure had no effect on the water diffusion
coefficient in a wide range of casein concentrations up to 500 g/l, and that water
diffusion is not related to the rheological properties of the dispersion [2]. The slight
differences between water diffusion in casein and in globular proteins such as whey
protein can be explained by difference in hydrophobicity, since casein is an open
structure and hence less hydrophobic than globular proteins. Moreover, no differ-
ence in water diffusion was observed regardless of the method used to prepare the
gel, i.e., acid or rennet gel [3, 49]. However, heat treatment of the whey protein
solution caused a slight reduction in water diffusion, which was explained by a
change in the accessibility of the whey protein aggregates to water [4]. In the case of
casein, overall accessibility to water was not significantly affected by the formation
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of a gel. It was concluded that water diffusion in protein systems follows a general
trend whatever the protein system studied [2] (Fig. 5).

The specific effects of casein and fat content on water diffusion have been
described in a cheese model [33]. The experiments demonstrated that water diffusion
was not only explained by the water content of the cheese model, as had been
expected. The obstruction effects induced by the casein and the fat globules on the
water diffusion differed. The reduction in the water diffusion coefficient was less
with fat than with casein. This was explained by the internal diffusion of water
molecules in the casein, which significantly reduced diffusion. A model describing
the effects of water content on water self-diffusion was proposed. This model
includes the effects of the composition of the aqueous phase, the obstruction effects
of casein, and the effect of fat droplets on water diffusion. It requires no structural
information on the gel network since no effect of the network structure has been
observed, except when the water distribution inside the gel becomes heterogeneous
and when the serum phase starts to release. This model was validated using infor-
mation obtained from industrial cheese.

Thanks to the development of new algorithm for two-dimensional Laplace
inversion, two-dimensional spectra-based T2-D acquisition spectra have been
performed to improve the assignment of multiexponential relaxation behavior. The
D-T2 distribution functions improved separation of the water and fat features
because of the marked difference between the water diffusion and fat diffusion
coefficients [11]. This separation was independent of the chemical composition.
Such methods offer many opportunities for sample characterization [11, 51].

Diffusion has been often measured at a constant value of diffusion time,Δ, for the
whole range of protein concentrations. For casein system, no variation has been
reported in the diffusion coefficient for Δ between 20 and 200 ms up to a casein
concentration of 0.19 g/g [49]. The same results have also been reported at higher
concentrations [2], which confirms the presence of a free diffusion water regime in
casein systems. Contradictory results were obtained in cheddar and mozzarella
cheeses [37]. For such sample, a large variation has been reported for the water

Fig. 5 Concentration
dependence of water self-
diffusion: casein micelle
solutions (squares), sodium
caseinate solutions (circles),
whey protein solutions (stars)
(From Ref. [2], reprinted with
permission)
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diffusion according to the diffusion time. This variation was explained by tortuosity
effect of the porous matrix. In this study, relaxation measurements were done with a
300-MHz MRI scanner, and the relaxation of water was measured selectively with a
CPMG based on the water frequency values. A biexponential fit was used and each
T2 was assigned to different water fractions. A short component with a T21 between
9 and 14 ms was associated with the fraction of water, while the longer T22 with a
value around 100 ms was associated to the water in a free state. This component
contributed significantly to the diffusion experiment as the echo time for diffusion
measurement was 3.8 ms. The attribution of the second component to water is
questionable since no variation was reported between the cheese samples despite
their different water content. Moreover, a strong linear T22 variation during heating
was reported. The T2 value range is compatible with fat relaxation and the temper-
ature dependency was the same for the cheddar and mozzarella cheeses which is
expected for fat relaxation. Moreover, this component represented a larger fraction in
cheddar cheese which is surprising since the amount of water is less for this sample
compared to the mozzarella cheese. Therefore, pollution from the fat signal cannot
be underestimated. So, we assumed that this component can be attributed to a
residual fat signal as observed previously [40] and contributed to the time diffusion
experiment which should not be related to tortuosity effect.

