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Abstract 

Magnetic resonance tech띠ques including nuclear magnetic resonance (NMR) and magnetic resonance 
imaging (MRI) are used 없 new and powerful sensor technology. NMR is used for ac매iring time and 
frequency domain information nondestructively from biosystem. MRI is intensively used in medical area 
and has been developing as a technique for studying the unit operations during food processing. Phe
nomena such as phase changes‘ σ없lsport prope띠es， and interactions which determine the structure and 
S때bility of P따tic비ar foods can be an외yzed. These techniques are presently utilized as a tool to refine 
theoreticaI models for improving food processes such as canning, freezing, frying, drying, form and 
emulsion formulation, crystallization, and extrusion processes. Also, they are being used as a nondestruc
tive tool for detecting intemal quaIity factors of food and ag디cultural products, as well as quality factors 
such as bruises, 따y reglOns, 、νorm damage, stage of maturity, and presence of voids, seeds, and pits of 
food and agriculturaI products. These techniques are now being utilized in developing on-line quaIity 
monitoring and evaluating sensors ‘ 

Key words: nuclear magnetic resonance (NMR), magnetic resonance imaging (MRI), food , nonde
structJve, sensor 

Introduction to Nuclear Magnetic 

Resonance (NMR) and Magnetic 

Resonance Imaging (MRI) 

ηle significant advantage of Nuclear Magnetic Reso

nance (NMR) specσoscopy is that it is a nondestructive 

method. A variety of NMR techniques exist which can 

provide structural inforrnation. High resolution NMR 

specσoscopy is a ba~ic tool for biologists and chemists. 

까llS technique is often used to measure distances be

tween atoms. Magnetic resonance imaging (MRI), an 

extension of 2-D NMR specπoscopywas 1띠tially devel

oped as a medical diagnostic tool. MRI is successful in 

the medical field and has been recently applied in the 

bi.이ogical and agricultural area due to the advance of 

computer technology and the potenti며 for low-cost MRI 

system manufacture. MRI provides the macroscopic 

spati외 disσibution of information based on the chemical 
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and electronic environment of nuclei within a sample. 

Chen et al. (1989) demonsσated that MRI can be used 

for evaluation of various intemal quality factors of fresh 

fruits and vegetables. NMR is not h따n띠11 to products 

and does not damage product quality, and can be used in 

exanrining food stability and structure, moisture nrigra

tion, rheology, phase changes, etc. (McCarthy, 1994; Kau

ten 뻐d McCarthy, 1995; Hills, 1995; McCarthy and 

McCarthy, 1996). Rapid MRI techniques should provide a 

basis for on-line product sorting based on intemal q뻐ity 

of the prtxluct (Chen et al., 1996; Kim et al., 1999) 

까lere 없-e several NMR sensitive nuclei such as lH, 
13C, 19p, 23Na, 31p, and 39K that are found in most of bio-

logical materials. Among these nuclei 'H is the most 

abundant in all biological materials (Gadian, 1995). In 

this study, therefore, the discussion about NMR and 

MRI will be focused on ’H. 

A. NMR Spectroscopy 

1) Nuclear Magnetic Resonance (NMR) Principles 

When nuclei with a magnetic moment, like protons, 
are placed in 뻐 extemal magne디c field the sample 
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develops a net macroscopic magnetization, M. This 

magnetization is generated along the direction of the 

applied field. πle magnetic moments of these nuclei 

tend to align along the magnetic field direction and pre

cess about their own 뻐es at a specific frequency (ω。)

which is related to the magnitude of applied extemal 

magnetic field. 까le frequency can be expressed as the 

following equation known as the Larmor relationship: 

m。 = 뻐o(rad/s) 걱 Vo = 잃Bo(Hz) 

where y inrad. s-1 . Gauss -1 and Bo in Gauss. The 

magnitude of M is proportional to the number of proton 

eH) in a s없nple. 돼egyromagne디c ratio is constant and 

varies with a nucleus (y of 'H is 2.68xl04 rad . s• 1 

Gauss -1 ). M is detected with the aid of an additional 

radio frequency (RF) pulse (B,) excitation. 까le role of 

B1 is to nutate M to .xy plane where NMR signal can be 

acquired. Following an extemal excitation, the signal 

induced in the receiver coil decays exponen디며ly with 

respect to time. πlÍs phenomenon is called relaxation. 

