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INTRODUCTION

'To study and understand physics without doing the experiments is the same as
studying music without playing an instrument.’ {(Physikpraktikum fir Mediziner,
A.F Fercher)

This statement suits also very well for the basics of NMR spectroscopy and tomography.

So we would like to offer you some practical exercises on a mini NMR spectrometer and
imager designed for educational purposes. According to our experience these will be
helpful also in understanding of L. sophisticated theoretical background of NMR.

The exercises shall be split into two different sections:

1. basic NMR principles:
- resonance frequency. gyromagnetic ratio
- free induction decay (FID} experiment
- spin echo (SE) experiment
- repetition time (TR)
- SE sequence (dependence on TE, TR, T,.T, q)
- basics of contrast manipulation in MR1
- estimation of T, (two point method)
- IR sequence ( dependence on T,, T,)
- estimation of T, (null method)
- CP (muitiple pulse sequence;

2. MR imaging (tomography):
- Fast Fourier Transformation (FFT)
- gradient encoding

- image reconstruction

Basic description of the Mini NMR Spectrometer/Imager MS4:

The MS4 consists of two separate units:
- NMR spectrometer (MS4)

- digital data acquisition & processing system {(LCDSCOPE)

LI ¥ T e

@y
K

Fig.: Small MR Imager & NMR Spectrometer
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1. NMR-spectrometer:

2. Digital data acquisition & processing system:

is a microcomputer controlled instrument. The NMR signal detected will be stored and

displayed on a LCD display. The stored signal can also be ppstprocessed.
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a) Magnet - the magnetic field is produced by a permanent magnet (B=0,3T). The
sample will be positioned through the hole on the top of the spectrometer into the
center of the magnet. The resonance frequency (about 12 MHz) can be set by a
potentiometer (12).

b) RF trapsmitter, pulse programmer - the pulse sequences (RF pulses) will be
programmed and sent into the sample.

(1) - sequence selection
(4) - repetition time selection
{6 - 90° pulse adjustment
{7) - 180° pulse adjustment
(8) - adjustment of the delay between 30% and 180° pulse
(9) - delay multiplier
¢} Recewver - the NMR-signal will be received. amplified and detected.
{14)-  diode/phase sensitive selection switch
(13)- receiver gain adjustment
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Fig.: NMR Spectrometer MS{ front panel conirols

Fig.: LCDSCOPE keyboard layout




1. Basic NMR principles

FID (iree induction decay), 90° RF puise
- resonance {requency, gyromagnetic ratio
- SE {spin echo), 180° RF pulse
repetition time (TR}
SE sequence ( dependence on TE, TR, T,, T,. q)
- basics of contrast manipulation in MRI
estimation of T, (two point method)
IR sequence {dependence on T, TI)
- estimation of T, {null method}

- CP (multiple pulse sequence)

Free Induction Decay (FID)

Free induction decay is a signal displayed on the LCD display after a radio frequency
(R.F.) pulse sequence was applied consisting of only one single 90° R.F. excitation
pulse. The signal amplitude is maximum when the pulse is exactly 90°. Only in this

case the magnetization My is rotated completely inte the transversal (XY) plane,
inducing maximum voltage in the coil.
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Fig.: Free Precession Decay (FID) signal

Insert the sample into the magnet via the hole on the top of the spectrometer.

]
Select the R.F. pulse sequence (only one pulse): FID (switch 1) The sequence should be :
repeated each second: I (selector {). The 90° pulse (pulse width) adjustment: signal
maz. (button 6)
Set detection mode: diode mode (switch 1) Adjust receiver gain so that the FID signal
is = {-8 volts. Pay aftention to the Y sensitivity: {button 16)
A FID signal should be obtained on the LCD display. However, y i can observe only
the envelape of a free induction signal because of the high frequency of the induced
FID signal (MS4 spectrometer - 12 MHz).
Fig.: FID signal 15 ar envelope of resanance freguency
)
By changing the 90° pulse width (length of excitation) vou can tip the magnetization £
out of the XY plane. What happens if the pulse duration is longer or shorter? Why?
However, the RF frequency of the RF pulses has not been optimized vet. According to
the theory the resonance frequency is proportional to magoetic ficld density. to:
Eq.1 v=%-4-8
- v - resonance frequency {MHz)
¥ - gyromagnetic ratio {MHz/T) !
B - magpetic field strength (T) |



