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Why important in food research?

The non-invasive, non-destructive nature of both methods and the fact
that both qualitative and quantitative data on and
properties of a wide range of specimen can be gathered, have made
NMR relaxometry and MRI popular in food-related applications.
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Magnetic Resonance Imaging

In photography , there is an object and a light source
that emits light. The light is reflected off the object and
Is then received by a photographic plate within a
camera. This, of course, is utilization of the visible light
window of the electromagnetic spectrum. Visible light

RF
Transmit

G~

does not penetrate the object, but instead is reflected RF
off of it. Receive
) Light source
Ob]eCt Figure 2-11, In MRI, an RF wave, or an RF pulse,

is transmitted into the patient, and a signal is
received from magnetized spins (protons} in
the body.

In MRI, low -frequency radio waves

penetrate the tissue and reflect
» o back off magnetized spins within

Figure 2-9. In photography, light is reflected off the object and is

received by a photographic plate in a camera. ‘th e O bj ect i

Camera




Contrast g A Difference in Internsity

Contrast in an Image

In the figure, an MR image of two peachesis given.

Some areas of the images are displayed lighter ,
some are darker.

This is the result of changing signal intensities
coming from different parts of the peach.

Thus, the change in tone is a function of T, T, and
proton density

Variations in chemical content and cellular
structure cause changes in T; and T, data
differentiating local signals received from the
material .




Contrast g A Difference in Internsity

Signal Intensity in an Image

Intristric variables Intristric variables

A Spin-Lattice Relaxation Time, T, A Repetition Time, TR
A Spin-Spin Relaxation Time, T, A Echo Time, TE
A Spin Density, m A Inversion Time, TI
A T,* A Flip Angle, |

A T,*

T,* falls on both lists because it contains a
component dependent on the homogeneity of the
magnetic field and the the molecular motions.
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Signal Intensity in an Image
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Contrast g A Difference in Internsity

Signal Intensity in an Image

‘R 1000

E 15
TE 100 TE 50 LOW tissue contrast
TR 3000 spiidsd Jigh SNR

High tissue contrast Low tissue contrast
Good SNR High SNR




Contrast g A Difference in Internsity

water supressed




T, Inversion Contrast

T, Inversion Contrast
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T, Inversion Contrast

How theory works in practice ?

Effect of Acquisition Parameters

By changing the acquisition parameters, it is possible to gather images that are more T, T,,
proton density weighted or a mix of three.
In the figure, three images of the same tomato are given with different imaging parameters.

T, weighted T, weighted Proton density
TR =600 ms TR = 3500 ms weighted
TE =6ms TE =55 ms TR = 3500 ms

TE=6ms




Applications

Analysis of Postmortem Muscle

Fat suppressed Water suppressed
Image Image

Spin Echo Image

TE=12 ms and TR= 2000 ms.




Applications

Hydrogel Swelllng
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Applications
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Applications

Hydrogel Swelling
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Applications

Hydrogel Swelling
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Applications

Hydrogel Swelling
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Magnetic Resonance Imaging (MRI) and
Relaxation Spectrum Analysis as Methods
to Investigate Swelling in Whey Protein Gels

Mecit H. Oztop, Moshe Rosenberg, Yael Rosenberg, Kathryn L. McCarthy, and Michael J. McCarthy

Abstract: Effective means for controlled delivery of nutrients and nutraceuticals are needed. Whey protein-based gels,
as a model system and as a potential delivery system, exhibit pH-dependent swelling when placed in aqueous solutions.
Understanding the physics that govern gel swelling is thus important when designing gel-based delivery platforms. The
extent of swelling over time was monitored gravimetrically. In addition to gravimetric measurements, magnetic resonance
imaging (MRI) a real-time noninvasive imaging technique that quantified changes in geometry and water content of these
gels was utilized. Heat-set whey protein gels were prepared at pH 7 and swelling was monitored in aqueous solutions
with pH values of 2.5, 7, and 10. Changes in dimension over time, as characterized by the number of voxels in an
image, were correlated to gravimetric measurements. Excellent correlations between mass uptake and volume change
(R? = 0.99) were obtained for the gels in aqueous solutions at pH 7 and 10, but not for gels in the aqueous solution at
pH 2.5. To provide insight into the mechanisms for water uptake, nuclear magnetic resonance (NMR) relaxation times
were measured in independent experiments. The relaxation spectrum for the spin—spin relaxation time (13) showed the
presence of 3 proton pools for pH 7 and 10 trials and 4 proton pools for pH 2.5 trials. Results demonstrate that MR
and NMR relaxation measurements provided information about swelling in whey protein gels that can constitute a new
means for investigating and developing effective delivery systems for foods.