During relaxation the spins to retum to their equilibrium 

energy levels by transferring energy into the surround

ings. Relaxation is described by two processes. One is 

longitudinal relaxation (spin-Iattice or T j relaxation) and 

the other is transverse relaxation (spin-spin or T2 relax

ation). 

From equation (1) identical nuclei precess at the same 

frequency in the same extemally applied magnetic field. 

ln a real sample the local magne디c field at each nucleus 

varies as a result of the influence of the local chemical 

and electronic environment on the applied magnetic 

field. Therefore, the total effective magnetic field, Beff ’ 
IS 

Beff = Bo( 1 - 0") 

where cr is shielding constant. Combining equation (1) 

and equation (2) results in a new expression: 

v。 = 잃Bo(I- O") 

ηle magnitude of cr is related to the chemical environ

ment of the nucleus, therefore, proton ('H) nuclei in oil, 
sugar, and water generate signals at different frequen

cies. πle chemi때1 shift is defined as the resonance fre-
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Fig. 1. SuperiI때osed S야ctra of an avocado 뻐d a plum 
sho때ng oil and water resonance 야빼S from 뻐 avocado 
and sug없· 없ld water 1웠i뻐ance 야~ks from a p뻐n. 

quency sep따ation from an arbitr;뼈ly chosen reference 

frequency and is expressed in terms of ppm (1 ppm= 

느램f x 10 
6 

) of the 때plied magnetic field (Gadian, 
Y ref 

1995). An example of chemic떠 shift in a 'H NMR s야c
trum is shown in Figure 1. From Figure 1, the resonance 

frequency separa디on of oil and water from an avocado 

S야ctrum is 3.5 ppm and sugar and water from a plum 

S야Cσum is 1.1 ppm. 

2) Spectroscopy 

After B, excitation a sign떠， s(t), is induced in the 

receiver coil. The signal, s(t), decays at a rate of T 2' and 

expressed in the following equation: 

S(t) ∞ εPiexp(-jωjt)exp( -t/T ;i) (4) 

(2) 

where i is the index of a component, and j indicates 

imaginary number. ηlÍs signal is known as the Free 

Induction Decay (FlD). 

A NMR specπum signal, S(ω)，obtained by a Fourier 

transforrn of an FlD signal, s(t), is a pl아 of the amount 

of energy absorbed at a s야cific frequenιy， and ex

pressed as: 

I L I • 2. 
s(ω) oc )~pjl ‘ ;;-;;; I 

T 11 +(ωj- ω)‘T심 
(3) 

(5) 

* πle intensity of S(띠 is influenced by T 2
i
' Pj ’ and 

chemical s뼈야 effect of a component i (Ga벼an， 1995). 

Figure 1 displays typic때 specσ'a of an avocado 때da 

plum. In the avocado s야Cσum water and oil compo-



neous field and the linear gradient‘ The frequency 
specπum can easily be converted into a position-depen
dent signal intensity. By the proper application of gradi

ent one-, two- or three-dimensional mappings of the 

NMR sign외 intensity can be recorded (McCarthy, 
1994). 

2) NMR Image Generation 

There are three basic terms to understand MRI: 

slice selεction， phase encoding, and frequency encod

ing. For this paper slice selection will be associated 

with the z- direction, phase encoding with the y-direc

tion , and frequency encoding with the x-direction as 

shown in Figure 2. 

