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Introduction

The nuclear magnetic resonance imaging (NMR imaging) enables to deter-
mine the spatial structure of measured objects. It is nowadays used especially
in medicine since it produces a clear anatomical display with good tissue dis-
crimination 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 basic principles of the
NMR imaging and allow students to familiarize with this very useful experi-
mental method.

1 NMR Imaging

1.1 Frequency encoding

The main principle behind the magnetic resonance imaging is the resonance
condition
Wy = ’}/B[] (1)

giving the linear dependence between the resonance frequency wy of a magnetic
moment and the strength of the magnetic field By at the location of this
moment. The resonance frequency can be determined from the measured signal
using the Fourier transformation.

Let us illustrate the principle 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 magnetic field there is only one peak at the frequency
wo = 7By in the NMR spectrum. If a magnetic field with a constant gradient,

wo w

xr

Fig. 1: NMR spectrum in the homogeneous field By. The spectrum contains
one peak at the frequency wy = vBy.

GZ = % = const., is applied in conjunction with By (Figure 2), then the three

€T
regions experience different magnetic fields. The result is an NMR spectrum
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with three signals. Their frequencies correspond to the positions of individual
regions of the sample in the x direction,

wo() = 7 (BO + aaiz x> | (2)

The amplitudes of the signals are proportional to the number of spins in each
region of the sample. The described procedure is called the frequency encoding.

Fig. 2: NMR spectrum in the gradient field By + xGZ. Resonance frequencies
w1, We, wy correspond to the positions x1, To, 3 of sample regions.

1.2 Back projection

The back projection is an extension of the frequency-encoding procedure that
is used for more complicated samples. For such samples the application of
a magnetic-field gradient in one direction only does not give enough infor-
mation to reconstruct the shape of the sample. This problem can be solved by
applying the gradient in several different directions. The shape of the sample
can be then deduced from all recorded spectra (see Figure 3).

The method of rotating gradient described above can be equivalently
replaced by the method of rotating sample. The technical realization of the
latter is easier since the presence of a stationary magnetic-field gradient in one
direction is only required. Therefore this method was chosen in our experimen-
tal setup.

In the back-projection method we measure a set of spectra for n diffe-
rent angles between the sample and the magnetic-field gradient. The angles
stretch from 0° to 180° with the step size 0. The measured spectra are then
processed in the following way. First, all spectra are projected into gray-level
images: The maximum value is found among amplitudes in the set of measu-
red NMR spectra. White color is assigned to this maximum, shades of gray
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Fig. 3: Back projection: By using field gradients at several angles the positions
of the spin-containing regions can be determined.

are assigned to other values. One measured spectrum and the assigned pro-
jection is shown in Figure 4. All grey-level projections can be then processed
mathematically in order to recover the shape of the sample.
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(a)
Fig. 4: Assignment of the NMR spectrum (a) and its projection (b).

1.3 Contrast

In order to distinguish various substances contained in the sample, the intensi-
ties of the signals originating from them should differ. The relative difference
between the areas of the high signal intensity and the low signal intensity is re-
ferred to as contrast. Images obtain principal contrast through the difference in
proton densities. Results of imaging depending only on different proton densi-
ties are called p-weighted images. However, the proton density can be almost



2 EXPERIMENTAL PART 8

constant in many cases and the contrast of the resulting image is then insuffi-
cient. An improvement of the contrast can be achieved by using differences in
spin-lattice relaxation times 7 and spin-spin relaxation times 75 of different
substances in the sample. T-, T5- or p-weighted images can be obtained by
applying a convenient pulse sequence, which is a set of RF pulses applied to
the sample to produce a specific form of the NMR signal.

Contrast that depends on different spin-lattice relaxation times 7} can be
obtained e.g. by use of the inversion recovery pulse sequence. Assume that the
sample contains two substances A and B. Signal intensity behavior of these
substances is shown in Figure 5a. Figure 5b depicts the time dependence of the
difference of signal intensities M — MP. The difference reaches a maximum

Fig. 5: (a) Signal intensity behavior of substances A and B when the inversion
recovery pulse sequence is applied. (b) Time dependence of the difference of
signal intensities M4 — MB.

at Tp) . Therefore, to obtain the optimal contrast we have to set the parame-
ter Ty,, (the delay between the 180° excitation pulse and the 90° excitation
pulse) to the value of T} . If Ty, is set to the value T{'In2 or TP In2, the
signal from substance A or B totally disappears.

A Ty-weighted image can be created by applying the spin echo pulse
sequence. Signal decay curves and the difference of signal intensities of sub-
stances A and B are shown in Figure 6. The difference reaches the maximum
value at T. When we set the delay between the 90° excitation pulse and the
180° excitation pulse to %Tg contrast of the created image is the best.