Experimentally, we set the resonance frequency by watching the FID signal in phase

sensitive detection mode: the positive signal amplitude should decay as slow as possible
(see figure below).

Fig.: FID signai off resonance

Fig.: FID signal 1n resonance

Change, detection mode : phase sensitive [switch 1)

Adjust the resonance frequency: (potenttometer 12}

Gyromagnetic ratio
The gyromagnetic ratio {y) can be calculated from Eq. 1 by using the resonance
frequency of the spectrometer (12MHz) and the known value of the magnetic field

density (B). It 1s a specific constant for certain nucleus.

Table 1.: Properties of asclei important for NMR tomography:

nucleus relative relative sensi- relative sensi- resonance
natural tivity in compa- tivit biological | frequency
abundance in % rison with 'H at | sisterus agcording [ at 1 Tesla
constant field to biologikal in MHz
By abundande »
'H 99.98 1 1 e
H 0.016 _ 9.7x10" % 6.2x 107" £.56
B¢ 1.1 16x107% | 2axi07| L1069
1% 100 §3x10} 6.3x10 7" 40.07 o
Na 100 o lesxw? Loxto ! 1w
Hp 100 | eex1073% Lax107" s ]

Insert sampi. 2 into the probe!

Verify the resonance frequency.
Are we dealing with the same nucleus as in sample 17 Why?

Since the duration of the 90° R.F. pulse was adjusted before t
the resonant valuye. the duration of 90° R.F. pulse is not optin
conditions are n !, the final adjustiments of the 90° R F. m
The adjustment is done exactly the same way as before. The

the signal following it, reaches its maximum value.

Spin-Echo (SE)

A spin echo signal occurs after the sample has been excited t
two RF pulses: a 90°, and 180° pulse. The 90° pulse tips t
XY plage. The ‘gual {FID) decays too fast because of magyl
A 180° pulse, applied afterwards. refocuses the magnetization

echo occurs (see graph below).
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Fig.: Spin Echo (SE) R.F. pulse sequence




Setting the delay time between the 90° and 180° pulse (75}, we determine the time
where the spin echo occurs (echo time TE = 2. 7g). The signal intensity of the echo is
"corrected” for magnetic field inhomogenieties.

Note: the SE sequence is one of the most commonly used sequences in NMR
tomography.

Insert again sample 1 into the magnet.

Resonance frequency should not be changed [on resonancef).

Select the pulse sequence (90° - 180° pulse): SE (suntch 1)

The sequence should be repeated eocry 9 sec: 2 {button 4)

The delay  between 90° and 180" pulse (tg) man. 000 (potentiometer §) and delay
multiplier (9] 1.

The 90° pulse (pulse wndth) adjustment: FID maz. fbutton 6).

The 180° pulse (pulse width) adjustment. SE mar. {button 6)

Set detection mode: diode mode (suitch 14)

Adjust receiver gain so that the FID signal 12 = {-6 welts. Pay attention to the Y
sensittvity: (button 14)

A FID and a SE signals should be displayed on the LCD screen, exactly between 9€°
pulse and the echo maximum yvou can observe the 1807 pulse. As you already know.

only the envelope of a FID and SE is shown because of the high frequency of the
induced signals (12 MHz).

Fig.: Sptn Echo (SE} signal
Vary the 90° pulse widtn! What happens to FID and SE signals 7
Why?

