uct NMR Images from the NMR
signal received from RE_ applying a strong static or
time - dependent-magn

: d gl qna sample is to introduce
spatial dependence intgo#Ra Ehnresponding. Ni signal (Bottomley 1981:

3). This 1is obviols | e Larmor eguation. NMR
imaging methods pioft £ £fis — propart . carefully controlled,
well-defined gradient . ‘he : in a known manner such
that the spatial infofmat } later e decoded and plotted as an
e ‘ and chosen with Tlinear

There are many

image. Typically, e R
spatial dependence so #hafNMR frequency specBrum directly corresponds to
position, or even nné I : | 3] @Goordinate axes. The imaging
methods differ mainly in the of the gradient time-dependence
(static, continuougly timé-dependenti or ed), and in the type of NMR
pulse sequence emyioyede :

It is 1mparﬂ1t to ne 8 'gra dﬁ'nts referred to here are
in the z-component Ef the ugnatic field where, by convention, the
z-axis is ¢ ance-producing main
magnetic f1aﬁy aafa:mfgmﬂmms in the transverse
plane affect tna Larmor frequéncy to secepnd order ondy and are usually .
d15ragawq} ﬁﬁaﬂﬁmrﬂd %q%w&,qa E}nts can thus
be repfesented by the derivatives 2B./2x, 3B./dy, and @B./dz,
hereinafter termed the x-, y-, and z- gradients raspact..iva'ly. The

amplitudes of the gradients are denoted by Gx, Gy and Gz throughout and,
where appropriate, the periods for which they applied by tx, ty, and tz.

To discuss the different imaging methods, by wusing the
classification scheme in Fig.3-1. The sample volume is divided into nx,
ny and nz volume elements along the three respectively Cartesian axes so
nxnynz independently measured values of the NMR signal are required to
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completely reconstruct the image. These values may be obtained from N
experiments, where N < nxnynz. In the simplest type of imaging
experiment, each volume element is sampled by only one of the N
experiments. Hence, N = nxnynz and the imaging method 1s termed a
sequential point technique. X iWaT 1ine methods, volume elements
along an entire selected LA ample in the x-direction, are
simultaneously obser complete image to N = nynz.
Yet more efficient me

observation of an entire

imaging plane. Thesge#reger ed \saquentiad.plane methods for which N =
nz. The simultaneou ssolUtion of an entire plane of
points in this manne ge capable of some nxny
pixels. This placess t 'demghds’ on mentation and bandwidth.
To circumvent this pfohle e a ative schemes have been devised

that resolve, for @xafple.s nx hlin8s in each experiment while
‘ {4 entire plane of nxny elements.
ichriigues, they are classed in the
Byexhibit similar sensitivity per
t, N a1l volume elements are
_ gous or three-dimensional
NMR imaging nathad” ana ml plane class of methods,
we include in this c‘lass tachniques that require N = nynz experiments

:;,,::"*::mmmw%’ 1) T
AMIAN TN INGINY

simultaneously sampldng
Although N = nynz for
sequential plane class b
image time. For the s

sampled simulta ey




20

(n}

Fig.2-1 m:
imaging methods: ¢ ""I’

line mensureme
ie (&}

(4) simulte h n |.
with the z-axis g f ' ‘n sample
tube, in waed . : -. o0 ( I:

“
J"ll,.u "r‘ !
B )

+-‘"J.’Jf )

Sequential Point Methog

Sequential point metiec hat esent an advance on surface
coil NMR (Bottomley 1’9*‘: - “‘Wigh-order (quadratic and quartic)
magnetic field grnd1unt§_’::x,m'¢,‘+ ol 4 uto carefully profile the main

static magnetic f£i

homogeneous only over a
small fixed volus £ interest. Outside the
sensitive volume, EMratas rapidly. Spin 1in
the sensitive vo'lma ar‘e excited by a conventional NMR coil, a surface
coil, or fo m ?I ﬁd that is maximum at
the sans1t1ﬂmqﬂﬁ z E’jﬂ ide the region. The
complete NMR scan is performed by moving,the object ghrough the volume.

e b PolAF) B I g s o o

means.