Keywords: magnetic resonance imaging (MRI), swelling, T (spin—spin relaxation time) distributions, whey protein isolate

(WPI) gels

D 2010 Institute

Journal of Food Science » Vol. 75, Nr.8, 2010 doi: 10.1111
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Further reproduction without permission is prohibite
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Uptake of Divalent lons (Mn*2 and Ca™>)
by Heat-Set Whey Protein Gels

Mecit H. Oztop, Kathryn L. McCarthy, Michael J. McCarthy, and Moshe Rosenberg

Abstract Divalent salts are used commonly for gelation of polymer molecules. Calcium, Ca™2, is one of the most
common divalent ions that is used in whey protein gels. Manganese, Mnt2, is also divalent, but paramagnetic, enhancing
relaxation decay rates in magnetic resonance imaging (MRI) and can be used as a probe to understand the behavior of
Ca*+? in whey protein gels. The objective of this study was to investigate the diffusion of Ca*? and Mn™*? ions in heat-set
whey protein gels by using MRI and nuclear magnetic resonance (NMR) relaxometry. Whey protein gels were immersed
in solutions containing MnCl, and CaCl; at neutral pH. Images obtained with gels immersed in MnCl, solution revealed
a relaxation sink region in the gels surface and the thickness of the region increased with time. These “no signal” regions
in the MR images were attributed to uptake of Mn*+? by the gel. Reesults obtained with CaCly solution indicated that
since Cat? did not have the paramagnetic effect, the regions where Cat? diffused into the gel exhibited a slight decrease
in signal intensity. The relaxation spectrums exhibited 3 populations of protons, for gels immersed in MnCl; solution, and
2 populations for gels in CaCl, solution. No significant change in T, distributions was observed for the gels immersed
in CaCly solution. The results demonstrated that MRI and NMR relaxometry can be used to understand the diffusion
of ions into the whey protein gel, which is useful for designing gels of different physical properties for controlled release
applications.

Keywords: calcium, magnetic resonance imaging, NMR relaxometry, whey protein gels

Practical Application: Design of food systems for delivery of bioactive compounds requires knowledge of diffusion rates
and structure. Utilizing magnetic resonance imaging the diffusion rates of ions can be measured. Relaxation spectra could
yield information concerning molecular interactions.

© 2012 Institute of Food Technologists®
Journal of Food Science = Vol 77, Nr. 2, 2012 doi: 10.1111./1.1750-2841.2011.02541 %
Further reproduction without permission is prohibited



Characterization of Water Distribution
in Xanthan-Curdlan Hydrogel Complex Using

20 40 60 80 100120 20 40 60 80 100 120 20 40 60 80 100 120 E§2000
1500
1000
500

20 40 60 80 100120 20 40 60 80 100 120 20 40 60 80 100120 O

Figure 1-Representative magnetic resonance images (MRI) of curdlan (top row) and the xanthan curdlan complex hydrogels (bottom row) prior to
freezing (A and D) after one freeze-thaw cycle (B and E) and after the 5th freeze-thaw cycle (C and F). The left image in each group is the control. The
scale on the right gives the relationship between signal intensity and grayscale for the images. Axes in the images denote the voxel numbers.

Keywords: curdlan, nuclear magnetic resonance relaxometry, rheclogy, water distribution, xanthan

Journal of Food Science »
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Fig. 7. MR images acquired for a RI00A—0W bead suspended in the xanthan-sucrose solution initially (t = 0), at 1.5 h, and at 20 h (left to right across the row).

n

o
n
o

8

8 8
8 8 8

100 100

120 120

20 40 € & 100 120 20 40 € 8 100 120 20 4 e 80 100 120

Fig. 8. MR images acquired for a RS0A—50W bead suspended in the xanthan-sucrose solution initially (¢t = 0), at 1.5 h, and at 20 h (left to right across the row).
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Whey protein with good integrity and zero order rate kinetics for the release of riboflavin. The release rate of the
bioactive component was more rapid that the typical shelf life of a bottled beverage however, the work
represents a step toward the design of this type of functional food through characterization of the
encapsulation medium,



Applications

Digestion Studies

Physical Changes in White and Brown Rice during
Simulated Gastric Digestion

Fanbin Kong, Mecit Halil Oztop, R. Paul Singh, and Michael ). McCarthy

Abstract: Previous studies have shown that brown rice generates lower glycemic responses than white rice, a trait that
may be beneficial in the dietary management of chronic diseases such as diabetes and hyperlipidemia. The objective of this
study was to investigate influence of rice digestion on the physical properties of the gastric digesta that may further impact
intestinal absorption. A dynamic stomach model, human gastric simulator, was used to simulate the gastric digestion
of white and brown rice. The pH, solids content, and rheological properties of the gastric digesta, as well as the size
distribution of particles were studied. Static soaking was conducted to reveal the changes in moisture absorption and

