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1 NMR IMAGING

Introdu tion
The nu lear magneti resonan e imaging (NMR imaging) enables to determine the spatial stru ture of measured obje ts. It is nowadays used espe ially
in medi ine sin e it produ es a lear anatomi al display with good tissue disrimination and with no radiation risk to patients.
The aim of my thesis was to prepare a new experiment for the student
laboratory. This experiment should demonstrate the basi prin iples of the
NMR imaging and allow students to familiarize with this very useful experimental method.

1

NMR Imaging

1.1 Frequen y en oding

The main prin iple behind the magneti resonan e imaging is the resonan e
ondition
(1)
!0 = B0
giving the linear dependen e between the resonan e frequen y !0 of a magneti
moment and the strength of the magneti eld B0 at the lo ation of this
moment. The resonan e frequen y an be determined from the measured signal
using the Fourier transformation.
Let us illustrate the prin iple of the NMR imaging on a simple example.
Consider a sample that is divided into three separated regions as in Figure 1.
In the homogeneous magneti eld there is only one peak at the frequen y
!0 = B0 in the NMR spe trum. If a magneti eld with a onstant gradient,
z
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Fig. 1: NMR spe trum in the homogeneous eld B0. The spe trum ontains
one peak at the frequen y !0 = B0.
z
Gzx = B
x = onst., is applied in onjun tion with B0 (Figure 2), then the three

regions experien e di erent magneti elds. The result is an NMR spe trum
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with three signals. Their frequen ies orrespond to the positions of individual
regions of the sample in the x dire tion,
!0 (x) =





B
B0 + z  x :
x

(2)

PSfrag repla The
ements
amplitudes of the signals are proportional to the number of spins in ea h
region of the sample. The des ribed pro edure is alled the frequen y en oding.
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Fig. 2: NMR spe trum in the gradient eld B0 + xGzx . Resonan e frequen ies
!1 , !2 , !3 orrespond to the positions x1 , x2 , x3 of sample regions.

1.2 Ba k proje tion

The ba k proje tion is an extension of the frequen y-en oding pro edure that
is used for more ompli ated samples. For su h samples the appli ation of
a magneti - eld gradient in one dire tion only does not give enough information to re onstru t the shape of the sample. This problem an be solved by
applying the gradient in several di erent dire tions. The shape of the sample
an be then dedu ed from all re orded spe tra (see Figure 3).
The method of rotating gradient des ribed above an be equivalently
repla ed by the method of rotating sample. The te hni al realization of the
latter is easier sin e the presen e of a stationary magneti - eld gradient in one
dire tion is only required. Therefore this method was hosen in our experimental setup.
In the ba k-proje tion method we measure a set of spe tra for n di erent angles between the sample and the magneti - eld gradient. The angles
stret h from 0Æ to 180Æ with the step size Æ. The measured spe tra are then
pro essed in the following way. First, all spe tra are proje ted into gray-level
images: The maximum value is found among amplitudes in the set of measured NMR spe tra. White olor is assigned to this maximum, shades of gray
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Fig. 3: Ba k proje tion: By using eld gradients at several angles the positions
of the spin- ontaining regions an be determined.
are assigned to other values. One measured spe trum and the assigned proje tion is shown in Figure 4. All grey-level proje tions an be then pro essed
mathemati ally in order to re over the shape of the sample.

(a)

(b)

Fig. 4: Assignment of the NMR spe trum (a) and its proje tion (b).

1.3 Contrast

In order to distinguish various substan es ontained in the sample, the intensities of the signals originating from them should di er. The relative di eren e
between the areas of the high signal intensity and the low signal intensity is referred to as ontrast. Images obtain prin ipal ontrast through the di eren e in
proton densities. Results of imaging depending only on di erent proton densities are alled %-weighted images. However, the proton density an be almost
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onstant in many ases and the ontrast of the resulting image is then insuÆient. An improvement of the ontrast an be a hieved by using di eren es in
spin-latti e relaxation times T1 and spin-spin relaxation times T2 of di erent
substan es in the sample. T1 -, T2- or %-weighted images an be obtained by
applying a onvenient pulse sequen e, whi h is a set of RF pulses applied to
the sample to produ e a spe i form of the NMR signal.
Contrast that depends on di erent spin-latti e relaxation times T1 an be
obtained e.g. by use of the inversion re overy pulse sequen e. Assume that the
sample ontains two substan es A and B . Signal intensity behavior of these
substan es is shown in Figure 5a. Figure 5b depi ts the time dependen e of the
di eren e of signal intensities MzA MzB . The di eren e rea hes a maximum