To localize NMR sign떠s along the z-direction in a 

sample, slice selection is performed. To select an orthog

onal plane to the z-direction with a certain slice thick

ness, 1‘l' a shaped RF pulse and a linear gradient along 

the z-direction are used as shown in Figure 2. The NMR 

signal is encoded with the y-position by using phase 

encoding. The phase of NMR signal is a function of y 

제 5 권 제 4 호 (20m년 11 월) 

nents have separate resonance peaks. In the plum spec

σum water 없ld sugar components have separate re

sonance peaks but they very close to each other. There

fore , higher magnetic field is required to improve the 

resolution of different components based on their chem

ical shifts. 
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B. Magnetic Resonance Imaging (MRI) 

1) MR1 Principles 

MRI is a collection of experimental techniques, which 

are designed to allow one to measure the NMR prφer

디es of a s없nple as a function of spatial position. The 

experiment proceeds by placing the sample in a homo

geneous extemal magnetic field. Additional pulsed lìn

ear magnetic field gra이ents are used to produce a 

frequency variations across the sample which can be 

converted into spa디al c∞rdinates. The relationship 

between frequency and magne디c field is: 

(7) 

where G~ is magnitude of gradient along phase encode 

direction, and t$ is phase encoding time. The NMR sig
nal along the x-direction is encoded in terms of fre

quency. 까le frequency dependence of the NMR signal is 

expressed as: 

and expressed as follows: 

$(y) = yGljltljlY 

(6) 

where ω is the Larmor frequency (rad/sec), G is the lin
ear magnetic field gradient (in Gauss/cm) and x is the 
spatial distance (cm). For instance, if a linear gradient G 

is applied in the x direction then the precessional fre
quency becomes a function of the sum of the homoge-

ω = y(B + Gx) 

where Gf is magnitude of gradient along frequency 

encode direction. 
To generate a two-dimensional static magne디c reso

nance image, the time domain data S(t) is arranged as a 

frequency dependent data set, S(kx' 에 ink-space, 

S(kx ' kv)= 

(8) ω(x) = yGfx 

I 

”
。
〈
용
 

(9) fJfp(x, y, z)dz exp[i2π(kx x + kyY) ]dxdy 

↑-피~‘ y 

where ~=(2πrl 
yGf 4. ~=(2πrl 

y G$ t$' and 4 is dwell 
time (C떠lagh없1， 1991). The data set S(kx' ky) is Fourier 
transformed to obtain a proton densiη two-dimensional 

lmage, 

p(k, y)= 

Fig. 2. Diagram showing slice selection, ph없e enc때ing， 
and frequency en때피ng gradlents, 뻐dtl따d of views in 
frequency 뻐d ph짧 encode directions, FOVr and FOV‘
Gray volume ir애icates slice selected region where t삐ck
ness is 1,.1 in a cylindrl때1 sample. 
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ffS (kx ， ky )exp[-i2π(kxx + kyY)]빽ky (10) 

Field of views of a magnetic resonance image in fre

quenεy encode direction (FOVf) and phase encode direc

tion (FOV ,,) can be controlled in the following manner: 

FOVf :::: (2π)(YGftf) l 
h 

υ
 

1 ( 

and 

FOV q, = (2π)(YAGm%) l (12) 

where óGφ is gradient increment along phase encode 
direction. 

3) Contrast in NMR Images 

In MRI‘ a spin-echo is very important MR phenome

non used 10 acquire an MR image. The amplitude of the 

MR signal which is proportional to the concentration of 

mobile protons at a certain point in a sample causes the 

intensity or brightness at that position in a magnetic res

onance image. Mobile proton density, and relaxation 

times T I and T 2. which are sample-dependent parameters 

are good sources for generating con1rast in an MR 

image. There are two important experimental parameters 

used to acquire an MR image. These are repetition time 

(TR) which is the time interval from the beginning of a 

p비se sequence until the beginning of the next pulse 

sequence, and echo time (TE) which is time gap from 

the first radio frequency (RF) pulse of a pulse sequence 

to the middle of a spin echo (Callaghan, 1991). These 

parameters can be varied to provide contrast that descri

bes the structure of a sample. Table 1 describes three 

types of spin echo images, proton density, T2 weighted, 
and T1 weighted images, generated by changing TR and 

TE. The spin echo image signal, S(t), is a function of 

proton density, T1 relaxation and T2 relaxation: 