10

What happens if you change the 180° pulse width? Why?

ry

Change the delay time between 90° and 180° pulses. Estimate rp and TE ou the LCD
display (pay attention to the sensitivity of the time axis!) . If the SE disappears from
the display, change the horizontal sensitivity of the oscilloscope.

Influence of relaxation times on the NMR signal amplitude

The signal amplitude in a spin echo (SE} experiment is following the equation:

Eq. 3 §=q (1-¢ RDIThy ~TE/T, L
q - spin density r
RD - repetition time
TE - echo time
T, - spin-lattice relaxation time
T, - spin-spin relaxation time

The repetition tine (RD) and echo time (TE) are pulse sequence parameters aud can he
set by the operator. Therefore we have the opportunity to mampulate the spin echo
amplitude in various ways.

There are three majos possibilities:

1. Setting repetition time (RD) long (RD » 5-T,) and TE short (TE « T,i:

(1o ROIT,

ol
TEITy
and S ¢
In this case we get a "spin density weighted image™ in MRL

2. Setting repetition time (RD) short (RD < 5-T,) and TE short (TE « T,): )

vy W

eLTEjT"'ocl
and § x q-(1 —efRD/T‘)

This experiment results in a "T, weighted image” in MRIL



3. Setting repetition time (RD) long (RD 3 5-T,) and TE long (TE > T,): possible.

n- E‘RD/'TL) ~ 1 Measure the SE amplitudes for different TE, holding constant RP = 2 s,

and 8 q~eiTE’IT2

Why is the SE amplitude decreasing with increasing 1.7 Discuss the differences
Running this measurement we obtain a "T, weighted image™ in MRL between both samples?

Estimate the amplitudes of a ¢, T, and T, weighted spin echo signal.

Ecro srergth

Held all the settings from prewvious experament unchanged. Change omly repetition time

(RD) and the time de'ay between the 90° and 1807 pulse (T}

[ ]

I ¢ densily weighted: AD = 55 (button {)

—

T o= I owms {potentiometer §)

2. T, weghted RD = ().3s (butten §)

ry = 1 ws (polentiometer 8)

3. T, werghted: BRI == 5« {hutfon §)
Tp T D (potention eter 8) l

Parenchyma

Compare the SE amphitudes of . 7y and T, weighted signals. T T

Fag.:

Repeat all 3 measurenments with sample.

What TE value would vou choose at a repetition time of 2 { w ornder to get a better

Compare the spin echio amplitudes of sample | and 2 at the same instrumental settings. contrast between nominal (sample 1) and pathological (samplp 2] tisue”
Suppose. that normial tissue has # 4. T, and T, suuilar to sample 1 and the We are now able also ta estimate the T, relaxation tine {or birh samples !
pathologically altered tissue like sample 2. Which parameters for the SE sequence would
you choose in order tu achieve better contrast between the normal and pathological According to Eq.3. if g and repetition time RD are unchan« 1} we get:
tissue? -TE/T,

51/8; = ::_%”ﬁ
Note: In order to reconstruct an image, the MR tomograph divides the whole slice into
volume elements (voxels). Sigpals from cach such voxel are detected {for example SE 7 515, ~spip echo amplitudes
amplitudes). According to these amplitudes a pray value s assigned to corresponding TE\TE, - spip echo times

pixel on the image of this slice.
resolving this equation, we get:
So, 1f the normal and pathological tissue show almost the same SE amplitudes, the same

s ’ T. - (TE, - TE,)
gray scale value will be assigned to corresponding pixels and there will be no coatrast in Eq. 27 In(S,/S;}
the image. Therefore, we suggest to select the sequence parameters so that the )

differences in SE amplitudes between normal and pathelogical tissue will be as large as Calculate the T, relaxation time for both samples.