- texture in rice kernels during simulated gastric digestion, as affected by shaking and the acid in gastric juice. Magnetic
=1 g resonance imaging (MRI) was used to image the diffusion of gastric juice into the rice kernels. The results indicate that
B the bran layer on brown rice had a profound effect in digestion, as it inhibited the absorption of moisture and acid leading
3= to decreased texture degradation, thus delaying the rice disintegration as well as dissolution and slowing emptying of
-§ § solids. MR is effective in exhibiting the diffusion of gastric juice as affected by gastric acid and the influence of bran.
§§ This study provided quantitative evidence regarding the manner in which structural differences between white and brown

rice affect their gastric digestion.

Keywords: diffusion, emptying, gastric digestion, magnetic resonance imaging (MRI), pH

Practical Application: The study presented in this paper focuses on how the structural differences in white and brown rice
affect their gastric digestion. This information may help consumers to better understand the health benefits associated

with eating brown rice.

Journal of Food 5cience » V

ol. 76, Nr. 6, 2011




Applications

Digestion Studies . ; :
t=0 =28 min t=76 min t=158 min
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Figure 11-MRI images of rice kernels after immersion in gastric juice (pH = 1) at 37 °C for different time periods. Top: white rice, bottom: brown rice.
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Fig. 10. Inversion-recovery spin echo images of peanuts in gastric juice (the red/yellow color indicates moisture, and blue color indicates samples with less moisture). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Texture breakdown of peanuts. Static soaking test indicated that the disintegration rate, as indicated by half time,

Magnetic Resonance Imaging (MRI) has a good exponential relationship with the textural parameters of soaked samples. MRI shows
potential as being used to analyze the mass transfer phenomenon in solid foods under digestion.

© 2012 Elsevier Ltd. All rights reserved.




Applications

Oil migration

Journal of Food Measurement and Characterization (2018) 12:1460-1472
https://doi.org/10.1007/511694-018-9761-0

ORIGINAL PAPER
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Oil migration in hazelnut paste/chocolate systems using magnetic
resonance imaging

Sevil Cikrikci' - Mecit Halil Oztop’

Received: 10 August 2017 / Accepted: 21 February 2018 / Published online: 22 February 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Oil migration in confectionery products results in undesired quality changes of confections such as fat bloom. Oil migration
and the resulting bloom formation in chocolate could be an important quality defect in a confectionery product. This study
addressed to evaluate mass transfer of liquid oil on two-layer chocolate model systems prepared from hazelnut paste over
different dark chocolate formulations by utilizing magnetic resonance imaging (MRI). Through the use of MRI, it becomes
easier to predict the rate of migration and the effect of different ingredients on bloom formation. For five chocolate formula-
tions stored at 30 °C over a time frame of 22 days, experimental data acquired through MRI were modeled using a Fickian-
based mathematical model to calculate diffusion coefficient (D). Using two different equations for boundary condition at
upper chocolate surface, two models were evaluated and logistic type boundary model was shown to fit exhibit a better fit.
In addition, associated constants (Cg, p, t;) for time dependent upper boundary conditions were determined. Average dif-
fusivities of all samples varied in the order of 10~'" m%s. This study addressed the potential use of MRI for visualization
and quantification of migration for different chocolate formulations.

Keywords Hazelnut paste - Oil migration - Chocolate - Magnetic resonance imaging (MRI)




Applications

Oil migration

Representative samples for each type of

chocolate formulation over hazelnut paste

SIEMENS,3T MRI instrument

The samples were stored at 30 = 0.5 °C for MR measurements.

Spin echo sequence (SE)with a repetition time (TR) of 800 ms
and echo time (TE) of 13 ms with 3T system (SIEMENS
MAGNETOM Trio, Germany) were used.