(a)

(b)

Fig. 5: (a) Signal intensity behavior of substan es A and B when the inversion
re overy pulse sequen e is applied. (b) Time dependen e of the di eren e of
signal intensities MzA MzB .
0 . Therefore, to obtain the optimal ontrast we have to set the parameat TInv
ter TInv (the delay between the 180Æ ex itation pulse and the 90Æ ex itation
0 . If T
A
B
pulse) to the value of TInv
Inv is set to the value T1 ln 2 or T1 ln 2, the
signal from substan e A or B totally disappears.
A T2-weighted image an be reated by applying the spin e ho pulse
sequen e. Signal de ay urves and the di eren e of signal intensities of substan es A and B are shown in Figure 6. The di eren e rea hes the maximum
value at TE0. When we set the delay between the 90Æ ex itation pulse and the
180Æ ex itation pulse to 12 TE0 ontrast of the reated image is the best.

2

Experimental part

2.1 Gradient oil

To re onstru t the spatial stru ture of a measured sample the presen e of
a magneti - eld gradient is essential. The method of the ba k proje tion with
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(a)

(b)

Fig. 6: (a) Signal de ay urves of substan es A and B when the spin e ho pulse
sequen e is applied. (b) Time dependen e of the di eren e of signal intensities
M?B M?A .
rotating sample, whi h is used in our experimental setup, requires a stationary gradient in one dire tion (e.g. x). A magneti eld with the onstant
gradient Bxz an be produ ed by a spe ial saddle oil pla ed on a ylindri al
surfa e. The main design problem is to optimize the position of ondu tors in
the oil and the urrent owing through them to a hieve an optimal form of
the magneti - eld gradient.
The basi element of the oil is a ir ular ar (Figure 7a), whi h is lo ated
in a plane perpendi ular to the z-axis. Its indu tion omponent Bz at the point

(a)

(b)

Fig. 7: (a) Coordinates for the omputation of the magneti eld of a ondu tor
in the form of a ir ular ar . (b) Saddle oils produ ing the gradient in the
x-dire tion.
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(x; y; z) is given by the Biot-Savart law
Z
I 
( x os  y sin  ) d
Bz (x; y; z ) =
4  [x2 + y2 + (z + d)2 2 (x os  + y sin  ) + 2℄ 32 ; (3)
where I is the urrent owing through the ir ular ar of radius and opening
angle 2, d is the z - oordinate of the plane in whi h the ar lies and  is the
permeability.
Eq. (3) an be simpli ed by the use of the relative oordinates
x
y
z
X= ; Y = ; Z=

to the formula
Bz

(X; Y; Z ) = B 0
z

Z




where

(1 X os  Y sin  ) d
3 ;
[X 2 + Y 2 + (Z + )2 2(X os  + Y sin  ) + 1℄ 2
(4)

and
= d:
(5)
An ideal x-gradient oil produ es a magneti eld with a onstant gradient
along the x-axis. The simplest type onsists of four symmetri ally positioned
saddle oils pla ed on a ylinder, as shown in Figure 7b. It ontains eight basi
ar s.
The magneti eld Bz (Eq. (4)) in the neighbourhood of the origin an
be approximated by the three-dimensional Taylor series
Bz0 =

I
4

Bz (X; Y; Z ) =

where

1

X

i;j;k=0

i;j;k X i Y j Z k ;

(6)