Hinshaw's sensitive point technique is the most sophisticated of
the sequential point methods, requiring no moving coils or gantries for
moving the object. Spatial localization in three dimensions is achieved
by application of three orthogonal time-dependent T1inear gradient
magnetic fields in the presence of a continuous string of closely spaced
phase-alternated RF pulses. A time-dependent gradient magnetic field of
the form (x-xo)Gxcos(wxt), where xo, Gx, and wx are constants denoting,
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respectively, position, gradient amplitude and frequency, “introduce
corresponding time-dependence on the NMR signal derived from all regions
of the sample, except the plane at x=xo where the time-dependent
grad{ant vanishes (Fig.3-2). The pulse scheme, known as steady-state

| '7( uous and large component of the
transverse magnetizatic - whic s both the time-dependent

component 1s removed=by=a 1o s&leaﬁng signal originating
only from the sensitiVe pishe at |x=Xo. _

(=)

amplitade
L =]

48-2 (o) Spatial lecelizatior with a cesuscidal

emt Tield [x-% )G con{w,T) in the sensitive
[ hed. The gradient intreduces time-

on the NME sigoal axcept at the zere

I8¢ ot x=x,. Averagiog the NWR signal

sl respense showe appreximately iz

Cradirnt magnetic fleld

{L}] idth is abeut #(vG,T) where ¥
l jageetic ratic, und T iz the
e Ly (@ctrominy 1981: B).

-

=

x

s

g i —

=2

-

8

-

TSNV T FitT eV e
11’ two additional time-dependent fields, (y-yo)Gycos(wyt) and
(z-20)Gzcos(wzt), are applied only the spins at or near the point
(xo0,¥0,z0) produce a time-independent NMR signal, and localization to a
sensitive-point results. Here, the three gradient frequencies are all
different, but alternatively two frequencies may be identical, providing
that their phases are in quadrature. The position of the sensitive point
is scanned across a sample by changing the ratio of currents in each
half of the proper gradient coil set, and its size varied by altering
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the RF pulse repetition period or gradient strength. The NMR signal
intensity is a complex function of spectrometer operating conditions and
Ti(x0,Y¥0,z0), the transverse relaxation time Tz(xo,Yo, Zo), and the
t is most for Tz's approaching T1 as
t.an referred to as the mobile
nuclear spin density at (%o y 'it,‘icm tc mobile spin density
images, images reflecting have been produced by
introduction of a j the SFP sequence at a
different repetitiog ng sinusoidal gradients and

nuclear spin density p(xo,Yo0,20).
in liquid-1ike samples, and 1:

The sensitive JAr itive point technique use two
orthogonal time-dependént = fig d gradients, a SFP pulse
sequence, and signal B&ve 5 spatially localize the NMR
spectrometer sansitivitr‘-ﬁdﬂ‘,& a8 1in the sensitive irradiation

cycle (Fig.3-3) ‘cdnitains three intervals =2%s5.t,, and tx, during which
the z-, and y-;<and ' Are’ applied. In the first
interval, tz, a thin plane - samplﬂ is defined by saturating
the magnetization oﬁ' ins lying e rywhera outside the plane. This is

selsctvety .m*"ﬁ Mﬂ;ﬁmﬂﬁ:m?:::ﬁ.f::“::
AN AR T

Finaﬂy, the FID resulting from excitation of the selected line is
observed in the interval tx during which the x-gradient, Gx, 1s applied.
The Fourier transform of the FID yields the NMR signal distribution
along the line 1in the x-direction. Successive strips are scanned
electronically by changing the excitation frequency of the 90 degree RF
pulses by computer control. Because only one strip is excited at a time,




23

the pulse repetition rate is not limited by the Ti1 of the _sampm as
different lines can be consecutively 1irradiated and observed in 1less
than T1.

z-gradient Fig.3-3 Gradients and RF pulse

sequezce used by Macsfield ot al.
in line-scen NMF imaging. During
ty & place perpendicular to the
~axis is isclated by selectively
q;tn;'ti'. all the ssmple Iying
gide of It in the presence of
Gy In ty, spins aleng o live in the
i lrl salectively axcited is G

y-gradient

the FID is ebserved during t.
in Gy Io subsequent sequences,
ine is scapped acress the

ng plane (Bottemley 15981:

Selective
axcitation
pulses

saturstion

HuE
wigaal

A subtle wﬂ—r“*ﬂzfr*jf:F15=r?= selective excitation
procedure that has ; —1ncluding a time reversal
step immediately mlwmg the excitation pulse. When applied to the
above Hna—’ﬁn mnﬁﬁraﬂm theatime reversal can be 1introduced by

reversing t WW gf}ﬂ‘@‘lwmg the tailored

pulse. The gr' ient reversal rnphasas t.ha spins fonring an echo, at the

ssserd] RIS TR AN TR

an inverted x-gradient component synchronous with the reversed
y-gradient component to the above sequence. This moves the ‘position of
the echo maximum along the time axis.

