Chaptfer 2

Basic Theory of NMR Imaging

Infroduction

NMR imaging is a 3-D imaging at uses the NMR phenomenon as an imaging
tool. Magnetic resonance is a p : in magnetic systems that posses both
magnetic moment and ang . the term resonance means that we
are in fune with the frequency of the magnetic moment of nuclei in
an external static magnetic ficle elect a region from samples and obtain

The advantage: NMR' i g © _v ous nature, its high-resolution

ccpoblli’ry, Its capability of N Srnic -sectional images in any direction, and

In the early 1970s, boih Lﬂ i .- ¢ dian showed that NMR spectroscopic

= # "
techniques could be applied to irr: body. In 1978, Andrew demonstrated the
very high resolution capability of N‘Eﬂﬁﬁv ailed image of the septum of a small

An interesting cspit.:t of NMR imaging is its diversity in image formation. The formation
associated elec! 5y i Qi MO kS i ith a field gradient of 0.01

to 1 G/cm. The resolution in a convgntional NMR‘g\oglng sysfeméepends on the field
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Basic Thedry of NMR

All materials, whether organic or inorganic, contain nuclei, which are pfoforxs, neutrons,
or a combination of both. Nuclel that confain an odd number of protons, neutrpns, or both in
combination posses a nuclear spin and a magnetic moment. This situation is equivalent to the

bulk of many small magnets.

‘

When a given material is placed in a magnetic field, the randomly oriented nuclei

experience external magnetic torque, which tends to align the nuclei in both parallel and



antiparallel directions to the applied magnetic field. The spinning nucleus responds to the
external magnetic field like a gyroscope precessing around the direction of the gravitational
field. The rotating or precessional frequency of the spins. called the Larmor precession

frequency, is proportional fo the'mogneﬁc field strength.

When proton nuclei are placed in a magnetic field, the nuclei are in two energy states

+uHg (anfiparallel) and -puHg (pcrqtlel fo ?chc magnetic field Hp . where p and Hg are the

nuclear magnetic moment and ap Id. respectively. At thermal equilibrium the

disfrlbuﬁon of spins in energy nn law, the lower energy state has a

larger population of splq@e hﬁhe

electromagnetic radiati : i nds to excite protons at the -pHg

tate. The irradiation of external

energy states up to the apergy is given in the form of RF

magnetic field Hy. The excitéc Ok, ; o ref i their low-energy state, producing

lattice relaxation. The imcging

capabilities of two importa e J 7 ti ation (T7) and spin—spln relcxaﬂon

Fig. 2-1 Spins in a magnetic field Hp. (a) Spins precess in two energy states. (b) Net spin

magnetization vector Mg.

Let us consider a magnetic moment p in the presence of a magnetic field Hp. Fig. 2-1

(a) shows the precession of prd'ron spins in two energy states. All moment precess about Hg at



the same frequency, but without phase coherence in the x-y plane. Since the Boltzmann
distribution, at equilibrium there are more nuclei aligned in the direction of Hg. The net

magnetization vector Mg, which is the vector sum of u's, is oriented along the z axis.

The precession of spin follows the Larmor precession frequency, which is unique to

each nucleus.
-YHo m
To considering the motic n, we use a rotating frame of reference
a set of Carfesian coordina Hg at an angular frequency . The
magnetic field associated w tive magnetic field, which is given
by
@
In the absence . the fictitious field o/y exactly

> c fieid is in the z direction and the

\ \  the x-y plane), the total magnetic

cancels H, and Heft beco
RF field H, is applied alo
fieid His

x‘..",l;-'..«.i,s '

L=

Inserting Eq. (3) into EG-(@) g
Vf' _ 7‘- ‘
m m ()

At resonance (o)—@)&lq (4) can be ressed as Hegs = Hy. Thus, the only magnetic
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where 1, is the RF pulse duration. The flipping of magnetization M info the x-y plane is
ilustrated in Fig. 2-2. '
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Fig. 2-2 Spin magnetization'in
Spin fiip with an applicatiopof the iR

When H; is applied along od 1p. the spin fiips through an angle

6 from the z' axis toward ihe yaxi or ©, depending on the mode of

excitation.

After Hj is turned off, zation Induces a current into the pickup coil
surrounding the object. The mogngﬁgaig'gn; >
equilibrium, so that ﬂwq‘%ns realign with the Ho f

component of magnéiizatior

es, through neighboring spins, to ifs thermail
e other hand, the fransverse

nteraction and dephases. This

transverse (spin-spin) reloaﬁé'n me is

in addition to the spin=spin relaxation, there are other dephasing effects, such as the

masnetctec b 19 §ATAN FEHE3G maonete feks racen

are added to reséive the spatial dls'mbu’non of spin density. In fact, they produce shifts in the

e S A T e

’rransverse?elaxaﬁon time T, is smaller than T,.

The composite sinusoidal signal decaying with the relaxation time T2', as shown in Fig.
2-3, Is then detected with a phase-sensitive detector. The results are similar to a decaying
demodulated AM signal.



Signal
Voltage

Fig. 2-3 FID al o : Jies @ moduldted decaying signal.