1  i+j+k Bz (X; Y; Z )
:
(7)
i! j ! k! X i Y j Z k X =Y =Z =0
As it is shown in the thesis, the only nonzero derivative of the rst order
is (in the on guration a ording to Figure 7b)
Bz
(2 2) sin  ;
=
2
Bz0
(8)
X 0
( 2 + 1) 25
The nonzero derivatives of the se ond order are
 2 Bz
3 B 0 2(1 4 2) (2 2 3) sin(2) ;
=
(9)
X 2 0 2 z
( 2 + 1) 27
 2 Bz
3 B 0 2(1 4 2) + (2 2 3) sin(2) ;
=
(10)
Y 2 0 2 z
( 2 + 1) 72
i;j;k =
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and nally the nonzero derivatives of the third order are
 3 Bz
1 B 0 3(4 4
=
XY 2 0 2 z

4
 3 Bz
0 (4
=
6
B
z
XZ 2 0

1 B 0 9(4 4
 3 Bz
=
X 3 0 2 z

27 2 + 4) sin  + 5(3
( 2 + 1) 29
27 2 + 4) sin  ;
( 2 + 1) 92
27 2 + 4) sin  5(3
( 2 + 1) 29

2

4) sin(3) ; (11)
(12)

2

4) sin(3) : (13)

To design an x-gradient oil we have to maximize the term (8) and to minimize
the undesirable terms (9){(13) by a suitable hoi e of the parameters , d
and .
To in rease the size of the gradient, whi h is produ ed by the simplest
type of the x-gradient oil (Figure 7b), a oil with more turns and layers an
be used. We used the x-gradient oil onsisting of four turns and two layers
(Figure 8).

Fig. 8: Realization of the x-gradient oil.
To test the homogeneity of the gradient, the magneti eld Bz was measured with the Hall probe and the measured values were onverted to the
proton resonan e frequen ies a ording to Eq. (1). The resulting dependen e
of the frequen y on the x- oordinate measured for I=2 A is in Figure 9. As
an be seen, the magneti eld is linear with a suÆ ient a ura y within the
operational area of the probe, whi h is a ir le with the diameter of 20 mm.
Outside of this area the linearity is not so good but it does not in uen e our
measurements.
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Fig. 9: Dependen e of the resonan e frequen y (f = 2 Bz ) on the x- oordinate,
I=2 A. The magneti eld Bz was measured with the Hall probe.

2.2 NMR spe tra in the gradient magneti

eld

NMR spe tra were rst measured on the sample that ontains two drops of
water (Figure 10a). The sample was rotated with the step of 10Æ. When the
two drops have di erent positions along the x-axis, there are two peaks in the
NMR spe trum. When the x- oordinates of both drops equal, there is only one
peak in the spe trum (see Figure 11). The dependen e of resonan e frequen ies
on the angle of the rotation is in Figure 10b. The experimental points are tted
with the urve f ( ) = f0  A sin .

(a)

(b)

Fig. 10: (a) Sample ontaining two drops of water. Real dimensions: diameter
20 mm, height 10 mm. (b) Dependen e of the resonan e frequen y on the
angle .

2 EXPERIMENTAL PART

13

Fig. 11: NMR spe tra measured on the sample (Figure 10a) in the dependen e
on the angle ( = 0Æ when the join of the enters of the two water ontaining
regions is perpendi ular to the gradient dire tion).
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2.3

%-, T1 -

and T2-weighted images

To demonstrate %-weighted images we used a sample that ontained water and
partially deuterated water, whi h has lower proton density. The volumes of
water and partially deuterated water in the measured obje t were the same.
The obje t was measured by means of the spin e ho pulse sequen e for 18 orientations with respe t to the gradient. The resulting image is in Figure 12b.
Partially deuterated water looks darker whi h is given by its lower proton
density.

(a)

(b)