Inversion Recovery (IR) - spin - lattice relaxation

Inversion recovery sequence is composed of a 180° pulse and after a time delay T, a 90°
pulse. The 180° pulse tips the M; magnetization into the -Z axis, the system is allowed
to relax for a time T,. The following 90° pulse tips the magnetization into the XY plane
where we are able to detect a signal (see picture below).
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Frg.: Inversson Recovery (IR} pulse sequence and signal formatian

Insert again sample 1 in the magnet.
Resonance frequency should not be changed (on resonance!).

Select the pulse sequence (180° — 75 — 90° pulse): IR {switch I) The sequence should be
repeated every 2 sec: 2 (bulton {;. The delay between 180 and 99° pulse (tg) mn; 060
potentiometer (8) and delay multiplier (9) 1.

The 180° puisc (pulse width) adfustment: FID=0 (button 6)The 90° pulse (pulse width)
adjustment: FID maz. {'utton 6)

14

Set detection mode: diede mode { switch 14 )

Adjust recciver gain a0 that the FID signal is 7 -6 volts. Pay attenfion to the ¥
sensitivity: (bution 16).

You should be able to detect FID signal immediately after 90° pulse.
What happens if you vary the delay time between the pulses?

Change T, and observe the FID signal - it shaws you the recovery of the magnetization
M; in the Z axis (see graph below).

Pay attention: in diode detection mode vou can only observe the absolute value of the
signal.

Change the delay multiplier (9) to 10z and turn the potentiometer again. (The FID
signel will disappeer out of the display or it will be to short, thus chenge the trigger

suntch in position 2 on the rear panel. You will observe {trigger} only the {second) 907
pulse without the 180° pulse).

Moam (1oze iy

M,

Fig.: Time dependence of the FID signal follounng the 90% puise

Do it for both samples!

You can now choose the IR sequence parameters for both samples in order to obtain
optimal image contrast.
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that the nuclet are allowed to relar

_—

Find the time delay T,, where the FID signal equals zero.

The time delay of zero Z-magnetization (FID signal=0) depe
time, Therefore we are able to calculate T, according to the fo

T, _
Eq. 6 T, = 1;1720 Tiow

The time delay in ms (rg) can be caleulated according to forma

Eq.5 T =10+ pot x 0,42 pot

Estimate the T, relaxation time for hotl, sauiples,

Carr-Purcell (CP) multiple pulse sequence

This sequence starts by applying one 90 pulse. followed by a
pulse is separated b a delav of TE/? and all the consecntive {

The first 909 pulse rips the magnetization M, into XY pla

ids on the T, relaxation

lowing equation:

- inversion time

-

potentiometer sefting

rain of 1809 prlses, first
ulses by tune delay TE.

e The following prirlses

refocus the decaving signal and we obtain a train of spin echo siguals

Fug.: Carr-Purcell (CP) multiple pulse sequence and ity signal

Insert sample 1 into the magnet.

AUV NN N

J—

Alter instrumental parameters according to previous SE sequenpe ophinization. Then,

change the sequence selection button to CP.

Change the settings for 90° and 180° pulses. What happens? Vhry also the time delay
£ E;

between them.




2. Imaging

The main problem 11 MR tomography is how to measure the NMR signals only from a
certain volume of the sample {patient} without loosing the spatial information.

Basic ideas to perform imaging experiments by NMR:
1. Fast Fourier Transformation (FFT)

2. frequency encoding

i. Fast Fourier transformation (FFT) is & mathematical tool which computes the

frequency distribution of the received signal {detected in the time domain, see below).

Time —= “— Frequency
0y ‘ l
Time — ~— Frequency

Fig.: Tame and frequency damawn presentateon of NMA signais

Insert sample I into the spectrometer,

Measure the SE : (RD = Is, TE = 2ms).