S(t) cx: ~:riexp( - TE/T 2)(1- exp(-TE/T li)) (13) 

where TE is echo time, TR is repetition time and i is a 

Table 1. Cont뻐st sources for spin echo NMR images 

Image TE TR Contrast 
Proton density <<T2 >>T , Proton density 
T, w('ighted -T, >>T] T、

T] w('ighted <<T2 -T , T, 

261 

component index. 
If both TR and TE have values comparable to TJ and 

T2 respectively it is called mixed T] and T2 weighted 

imaging. However short TRs used toge야ler with long 

TEs lead to an overall decrease in signal intensily, which 

is not usually desirable. Generally, TR is used to control 

T] weighting and TE is used to control T2 weighting. 

Short T2 tissues are dark on T2 weighted images, but 

short T] tissues are bright on T1 weighted images. T] and 

T2 weighting is applied only to samples with multiple 

values of T I and T 2. hence the objective is to enhance the 

signal from one component relative to the other. 

Additional factors affecting the conσast of an MRI 

image are chemical exchange of molecules, inhomoge

neity of local magnetic field due to variations in the dia

magnetic susceptibility within tbe sample (for ex없nple， 

intercellular liquids and intracellular air pockets have 

different suscep디bility) ， and motion of spins through 

spatial variatÌons in the magnetic field. 

Applications of NMR Techniques in 
Food Reasearch 

Sever떠 recent advances in NMR and MRI published 

after the review by Schmidt and L며 (1 991) and McCar

thy (1994) wiU be highlighted. These recent advances 

are in sensor development and structure determination. 

The interest in using tomographic sensors to con

trol industrial processes has interested in the last 10 

years. Unique aspects of MR tomography incIude 

sensitivity to a variety of physical and chemical prop

erties, measurements are rapid and the signal is based 

primarily on the intemal properties of the sample. 

Two important issues ìn the development of MR 

based sensors are the influence of motÌon and con

struction of a low-cost flexible system. In additìon to 

measuring physical properties MR can be used to 

quantify structure. A quantitative measure of food 

microstructure is important for understandìng macro

scopic properties like viscosity, permeability and tex

ture. Recent advances in the use of NMR techniques 

to monitor food processing incIude viscosity mea

surement of fluid and examination of mixing process. 
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1. Measurement of Quality 

1.1 Maturity of fruits 

As fruits mature they have more water and oil , which 

can be detected by the MR techniques. Figure 3 shows 

two kinds ofkiwi fruits, one is immature and the other is 

mature. There are three clear layers regardless of their 

degree of maturity. However, the center part (refer 

arrows) of an immature kiwi fruit generates less signals 

than that of a mature one. πlÌs indicates that MRI can be 

used for determining kiwi maturity. 

1.2. Cherry Structure 

Using a inversion recovery ima밍ng pulse sequence, 

l-D images of a cherry wìth a pit at various ìnversìon 

recovery (IR) 디mes， 100 ms, 200 ms, 300 ms, 400 ms, 
500 ms, 600 ms, 664 ms, 700 ms, 800 ms, 900 ms, 1000 

ms, 1200 ms, 1500 ms, 2000 ms, 3000 ms, and 5000 ms 

were acquired. Figure 4 shows that the cherry flesh signal 

Fi용 3. lmage of immature (top) and mature (bottom) 
kiwis- ‘00 parameters: TR=250 rus and TE=50 ms 

can be suppressed with a suitable recovery time and hence 

the presence of a pit can be directly de않cted. In this case 

an IR time of 664 ms is suitable for pit detection. 

Applications of imaging methods contrast to spectr벼 

methods in that acquisition times are short, typically on 

the order of 10 ms. It is the time delays in the pulse 

sequence which limit the tbroughput. Two approaches 

can be taken to increase throughput, either image multi

ple fruits or separate radio fr，어uency/gradient coil 

assemblies for different p따ts of the sequence. Separate 

radio frequency/gradient coil assemblies 없'e obviously 

not the preferred approach since the capital costs and 

engineeringldesign costs would rise rapidly. 