Fig. 12: %-weighted image. (a) Spatial stru ture of the measured obje t (bla k
olor stands for water, gray for partially deuterated water). (b) Re onstru ted
image.
The T1-weighted image was demonstrated on a sample that ontained
solutions of opper sulphate with two di erent on entrations. The spatial
stru ture of the sample is illustrated in Figure 14a. The measurement was
done by means of the inversion re overy pulse sequen e for 18 orientations of
the sample with di erent values of the delay between the 180Æ ex itation pulse
and the 90Æ pulse.
Looking at the spin-latti e relaxation behavior of our solutions (Figure 13), it an be seen that the signal intensity of the half-molar solution
is nearly zero at TInv =2 ms. Therefore we set TInv to this value rst. As expe ted, no bright area appeared in the image reated by the ba k proje tion in the
pla e where the half-molar solution was lo ated (Figure 14b). For omparison
the measurement was done on the same sample but with TInv =10 ms. The
longitudinal omponent of the magnetization ve tor of both the molar and the
half-molar solution is almost relaxed at 10 ms. In the resulting image there are
bright areas in pla es where both solutions were lo ated, again in agreement
with the theory.
Similarly as the T1 -weighted image also the T2-weighted image was demonstrated by means of an obje t ontaining solutions of opper sulphate
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Fig. 13: Spin-latti e relaxation behavior of the molar and half-molar solution
of opper sulphate.

(a)

(b)

( )

Fig. 14: T1 -weighted image. (a) Spatial stru ture of the measured obje t (bla k
olor stands for the molar solution, gray for the half-molar solution). (b), ( )
Re onstru ted images { (b) TInv =2 ms, ( ) TInv =10 ms.
with two di erent on entrations. We used a ombination of the half-molar
and the quarter-molar solution (Figure 16a).
The measurement was done with the delay between the 90Æ pulse and
the 180Æ pulse in the spin e ho pulse sequen e set to 2 ms, where (as an be
seen in Figure 15) the di eren e between the size of the transverse omponents
of the magnetization approa hes its maximum. The image in Figure 16b was
reated by the ba k proje tion of the set of 18 spe tra measured for di erent
orientations of the sample. As expe ted the areas where the half-molar solution
was lo ated appear darker.
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Fig. 15: Spin-spin relaxation of the half-molar and the quarter-molar solution
of opper sulphate.

(a)

(b)

Fig. 16: T2 -weighted image. (a) Spatial stru ture of the measured obje t (bla k
olor stands for the half-molar solution, gray for the quarter-molar solution).
(b) Re onstru ted image { 21 TE =2 ms.

CONCLUSION
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Con lusion
The aim of the thesis was to prepare a new experiment for the student laboratory, whi h should demonstrate the basi prin iples of the NMR imaging.
The motivation was to introdu e a highly up-to-date appli ation of the nu lear
magneti resonan e to students of the Fa ulty of Mathemati s and Physi s.
The new experiment should serve as an extension to an already operating experiment that demonstrates basi prin iples of the NMR, as the
free indu tion de ay, the spin e ho, the spin-latti e and spin-spin relaxation.
The new experiment o ers to the students the possibility of obtaining mu h
more spe i knowledge and pra ti al experien e. They will learn how to use
NMR spe tra to re onstru t the shape of a measured obje t and how to improve ontrast of the reated image by means of the relaxation times T1 and T2.
The thesis starts with a theoreti al introdu tion, whi h is divided into
two main parts. The lassi al des ription of the NMR is presented in the rst
part. The se ond part deals with the NMR imaging. It explains not only the
ba k-proje tion method, used in our experimental setup, but also modern te hniques of the NMR tomography as the frequen y and phase en oding, and the
sli e sele tion. The improvement of ontrast based on di eren es in the relaxation times T1 and T2 is also dis ussed.
The most important problem I should deal with was to onstru t the gradient oil. Its design and realization are des ribed in detail at the beginning
of the experimental part of the thesis. Another important task was to prepare the omputer program for pro essing NMR spe tra and reating images.
A su essful solution of these two tasks was a ne essary ondition for further
work.
The thesis then ontains the des ription of the NMR spe trometer that
was used for measuring. The spe trometer was in operation already before the
start of my PhD studies but it was several times upgraded (both hardware and
software) during my work.
The last task was to hoose onvenient samples, measure their relaxation
times and NMR spe tra. These spe tra were pro essed in order to re onstru t
the shape of measured obje ts. We su eeded in reating not only %-weighted
but also T1 - and T2 -weighted images.
Con rete tasks for students, an edu ational text and instru tions for measuring are in the last hapter of the thesis. The edu ational text ontains only
those aspe ts of the NMR imaging that are ne essary for understanding of the
experiment. Students who are interested in more detailed information an nd
it in referen es at the end of the edu ational text.
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