In this method, the selective saturation pulse in the interval
tz is replaced by a tailored 180 degree pulse which inverts only those
spins in the chosen plane (Fig.3-4). This is followed by a selective 90
degree pulse and switch y- and x-gradients as above. The recorded echo
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comprises the magnetization from the entire plane that was selected by
the 90 degree pulse in the y-direction, minus all those spins that were
inverted by the selective 180 degree pulse. The inverted spins lie a"lmg
the line formed by the intersection of the selected z- and y-planes. To
determine the signal arising, firom the selected line alone, the seguence

is repeated without the \ _ to get a signal from the
~inv ‘ gnetization. The two signals

y-plane, which contains.n

recorded with and 80 degree preparation pulse are
subtracted and Fourie
the selected line.
reversed to give
echo signal derived
formed without the above
rather then T1. In faci

degree pulse as in a farf

field the spin distribution along

gten ¢ \ order of the RF pulses is

)5 18 N‘% that results in a spin

8 SE 1ne. The images are thus

1 \ re and are sensitive to T2

1 flhade b \ ated by repeating the 180
J&’

/ w- )

Sulective
axcitation
pulses

NUE sigzal : t

Fig.3-4 Imaging sequence iz lize-scon imaging schema of Hutchinen
at al. In ty, spins in z-plane are inverted by o tallered 180
degree pulee. A selective 90 degree puise during t, tips inverted
snd seminverted spios iz o chesen y-plane inte the tramsverse
place, and an FID is ebserved durieg 1. The FID contains sigual
frem the entire y-plane mizus the sigoal from the line mt the
iptersection with the z-plane. Repetition of the sequence without
the 180 degree pulse emables the centribution frem the selected
lize aleze to be ebtained (Bottemley 1981: 7).
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Sequential plane methods

The two-dimensional spatial variation of image of a physical
property of an object can be reconstructed from a series of
one-dimensional projections parameter that are records at
different orientation relatis ple (Bottomley 1981: 7). This
principle forms the basis © “the % successful x-ray computed
: g ¢ medicine and also the
(MR"imaging technigue. In this
\“—\ . The another method is

hod in which there are

: of the 2 mathnd was first proposed

bY.Kumar et al (19 (gF e Ie \ \ 54). However, it 1; the
variation on this théhe fBsf devaldped by\Edelstein et al (1980) that is
6 "‘ﬂ spicted in Fig.3-5 which show a

3 |

tomography imaging
projection reconstru
book, this earliest

in common uUSe NOW.
typical pulse and gra

-

i

RF m

Plane selection ¢

gradient [nﬁ ,' j :
U
Phas am:l
q

Frequency encoding
gradient (G,)

=y
W]
§

Fig.3-5 A saturation recovery sequence in the 2DFT imaging
technique. Following each application of a selective 90 degree
pulse only the amplitude of phase encoding gradient (G,) changes
(D G Taylor et al 1968: 644).
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The slice selection procedure is exactly the same as for the
projection reconstruction method. The acquisition period is also very
similar since the FID is acquired in the presence of a gradient Gx.
However, here this particular gradient changes neither in magnitude nor

how spatial encoding is agl
the effect of the gradig

.y direction we have to look at
cguisition period.

the y direction precesses
switch off, all spin-voxels
F Gx. The phase that each

While Gy is
with a frequency wiy
along the y directi

voxel accumulates durihfg Aide s is on 2 is
(3.1)
assuming a rectangula
Following the sradient pul¥e the phase of the precessing
magnetization varies linear he.y axis. A spatial frequency has
A in the ocess is repeated for
several different ¥ & s Xorresponding to a set of

{
Int esence-of atic %gfadient in the x direction Gx, each
column of s :ig w H:}maﬁy characterised by a

frequency ufmpracesswn. ‘I‘hg complete imaging sequence consists of

R TR T T IR e o e

image.

The equation of this reconstruction method is illustrated in
Eq.(3.2). It give the H-IR' signal S obtained from a two-dimensional
distribution of proton density plx.y! subjected to gradients Gx and Gy
for detection following the application of a selective 90 degree pulse
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S-Kanfp{x,y)axp[l'y{xt:,t,*)rf.?,t,]]exp{—{r,+!,]!T;]dxdy (3.2)

The steady state equilibrium value of the magnetization (Mo)

a1 - , jiven by equation

present in a sample in a fi

(3.3)
whare p is L Ilm!‘l‘l:h‘in the sample and Ts
is the temperature.

guation that plx.y] may be
ansfarmatinn of a set of
gradiant amplitude or 1its

recoverad by a
signals obtained
duration.