In gels with 15% whey protein concentrate prepared from commercial whey
protein isolate, biexponential decays were observed for the ratio of the stimulated
echo amplitude with and without applied field as a function of the diffusion distance
Δ [52]. Two diffusion coefficients were computed, a free water self-diffusion
coefficient and a restricted water diffusion, and changes in the measurement tem-
perature were discussed in terms of changes in the porosity of the gel systems and
changes in the composition of the solvent phase.

Probe Diffusion in Dairy Systems

From the works cited above, water diffusion experiments do not appear to be a very
sensitive way to obtain microstructural information about dairy products. This
explains why the majority of the diffusion studies on dairy products have been
based on measuring the diffusion of polymer probe molecules of different molecular
weights. One of the most commonly used probe molecules is polyethylene glycol
(PEG). A first group of studies was performed on whey protein systems and casein
systems [53]. The main findings of these studies showed that diffusion of the probe
was affected by (i) the protein concentration, PEG diffusion decreases with increas-
ing protein concentration, (ii) PEG diffusion decreases with increasing polymer size
(Fig. 6), and (iii) the state of the matrix (solution or gel), PEG diffusion increases
after coagulation.

Other studies showed that the PEG diffusion coefficient for PEG molecular
weights above 8440 g/mol in a casein gel was strongly dependent on the structure
of the casein network [54]. Marked variations in PEG diffusion were obtained
between rennet gel, acidic gel, and the gel obtained by a combination of both
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processes. A kinetic NMR probe diffusion approach was proposed to investigate
changes in the microstructure of the sample, which provided a way to distinguish
between the change in the casein aggregate size and the change in the network
porosity [55]. The effect of casein microstructure was extensively investigated by
comparing the reduced diffusion coefficient of PEG in casein micelle and sodium
caseinate [56]. The biggest reduction was observed in a sodium caseinate suspen-
sion, because of the difference in the size of the casein particles and the entanglement
of the systems. The deformability of the probe was also investigated in casein and
caseinate systems by comparing PEG diffusion and a nondeformable dendrimer
probe with the same hydrodynamic radius (Fig. 7) [57]. The results showed that the
deformability of the probe has to be taken into account above a casein critical
interaction concentration C*. Above C*, the diffusion coefficient of the non-
deformable probe is significantly reduced compared to that of the deformable
probe. When the critical casein concentration limit is reached, NMR probe diffusion
can be used to investigate the porosity of the casein particle itself.

Finally, a combined experimental approach including the simultaneous measure-
ment of the translational mobility of the probe from diffusion experiments and the
rotational or local mobility measurement from T2 experiments was proposed
[58]. Different relaxation behavior was observed in casein and sodium caseinate
systems and a delay in T2 relaxation time was highlighted in rennet and acid casein
gels. These results were interpreted in terms of changes in the local mobility of the
matrix itself.

Pulsed field gradient NMR has been also used to investigate casein diffusion in a
casein system [49, 59]. For example, the diffusion of casein particles was monitored

Fig. 6 Plot of the normalized PEG self-diffusion coefficient in casein suspensions versus casein
concentrations for different PEG molecular mass. Full lines are only guides for the eyes (From Ref.
[53], reprinted with permission)
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during the renneting of a concentrated casein micelle suspension [59]. This study
showed that the self-diffusion of both casein particles and soluble caseins can be
determined simultaneously, and that changes can be linked to the key stages of
coagulation process. Two diffusion coefficients were also measured in sodium
caseinate and attributed to soluble casein compounds and casein particles
[56]. The sizes of the casein particles estimated by the Stokes Einstein relation
were consistent with the casein size distribution determined by dynamic light
scattering in both casein micelle and sodium caseinate systems. The variation in
the normalized diffusion coefficient as a function of the casein concentration was
investigated in the two casein systems and discussed assuming a noninteracting hard
sphere diffusion model. Below the critical interaction concentration limit, the results
were consistent in the two systems. Above this concentration of casein, the non-
interaction hard sphere model failed and entanglement and interpenetration had to be
taken into account.

Magnetic Resonance Imaging

Among all the NMR-based methods, magnetic resonance imaging has been poorly
developed in dairy science despite the fact that the technique has a wide range of
possible applications.