2. Determination of Sample Structure 

2.1 Cheese 

In the producing and marketing of cheeses, cheese 

quality evaluation is very important. The quality of 

cheese is determined by its structure and body features. 

255 
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Fig. 4. R.얹I parts of 1.D images of a cheπγ with va히ous 
recovery times generated by the inversion recoveη p띠se 

sequence. 

Fig. 5. Magnetic resonance image of Swiss cheese showing l00xl00 pixel subimage (Ieft), zoomed subimage for texture 
analysis (center) and processed binarγ subimage for structure analysis (꺼ght). 
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evaluating cheese intemal sσucture is essential. 

Rosenberg et al. (1991) reported that MRI showed a 

high potential as a nondestructive method to evaluate the 

intemal characteristics of Swiss-type cheese. MRI c뻐 

be used for detecting defects such as small eyed, large 

eyed, and, frog mouth, which 따'e critically important for 

망ading cheese. 

Thesπucture of eyes and the intemal tex.ture of Swiss

type cheeses were nondestructively measured on from 

magnetic resonance irnages. Figure 5 shows a procedure 

for processing of a two-dimensional magnetic resonance 

image of Swiss cheese to obtain intemal structure and 

tex.ture. The first step is to exσact a I 이)x.l00 subimage 

from a two-dimensional image. The second step is to 

calculate m않n gray value, standard deviation, ang비ar 

second moment and contrast of gray scale image to 

define the intemal texture of Swiss cheese. The third 

step is to exσact a binary image of eyes from a gray scale 

image by a thresholding method. The last step is to 

determine the number of eyes, thinness ratio, cross-sec

tional area, and the eye center location by chain coding 

and labeling rnethods for identifying eye structure. Mag

netic resonance imaging combined with image and tex

ture analysis has a high potential for automatic nonde

sσuctive qua1ity evaluation of Swiss-type cheeses based 

on classification of eyes and intemal structure. This 

grading protocol will seπe as a model for other types of 

processed foods (Kim et al., 1996) 

2.2. Gels 

Characterization of the microstructure of hydrogels by 

SEM and similar techniques can usually only be accom

plished after a prepara디on procedure which may alter 

the structure of the biopolymer networks. NMR relax

ation techniques have been applied to study gels and it 

has been shown that relaxation processes are sensitive to 

the morphology of g려s (Belton, Hills, and Raimbaud 

1988). Traditional pore geometries used to interpret the 

relaxation measurements are spherical‘ cylindrical or 

planar. These geomeσies 따e not suitable to characterize 

the fibrous network in low solids fraction hydrogels. A 

more appropriate geometrical model is one based on 

cylindrical single fibers, a fiber-cell model (Chui , Phil

lips, and McCarthy 1995). 까le relaxation times and the 

model arc used with the magnetization-di뻐Jsion equa-

tion to determine pore mdius distributions. πùs method 

will be useful to measure the microstructure and changes 

in the microstructure occurring over length scales from 

nm to 50 μrn. πùs technique ís able to monitor changes 

in microstructure induced by processing opemtions like 

freezing. 

3. Single Cell Imaging 

lnterpretation of NMR data from groups of intact cells 

is complicated because an average measurement is 

obtained (Aiken, Hsu and B1ackband, 1995). Improved 

interpretation can be obtaíned if the NMR characteristics 

of the indivídual components in cell assemblíes were 

known. This is the basic motivation for NMR ímagíng of 

single cells. πle NMR characteristics of clustered cells 

are: 

• mono exponential spin-lattice relaxation 

• multi ex.ponential spin-spin relax.ation 

• lower intracellular díffusivities than extracellular dif

fusivities. 

The mechanisms responsible for thís relaxation and 

diffusion behavior ís not completely understo때. Addi

tionally, how relaxation and di삐lsion behavior change 

as a function of physiological and/or processing condi

tions is only just begín띠ng to be ex.arnined (Aiken, Hsu, 
and Blackband 1995). A detaíled revíew of single cell 

NMR imaging studies has recently been completed by 

Aiken and coworkers (Aiken, Hsu, and Blackband 

1995). Studíes to date have included both plant and aní

mal cells. Of import따lce to food scientist ís the ability to 

directly measure cell wall permeability and inσacellular 

restructuring under simulated storage and processing 

condítions. Ad띠tional detaíls can be found in the revíew 

by Aiken. Hsu, and Blackband (1 995). 