T1 weighted 1 ge

A second plils sgtl’ to weight an image with
T1 is the -;ly;‘;"'””' very (IR §G8: Fi9.3-6 shows the pulse and
gradient timing md The first pulse is a
non-selective pulse., After 1its applicati Mo has been completely

g ﬁﬂzﬁmﬁl’%‘wﬁa 2. T il sesiee

interval bat en the 180 degrge and tha&] degree puw

RINNIUNRIINYIAY
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=

gradient (G,) -
f‘ ——
Phase encoding
greadient (G,)
71 \
Fregquency enceding : \
gradient (Gy) :&\ (=
A
Fig.3-6 An inversio ey, | echnique. Each
selective 90 degree pulsé is/précedec g 180 degree
pulse (D G Taylor et al'1988: 647)" ~
] ;_-_i-f
T2 weighted 1 £
A spin-echo  puise seque t Jto weight an image with
Tz. The density image we te images which are quite

different from T1 ighted images. Tz valuef in biological tissue are

L2y 1) A1) e N

Since M2 chnrnctlrisas the

:::::mmﬁmm TG AL o e

other e t.ernﬂ factors also affect the FID and pure Tz effects can be
studies only by the use of the spin-echo (SE) sequence. The.pulse-train
may be written as {90‘-]""?-130‘-‘."3):;. A typical pulse and gradient
timing diagram is shown in Fig.3-7. An echo signal is formed at time Te
(see spin-spin relaxation 1in chapter 2).
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- L3 -
| 75 S
degree n 180 degree
RF '
G L4
; -
3
-
G ot 5
: NS
K\\
G o T b
x ' &
NMR \
signal \
Fig.3-7 A spin-echo echnique. Each
selective 90 degree pul p time Te,z by a
non-selective 180 degr BB: 649).

A varia

) enge  1s the Carr Purcell
sequence with al METHOGH (PMG) (Farrar and Becker
1971). This is es

yt : . l.l sequence followed by a
train of 180 degr pu1sa ﬁvnry Te second later. The RF phase of the 180

degree pul i‘gj? 1 90 degree pulse. A
train of sm ’] 3Te.... An image may
be gunaratad for each of ghesa achoas or ﬂtarnattvﬂy Tz may be

e R R SN TR o

generate a series of T2 weighted images with varying contrast.

Diffusion image

The random thermal motion will influence the signal as spins
move from one part of the sample to another and experience a different
magnetic field strength due to static field inhomogeneities. Variation
in the frequency and phase of these mobile spins introduces a phase



incoherence which causes a reduction 1in the signal-amplitude. The
amplitude of the presence of a gradient G 1is given by Eq.(3.4), where
the random motion is characterised by the diffusion constant D (T10-%

Weiery) o

By applying / \\\\% nown strengths (that is a
known 1inhomgeneit ‘ \ R, 80 degree pulse in the
spin-echo sequence t M5 \ ate D for spins diffusing in
a direction parallg ‘, ghd fic s'" grad e iirection. Such a sequence
may be easily incorpgrai '-'ln uging experiment as shown
in Fig.3-8, from whith @iffusior \‘\ apped.

'MF___ d\ \

cm2s-1 in bilogical samples)

il ) .
Augi ANl NG

Phase en d“:d

"3‘ﬁwaﬂnim§mﬁwﬂm

Frequéncy encoding
gradient

NMR signal

Fig.3-8 The diffusion pulse sequence in the 2DFT technique. The
slice selection gradient is shown here to be also used as the

diffusion gradient (D G Taylor 1988: 652).
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consider the motion of nuclei in a direction perpendicular to
the imaging plane. If a saturation recovery seguence is performed with a
short repetition time Tr, the intensity of signal recorded will depend
on the number of nuclei which er the imaging plane within the time
Tr. As Te is increased so does tensity until it reaches a maximum
at a certain time Tr=tas, When all'% i within a region of interest

cribed for diffusion measurements
can be extended to t f "\- s ince atter may be regarded as
anisotropic diffusdér ; ¢ of a pulsed gradient Gz
before 180 degree p ‘sequence. The phase acquired by
e 'of Gz for a time (ti-tz) is

: Sz t) (3.5)
If the 180 deg llowed by an exact repetition of
the gradient puls Gz, ‘ stationary spin during this
period exactly CHncer oFe the 180 degree pulse.
However, if the s%‘n m‘lmuy v in the direction
of Gz, the total phase acquired by a spin at The time of the echo is