The first group of applications focuses on the development of MRI protocols to
obtain water and fat distribution in dairy products or for the determination of casein
concentration in dairy products in unopened packages [60]. Several NMR

Fig. 7 Comparison of reduced self-diffusion coefficients of 0.1% w/w of PEG3.16 (~)/PEG7 (•)
and G2.84 (○); G3.51 (Δ)/G6.27 (◊) dendrimers in relation to casein concentrations in NPC
suspensions measured at T = 20 �C (From Ref. [57], reprinted with permission)
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parameters are used to determine water content, e.g., proton density and spin-spin
relaxation time T2, since both depend on water content. The T2- or the T1-based
approach is usually preferred over gray level-based methods, since these methods are
less sensitive to variations in gray level caused by the nonuniformity of the coil used
for excitation and acquisition of the MRI signal. Other methods based on the
differences in resonance frequency between fat and water protons have been pro-
posed to provide water- or fat-suppressed images. However, the accuracy of their
absolute quantification remains to be evaluated. These methods have been used for
the determination of water distribution during the draining of curd [1], to simulta-
neously monitor the release of calcium and the swelling of sodium caseinate isolate
suspended in the aqueous solution [20, 21], and to monitor changes in feta cheese
during brining [61].

The second group of applications focuses on the determination of the macro-
scopic structure or organization of cheese. This approach was first used to quantify
the morphology of holes by MRI. More recently, a 3D MRI method combined with
an image processing algorithm was proposed for the characterization of individual
eyes in semihard cheeses [62]. It was successfully used to evaluate the number,
volume, and spatial distribution of eyes. Investigation of individual eye characteris-
tics during ripening allowed differentiation of eye behavior. The MRI method made
it possible to highlight the effects of a salt gradient and of a water gradient on the
spatial heterogeneity of eye growth [63]. A dedicated setup was developed for the
simultaneous measurement of pressure and volume in a single eye of semihard
cheese [64]. Finally, criteria computed from texture analysis methods were also
used for the classification of soft cheese as a function of the processing conditions,
and to predict the sensory textural properties of the cheese. Other examples focused
on the determination of rind thickness and analysis of the structure of blue-veined
cheeses.

The third group of applications exploits the sensitivity of T2 water relaxation to
changes in the molecular dynamics of protein. For example, this property has been
exploited for the study of cheese ripening [35] and the effects of freezing-thawing on
dairy gels. As explained previously in the NMR section, a change in T2 can be
related to a change in the structure of the protein network caused pH or by heat
treatment of milk. For example, a method combining MRI measurement with
multiexponential analysis of water proton magnetization decay was able to differ-
entiate cheese made from heat-treated milk cheese from cheese made from raw milk
[40]. Other MRI applications focus on the effect of temperature on cheese. For
example, differences between unfrozen pasta filata and non-pasta filata were noted in
the T2 histogram. After a freezing-thawing process, the T2 histogram was modified
and this effect depended on the original structure of the cheese and also on the
storage time, the differences being explained by the microstructure of the gel, and by
the damage to the protein structure caused by the freezing-thawing process. The
structural changes that occurred during heating of mozzarella and cheddar cheeses
were also investigated using T2-MRI map images. The images showed large areas of
fat aggregations within the cheddar structure after being heated at 65 �C and cooled
back to 20 �C, but no macroscopic fat clusters were visible in the T2-MRI map image
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of the mozzarella sample [37]. Finally, other applications used the specific effect of
paramagnetic ions such as manganese on water relaxation to investigate the uptake
of divalent ions in whey protein gel immersed in a water solution [65].

Future Trends

The NMR and MRI applications described in this chapter confirm the potential for
noninvasive characterization of the effects of dairy processing and how information
about composition, internal structure at different scales, and molecular mobility can
improve our understanding of the mechanisms involved in dairy formulation and
engineering. Whatever the NMR or MRI protocol used, the relaxation mechanism
should always be taken into consideration. This a crucial step in dairy production not
only because of the high sensitivity of water relaxation to the concentration and
structure of casein, as well as the structure of the casein network, but also because
dairy products contain often a significant amount of fat which complicates the
interpretation of relaxation data and is therefore often a source of complication
that results in errors. However, because dairy products and dairy ingredients offer
a wide range of applications, and because NMR and MRI are always the subject of
new developments, the combination of the two will provide fascinating new results
in the near future.
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