Sample Cocoa Cocoa Sugar Splenda Stevia Inulin  Lecithin  Maltodextrin
mass  butter (gr)  (9r) (@)  (gr)  (9n) (ar)
(gn (gn)

F1 40 25 14 - - 15 05 5

F2 40 25 14 05 - 15 0.5 5

F3 40 25 14 05 15 05 5

F4 40 25 - 05 - 15 05 19

F5 40 25 - - 0.5 15 0.5 19




Applications

160 500 500 — —— -
15 1 a0
w o 5
a0 1 4 ﬂ i
1 i ‘A
350 1 = “ f\
i
Iy
0 g 1w 1AV \
30¢ @ 230 4 © 20
200 1
60
150 | {10
400
100 {1 1
200 5 1 = f
i .
/ - L .
0 R - ) . i e e
0 (I Wow o W w W W & m R @ % m
- Distance alona orofile
500 50 -
; 50
ol
1 w0 | i 1 150 | 1
il \ !
Y o 1 \“‘ | w i d |
W U W
o 1 0 JH | 1
1 A \
J Vi
) 30 V 1
2:50p 1 o
1 @ fi 7 J‘ 1
| 1 |
i \ 200 ,‘1 1
L b
150+ J \/
1 | | 1
00} \ 1 k
1 \ ] Y ‘ 1
1ol o W A w“
N 50 VAN S e Aee o 1
| Wha L [
f \ i Vvl
870 80 %0 0D e EEEEEEEEE 0 M N N & 50 & 0 8 %W
Distance along profle Distance along profile Distance alang peofle
100 150 200 250 50 100 150 200 50 100 150 200 250

Representative MR profiles during storage




Applications

Day 1

Day 2

Peanut butter Day 3
Chocolate

Day 5

Day 7

Mathematical Modeling of Heat and Mass Transfer
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Initial condition

Oil migration Aon Aon
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Mathematical Modeling of Heat and Mass Transfer
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Oil migration
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Table 1
R? [ coefficient of determination) values for the relaxation spectrum parameters (T5.,

- Ll
Ap p I I C atl O n S Top, R2a, Rap) and moisture and fat content of nuggets (based on linear relationships).

Coating type Crust Core Coating type Crust Core

Methylcellulose Control

Temperature: 191 °C

O|I and MOlsture Dlstrlbu'“on Tz, Vs moisture content 0.955 0.998 Ta, Vs moisture content 0.946 0953

Ts, vs fat content 0.675 0.979 T, vs fat content 0.936 0.906
T2, vs moisture content 0.948 0.956 Ty, vs moisture content 0.747 0972
T,, vs fat content 0.955 0.946 T, vs fat content 0.800 0904
R3, vs moisture content 0.998 0.807 R, vs moisture content 0.961 0903
R, vs fat content 0.836 0.728 R,, vs fat content 0.922 0.947
Rzp vs moisture content 0.988 0.938 Ry, vs moisture content 0.883 0.964

3000 Ryp, vs fat content 0.981 0.938 Ry, vs fat content 0.827 0922

Temperature: 177 °C

T2, vs moisture content 0.765 0.811 Ty, vs moisture content 0.702 0963
T,, vs fat content 0.995 0.920 T, vs fat content 0.952 0.757
T2, vs moisture content 0.878 0.899 T3, vs moisture content 0.730 0.949
Ts, vs fat content 0.879 0.977 Ty, vs fat content 0.811 0.704
R34 vs moisture content 0.984 0900 R», vs moisture content 0.887 0.901
R, vs fat content 0.675 0979 R,, vs fat content 0.999 0.709
Rsp vs moisture content 0.987 0.949 Rs, vs moisture content 0.750 0950
Rap vs fat content 0.673 0.944 Ry, vs fat content 0972 0.753

2000

% Using multi -slice-multi -echo images with
G NMR relaxometry to assesswater and fat
T distribution in coated chicken nuggets.

Amp (arb)

2] o
10 %0,
oo

%0, (LWT - Food Science and Technology 55 (2014) 690 -694)

0 50 100 150 200
Time (ms)
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Figure 5. SE images of cakes with peanut/raisin. Top: Control cake, middle: Raisin cake, bottom: Peanut cake. Fat suppression SE
images (left), water suppression SE images (middle), proton density weighted SE images (right). *Cakes in the same row are
replicates.
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Sekil 1: Su supresyonu sekansi kullanilarak alinan findik Sekil 2: Spin eko sekansi kullanilarak alinan findik manyetik
gorintileri (soldan saga : 0., 1., 3. giin) rezonans (MR) gérintileri (soldan saga : 0., 1., 3. glin)
Figure 1: Hazelnuts magnetic resonance (MR) images by using Figure 2: Hazelnuts magnetic resonance (MR) images by using
water suppression sequence (Left to right; 07, 1¢, 3° days) fat suppression sequence (Left to right; 0", 1%, 3° days)

Electron Microscopy (SEM), humidity, temperature, hazelnut




Fresh alginate Stale alginate Fresh control Stale control

Fresh alginate Stale alginate Fresh control Stale control

Fresh alginate Stale alginate Fresh control Stale control

Fig. 5. The proton-density (a), T1 (b) and T2-weighted (¢) magnetic resonance images of control and 0.3% alginate added steamed rice cakes