2 Experimental part

2.1 Gradient coil

To reconstruct the spatial structure of a measured sample the presence of
a magnetic-field gradient is essential. The method of the back projection with
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M,

By, A
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Fig. 6: (a) Signal decay curves of substances A and B when the spin echo pulse
sequence is applied. (b) Time dependence of the difference of signal intensities
MB — M.

rotating sample, which is used in our experimental setup, requires a statio-
nary gradient in one direction (e.g. x). A magnetic field with the constant
gradient 88% can be produced by a special saddle coil placed on a cylindrical
surface. The main design problem is to optimize the position of conductors in
the coil and the current flowing through them to achieve an optimal form of
the magnetic-field gradient.

The basic element of the coil is a circular arc (Figure 7a), which is located
in a plane perpendicular to the z-axis. Its induction component B, at the point

z 4 z4

<V

(a) (b)

Fig. 7: (a) Coordinates for the computation of the magnetic field of a conductor
in the form of a circular arc. (b) Saddle coils producing the gradient in the
x-direction.
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(x,y, z) is given by the Biot-Savart law

B.(ry,) = L0 [ oy ok 3
Y AT Joo a2 4 g2 + (2 +d)2 — 2c(w cos € + ysing) + 2?2

where [ is the current flowing through the circular arc of radius ¢ and opening
angle 2®, d is the z -coordinate of the plane in which the arc lies and p is the
permeability.

Eq. (3) can be simplified by the use of the relative coordinates

x=2 y=Y z-=%
c c c
to the formula
® (1= Xcos&—Ysing) d¢

3

(4)
o ul d
B, = e and = . (5)
An ideal z-gradient coil produces a magnetic field with a constant gradient
along the x-axis. The simplest type consists of four symmetrically positioned
saddle coils placed on a cylinder, as shown in Figure 7b. It contains eight basic
arcs.

The magnetic field B, (Eq. (4)) in the neighbourhood of the origin can

be approximated by the three-dimensional Taylor series

B.(X,Y,Z) = Bf/

ol

o [X2+Y24+(Z+05)?—2(Xcos€+Ysing) + 1]

where

B.(X,Y,Z) = Z Tk XYIZE (6)
1,5,k=0
where
1 9WHRB(X,Y, Z)

ik = e aX 9y 97k 0

X=Y=7=0
As it is shown in the thesis, the only nonzero derivative of the first order
is (in the configuration according to Figure 7b)

0B,
0X

o (2— %) sin®
NG

: (8)

0

The nonzero derivatives of the second order are

2B, 3, 2(1—45%)® — (26° — 3)sin(20)

x| = oP: L / )

B.| _ 3021 45°)® + (26” — 3)5in(20)
2

oy Z (82 +1)3 | o
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and finally the nonzero derivatives of the third order are

OB, | 1p03(48" 2782 + 4)sin @ +95(352 — 4) sin(39) o
oxXov? 2 (52 +1)2
OB, | p (48* — 2757 + ;1) sin @ 12)
0X0Z? . ‘ (B2 +1)2
OB.| _ 1,0 9(48" =275 + 4)sin @ — 5(34% — 4) sin(3®) - (13)
0xX3| 277 (62 +1)2

To design an z-gradient coil we have to maximize the term (8) and to minimize
the undesirable terms (9)—(13) by a suitable choice of the parameters ¢, d
and .

To increase the size of the gradient, which is produced by the simplest
type of the xz-gradient coil (Figure 7b), a coil with more turns and layers can
be used. We used the x-gradient coil consisting of four turns and two layers
(Figure 8).

Fig. 8: Realization of the z-gradient coil.

To test the homogeneity of the gradient, the magnetic field B, was me-
asured with the Hall probe and the measured values were converted to the
proton resonance frequencies according to Eq. (1). The resulting dependence
of the frequency on the z-coordinate measured for I=2 A is in Figure 9. As
can be seen, the magnetic field is linear with a sufficient accuracy within the
operational area of the probe, which is a circle with the diameter of 20 mm.
Outside of this area the linearity is not so good but it does not influence our
measurements.
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f [kHz]

X [mm]

Fig. 9: Dependence of the resonance frequency (f = 5-B.) on the 2-coordinate,
I=2 A. The magnetic field B, was measured with the Hall probe.

2.2 NMR spectra in the gradient magnetic field

NMR spectra were first measured on the sample that contains two drops of
water (Figure 10a). The sample was rotated with the step of 10°. When the
two drops have different positions along the z-axis, there are two peaks in the
NMR spectrum. When the xz-coordinates of both drops equal, there is only one
peak in the spectrum (see Figure 11). The dependence of resonance frequencies
on the angle of the rotation is in Figure 10b. The experimental points are fitted
with the curve f(a) = fo £ Asina.