In order to get optimum results in FT NMR experiment, the following pioce: ure is

recommended for manual setup of MS4 spectrometer and LCT SCOPE:

» reset LCDSCOPE or press {NMR parameters)
« select spin echo pulse program

¢ select phase detection

o select trigger position 1 {ba-k panel of MS4)

» adjust resonance, if the signal is far out of resonance, temporarily increase time
base te 100 us/cm, so that ©'  aliasing effects are not misleading the adjustment.

o select diode detec.ion

s adjust 90° and 180" R.F. pulse widths and signal gain

18

s select phase detection

e select trigger position E {back panel of MS4}

o press 2nd] [§] (imaging parameters)

¢ adjust off resonance so that you get one to two waves per division.
» press (FFT representation of data)

¢ adjust resonance so that peak is in the middie of the screen

o adjust magnetic field gradient so that the FFT signal is approximately 6
divisions wide

¢ fine adjust the position so that the signal is as centered as possible

Hint: The gradient coils are producing some heat, which is warming the permanent
magnet. Due to the temperature dependence of the magnet the magnetic field is
therefore slightly shifting. The experience shows that after about one hour at
certain level of gradient the equilibrium temperature is reached and magoetic
field is stabilized. But in spite of this effect the rate of ~magnetic field shifting is
50 slow that it allows normal measurement (0.3 or 1 second repetition time and
no averaging) and only occasional adjustment is necessary. If von intend 1o
average signal or use long repetition times then it is recommended to wait for
temperature stabilization. The best test for properly centered FFT signals is how
w-il the two FFT signals (projections), which are 180° apart in measiure image
menu, are adjusted. It is important to adjust position so that the slopes of the
signals are properly covered (blue and reed signal on the left side of the screen).
The amplitude match is less important because amplitude depends an frequency
and 1s slightly decreasing in high frequency region.

Measure the Fast Fourier Transform (FFT) of the SE signel.

Repeat the ezperiments with the gradient turned on §, 8 (gradient button)

What changes do you observe in FT at different gradient strengths?

Notice, that by turning on the gradient {G), you change the magunetic field umformity

in the sample (B, + G instead of By). According to Eq.1, the NMR signal will be
composed of more frequencies: the FFT is broader (see graph below).

I\

Fig.: The effect of magnetic field gradient on freguency domain FID signal undth
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2. Frequency encoding is the mext step toward imaging. The magnpetic field in the
sample is changed by a known linear magnetic gradient. The frequency distribution of
the signal, depending on this gradient, can be correlated to the spatial coordinates of the
selected volume {see below).

Fig.: Comparison of the FII} signal wathout and with (he magnetic field gradient

Insert sample § into the spectrometer.
Measure SE (RD = 1s. TE = 2maj
Turn the gradient on (gredient pusition at §)

Perform FFT of the SE.

Align the phantom sample 3 in the direction of the magnetic field gradient. Repeat the
measurement aud FFT,

it Bl

Fig.: Phantom sample oriented 1 the direction of magnetic field gradient

Turn the sample about %0° and repeat the measurement and FET.

] oib

Fig.: Phaniom sample turned for 90° in the direction perpendicular to the
Repeat the previous measurements and FFT with the gradient
Discuss the differences! In what positions are the two tubes alig

the gradient?’

After intreducing the basic principles of imaging. we can take

magnelac freld gradient

turned off.

med with the direction of

n unage of sample 4

Fig.: The principle of back prejection reconstruction method
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The image will be reconstructed by backprojection reconstruction. The measured signals
at different angles with respect to the encoding gradient are Fourier transformed and
afterwards an image is reconstructed out of these projections. The reconstruction
algorithm is made of simple additions of every projection to the reconstruction matrix

at the angle it was measured.

Ingert sample 5.

According to the instructions of the imaging software program set the parameters of the
imager,

Take the tmage of the sample {.
Analyze the picture. What is the result of filtering the image 7

Turn the sample for 90°. Repeat the experiment. Image should now be rotated by the
same angle.

Repeat the imaging without the gradients turned on. Discuss the result.

Repeat MR imaging using Algebraic Reconstruction Techaique (A.R.T.) Discuss the
difference.
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