F;JJ uii najﬂﬁw EJ ,] ﬂ ‘j (3.6)
R VTN 18] Dpbe scatres 1o

d1rect'|§ proportional to the velocity. The extraction of phase
information from the NMR signal is easy with phase sansithfs detection
and the grey level mapping of phase information produces images that are

sensitive to the magnitude and direction of flow.
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Chemical shift image

The chemical shift characterises the chemical environment around
the spin (D G Taylor 1988: 653-654). The interaction between the applied
magnetic field and the electrons yduces a small reduction in the net

2 Site /l lei. The effect is to lower
A‘ctiun Bo. The interest in the
parameter, aside 7 » fold; the first is the
possible production af* & tErs gs|at, e d ence between water and fat
protons. Water proi: 2 protang differing chemical shifts

The basic aim Ms ol profiuce @in \imege, that solely reflects either
water proton or faf pfotén distribution.  Several methods of achieving

this have been propogal one*ﬁ t "‘ 'alié@s on the acquisition of two
spin-echo 1images % ater and fat produce signals with
reversed relative phases. manipulation then allows one to

have also been prﬁosa;' 180 degree echo pulse is
selectively taﬂurad such that only protons nf a specific chemical shift
coalesce to m omj is where a selective
90 degree ps@\uﬁgm T{ﬁna f the unwanted protons
before a normal spin-echo seglence. Fig,3-9 shows sughya sequence.

OV R TR Rief /TR TV NN

followed by a 'spoiler’ gradient pulse to induce a rapid transverse
dephasing of the magnetization. The following 90 degree'pulse then
produces a.signal at the coil which is solely from the shift of
interest.




33

- 90 degree 90 degree [| 180 degree
5 J
z
G
Y -
AM
l“|
G 5
bl
X Svias
AN
Fig.3-9 A chemical & _‘*,..i, g pulse sequence
in the 2DFT technigueith or 1988: 653).
u L* P P
Echo—p1

In this mthgd images are nbta‘lnad b‘_f imposing periodicity in

the time ummejuvmrrmﬁ domain (Bottomley
981: 10), citat i§.3-10. Application of

a taﬂored 90 degree RF pulsefconcurrentziWith the z-gradient excites the
oine 2y V1o Pl B VPR 16 e s e
observed in a periodically switched y-gradient plus a static x-gradient.
The effect of the switched y-gradient alone is to induce a t.i_'a1n of spin
echoes which imposes a discreteness on the y-projection obtained when
the signal is Fourier transformed. Addition of the x-gradient broadens
the discrete 1lines of the projection to yield, from the Fourier
transformed echo train, a complete set of profiles representing the spin
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distribution across the selected plane. Since all spins in the plane are
excited, the sensitivity loss meeting 1in planar imaging from
unirradiated spins is avoided.

t
r-gradient =
L 1
r-gradisnt —_—
x-gradient _'...‘
Salactive
exitation
pulse
NMR
sigeal -
M
Fig.3-10 Echo-plafz: . gree pulse
selects the z-plane T d the ifing = Li itched
y-gradient and a static x-gradient. The resultant o train is
Fnuner transformed to atain an imaqeﬂ the plane {Bottomley 1981
: 10
S YNINLINT

mwﬂmﬂﬁmﬁﬁwmaﬂ

t might expect to find the excitation sequences employed 1in
three-dimensional imaging methods in general simpler, notyithstanding
the difficulties met in spatially encoding the NMR signal in the third
dimension (Bottomley 1981: 11).

To do three-dimensional rotating frame zeugmatography 1s
reconstructed by a second RF gradient applied in the x-gradient for the
variable period tx with the static gradient now applied in the
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z-direction (Fig.3-11). Or alternatively, instead of using a second RF
gradient, the RF field can be modulated at a second frequency during tx.
This method is employed, the three-dimensional image is reconstructed

by three-dimensional Fourier tr
tz.

RF

ansf tion of the FID about tx, ty, and
Y -
,‘ ———

x-gradient

—

RF

y-gradient = |

90 degree

excitation
pulse

z-gradient

ﬂumwﬁmm‘i—*
mmnmum ¢NA.L

:tuﬂmatnnrnphy RF field gradients are applied in the x- and
y-gradients for variable intervals t,and t,. The FID is observed
during t, In a static z-gradient and a three-dimensional image
reconstructed by thru-ﬁime:_rslunal Fourier transformation with
respect to t,, t, and 1, (Bottomley 1981: 13).

T e 2i el
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