201,438

201,436

f [MHz]

201,434

o O 201,432 4

201,430

(a) (b)

Fig. 10: (a) Sample containing two drops of water. Real dimensions: diameter
20 mm, height 10 mm. (b) Dependence of the resonance frequency on the
angle a.
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Fig. 11: NMR spectra measured on the sample (Figure 10a) in the dependence
on the angle & (a = 0° when the join of the centers of the two water containing
regions is perpendicular to the gradient direction).
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2.3 o-, T1- and Ty-weighted images

To demonstrate g-weighted images we used a sample that contained water and
partially deuterated water, which has lower proton density. The volumes of
water and partially deuterated water in the measured object were the same.
The object was measured by means of the spin echo pulse sequence for 18 ori-
entations with respect to the gradient. The resulting image is in Figure 12b.
Partially deuterated water looks darker which is given by its lower proton
density.

-
2cm

(a) (b)

Fig. 12: p-weighted image. (a) Spatial structure of the measured object (black
color stands for water, gray for partially deuterated water). (b) Reconstructed
image.

The Ti-weighted image was demonstrated on a sample that contained
solutions of copper sulphate with two different concentrations. The spatial
structure of the sample is illustrated in Figure 14a. The measurement was
done by means of the inversion recovery pulse sequence for 18 orientations of
the sample with different values of the delay between the 180° excitation pulse
and the 90° pulse.

Looking at the spin-lattice relaxation behavior of our solutions (Fi-
gure 13), it can be seen that the signal intensity of the half-molar solution
is nearly zero at T7,,=2 ms. Therefore we set T}, to this value first. As expec-
ted, no bright area appeared in the image created by the back projection in the
place where the half-molar solution was located (Figure 14b). For comparison
the measurement was done on the same sample but with 77,,=10 ms. The
longitudinal component of the magnetization vector of both the molar and the
half-molar solution is almost relaxed at 10 ms. In the resulting image there are
bright areas in places where both solutions were located, again in agreement
with the theory.

Similarly as the T}-weighted image also the Ty-weighted image was de-
monstrated by means of an object containing solutions of copper sulphate
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Fig. 13: Spin-lattice relaxation behavior of the molar and half-molar solution
of copper sulphate.

-,
2cm

(a) (b)

Fig. 14: T}-weighted image. (a) Spatial structure of the measured object (black
color stands for the molar solution, gray for the half-molar solution). (b), (¢)
Reconstructed images — (b) T7,,=2 ms, (¢) T7,,=10 ms.

with two different concentrations. We used a combination of the half-molar
and the quarter-molar solution (Figure 16a).

The measurement was done with the delay between the 90° pulse and
the 180° pulse in the spin echo pulse sequence set to 2 ms, where (as can be
seen in Figure 15) the difference between the size of the transverse components
of the magnetization approaches its maximum. The image in Figure 16b was
created by the back projection of the set of 18 spectra measured for different
orientations of the sample. As expected the areas where the half-molar solution
was located appear darker.
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Fig. 15: Spin-spin relaxation of the half-molar and the quarter-molar solution
of copper sulphate.
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(a) (b)

Fig. 16: Ty-weighted image. (a) Spatial structure of the measured object (black
color stands for the half-molar solution, gray for the quarter-molar solution).
(b) Reconstructed image — $7%=2 ms.
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Conclusion

The aim of the thesis was to prepare a new experiment for the student la-
boratory, which should demonstrate the basic principles of the NMR imaging.
The motivation was to introduce a highly up-to-date application of the nuclear
magnetic resonance to students of the Faculty of Mathematics and Physics.

The new experiment should serve as an extension to an already ope-
rating experiment that demonstrates basic principles of the NMR, as the
free induction decay, the spin echo, the spin-lattice and spin-spin relaxation.
The new experiment offers to the students the possibility of obtaining much
more specific knowledge and practical experience. They will learn how to use
NMR spectra to reconstruct the shape of a measured object and how to im-
prove contrast of the created image by means of the relaxation times 7} and T5.

The thesis starts with a theoretical introduction, which is divided into
two main parts. The classical description of the NMR is presented in the first
part. The second part deals with the NMR imaging. It explains not only the
back-projection method, used in our experimental setup, but also modern tech-
niques of the NMR tomography as the frequency and phase encoding, and the
slice selection. The improvement of contrast based on differences in the rela-
xation times T} and 75 is also discussed.

The most important problem I should deal with was to construct the gra-
dient coil. Its design and realization are described in detail at the beginning
of the experimental part of the thesis. Another important task was to pre-
pare the computer program for processing NMR spectra and creating images.
A successful solution of these two tasks was a necessary condition for further
work.

The thesis then contains the description of the NMR spectrometer that
was used for measuring. The spectrometer 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 choose convenient samples, measure their relaxation
times and NMR spectra. These spectra were processed in order to reconstruct
the shape of measured objects. We succeeded in creating not only g-weighted
but also T7- and T5-weighted images.

Concrete tasks for students, an educational text and instructions for mea-
suring are in the last chapter of the thesis. The educational text contains only
those aspects of the NMR imaging that are necessary for understanding of the
experiment. Students who are interested in more detailed information can find
it in references at the end of the educational text.
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