4. Food processing monitoring 

NMR techniques can quantify various physiochemic머 

quantities such as moisture content, temperature, viscos

ity, and food qualiη related to food processing and stor

ing. Studies of velocity profile of fluid, tempemture 

mapping of dryíng and freezing opemtion, and mixíng 

of materials wíth aids of NMR techníques gíve valuable 

ínformation to understand phenomena happened ín food 

research. Figure 6(a) shows velocity profile of water 
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(a) (b) 
Fig.6. M앨p1etic resonance in뻐ges of velocity protile of water (잉 and mixing of particle and n피d (b) (courtesy of Prof. 
M ..J. McCar깐lY). 

flowing throu뺑 a pipe acquired using an MRI flow 

imaging technique. With simultaneous measurement of 

pressure drop of the flow, shear viscosity of flowing 

material could be obtained without disturbing tlow sys

tem. Figure 6(b) shows series of magnetic resonancε 

images of mixing of p따ticles and fluid in a s디rred ves

seL η꾀s characterizes the mixing of p따ticles and t1uid 

under larninar mixing condition and observ않 았ructures 

that develop during the mixing process 

5. NMR sensor 
A high speed NMR quality evaluation sensor was 

design떠， constructed and tested (Chen et al., 1996; Kim 

et al., 1999. The feasibility test of NMR sensor was per

formed with du디an fruits. Spectra 0 1' each fruit were 

acquired at three different speeds, 100, 200, and 300 

mmls. From durian spectra three magnetic resonance 

peaks, water (at 0 ppm), sugar (at -1 ppm), and oil (-4 

ppm), were observed. With a higher conveyor moving 

speed the magnitude of magne디c resonance peak 0 1' 

wa~εr component was decreased. However, still there are 

clear three resonance peaks. If these three resonance 

peaks are related to the fruit maturity they can bε used as 

quality 1'actors for on-line NMR sensors (refer Figure 7). 

One needs to recognize that the requirement~ for spec

tra for process control are different than for classical 

αJr Jan speι.traatd’ namic condition 

Fig. 7. Durian spectra acq띠red at three different s야eds， 
100, 200, 300 mm/s. 

analytical spectroscopy. By the nature of the application 

the material to be exarnined will be moving. Motion will 

result in apparent changes in the relaxation rates (Tellier 

and Mariette, 1995). The changes will effectively tend to 

reduce spectral resolution and the signa!-to-noise ratio. 

The reduction has not significantly intluenced the 

quantization of the durian data. Details on conditions for 

quantitative analysis of tlow can be found in the chapter 

by Tellier and Mariette (1995). The reduction in spectral 

resolution resulting from the motion of the object is 

actually advantageous for process control. A faster 

relaxation rates results in faster data acquisi디on 뻐d 

hence increased throughput rates. Spectral data should 
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beacq뻐ro for at least 4 T 2 * to ensure the entire decay is 

recorded. πlUS， any increase in decay r따e results in a 

four folds decrease in acquisition time. 까lis also has an 

in f1uence on the design of the main magnetic field in 

terms of homogeneity to optimire throughput. 

Co아nc히lusions 

Magnetic resonance techniques including NMR and 

MRI 따e powerful tools for the study of food systems 

due to their nondestructive and noncontacting nature. 

The physical and chemical properties of foods and char

acterization of food processing could be obtained with

out disturbing the system. NMR and MRI sensors could 

be used as on-line process control sensors to measure 

intemal pro야띠es quantitatively. Intemal structure infor

mation of foods obtained by NMR and MRI provides a 

better understanding offood process. Microscopic imag

ing capability of NMR enables food researchers to 

directly measure the structure of cell wall. MRI informa

tion combined with classical analysis techniques pro

vides a more complete understanding of structure and 

chemical composition of food systems. 
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