Concurrently, longiii \ ces the spins fo redlign in the Hg

direction, because it is The i use it involves energy dissipation

through the lattice, the log

ger than T, and is relc'red to the

z component of magnetizaiion, '

g. 2-4 Spins decay ‘y spin-latftice felaxation mechapism
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characteristics of the material. In Fig. 2-5, sequential pictures of the relaxation processes are

shown.



Fig. 2-56 Seque‘;nﬂcl illustrations of spin relaxation processes. (a) Spins are

fipped by the RF pulse. (b) Spins are dephased due to spin-spin relaxation
and field inhomogeneity. (c) FID signal decays to zero as the spins lose
phase coherence. (d-f) spins relax fo the original equilibrium state by the

spin-lattice relaxation process.



Several forms of spin-echo techniques play an essential role in dgfc acquisition for
NMR imaging. The two basic forms are the Hahn spin-echo fechnique and the Corr—PcheIl
Meiboom-Gill (CPMG) technigue. In the Hahn spin-echo technique (Fig. 2-6). a 90° RF pulse is
applied to the direction of the x' axis, and then the magnetization vector M rotates to the y'
axis. The spin magnetizations then dephase over time, due tfo field inhomogeneity or added
field gradients. A subsequent 180° pulse applied along the x' axis rotates the spins around the x'

axis. The spin magnetizations now confi f ess but begin fo rephase. At this point, all the

spins are completely rephased a yﬂwe magnetizations have now deccyed
" by T, relaxation. ) é = / :

Fig. 2-6 Hahn spin echo. (@) Spin magnetization dephase after 90° rotating by RF pulse.
(b) 180° pulse is applied along X' axis. (c) The spins are being refocused. (d) Spin echo

is generated along -y' axis.
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In the CPMG method (Fig. 2-7). a 180° pulse is applied along the y' axis instead of the
X' axis, so that the spin flips around the y' axis. !

Fig. 2-7 cPME spin echo. (Q) S magneﬁza'riondephose after 90° rotating by RF
¢
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Conventional NMR spectroscopy requires an extreme homogene;lfy magnetic field to

S

reduce the frequency shift effect caused by the spatially dependent field variations. In NMR
imaging. a field gradient is deliberately added to resolve the spatial distribution of spins info
Fourier domain components. The basic form of signal obtained from 4-D Fourier transform

NMR, which is known as FID, is expressed as
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s(t) = Mg f(x,y,2) exp {iv f [xGx (t') + Gy (t') + 2G, ('] dt'} dx dy dz

j‘_

(O]

where f(x.y z) is the 3-D spin and Gx(1), Gy(1), and Gz(t) are the time
dependent field gradients alo 4 Y. a ﬂ respectively. The generated FID is, in
effect, a Fourier trcnsfornv ‘ density distribution.
Direct Fourier Imaqing TER

One of the inter: e NMR images can be formed
by many different proce ; isition pulse sequences play an
important role and are e 3,Te onstruction rithms employed. The method
of projection reconstructi i _' ! ; b ich NMR images acquired relied on
reconsiruction from a given 5 Nowadays, direct Fourier imaging
technique. which has the adv. >onstruction, is in common use as far as
general clinical applications are con

This dlrec’f Fourﬁlnw@ng {Dﬁ} d by Kumar, Welli, and Ernst. In
this case, imaging can -r-~---—- he tot exc ‘ of an object in series of time

sequences. D S ' m

In this procedure ?\ree orthogonal f'&f’ gradients, G,, G,. and G, are applied in

sequence aﬁe;ﬁ Uﬂﬁrﬂmﬂf{cﬂﬁwﬂ %me local magnetic fields

_are then given

9 WW@Qpifﬂﬁﬂﬁ“}WﬂWﬂ i

Xyt Hp + Gyy, for t; <t < t+ty

Hp + Gyx, for tz+ty <t < t+ty+ty D

The FID signal is sampled when the x gradient is applied. The s‘rampled FID signal
reflects the previous application of the z and y gradients by retaining the phase change
caused by those gradients. For this reason, this imaging scheme is often called the phase- -
encoding method. The series of FID signals obtained with the various t; and t, then form a full 3-

D FID signal set sufficient for reconstruction of the spin density image of the entire volume.
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The observed FID signal s(y.t,.t;) is expressed as

(totystz) = Mo [ f(xy 2) exp [17(Gxxtx+Gyyty+Gyzt,)] dz dy dx

= ®

S

o

where k is a constant.

of convehﬂonal DFI using spin echo
: __':; me of an object s excited by
the 90° RF pulse, only f - Qset o form an echo through the
application of a narrow-£ “ nd 180° RF pulse and z directiona LH election gradient. Note that the

x directional phase encodirg achieved by v g the amplitude of the x gradient instead of

V°M"9““mﬂ5%EI’NIEJVI§WEI’lﬂ‘§
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~ 7~ Fig. 2-8 shows RF and

for one-slice 2-D iImaging. |
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“RF pulse

T L CE R R

Echo

ing. The slice in the z

The spin f()fy.ﬁobfolned by thefimaging methods described above is not a
real spin densi

&,} woﬂ %‘5 w‘ger] ﬂ ‘jlries between normal and

abnormal ’nssues image of spin denslty weighted by T or T, has been found to be clinically

IR ey

2 rati vV i

The safuration recovery method involves simply repeating the pulse sequence at
regular intervals T. The equations discussed previously are unchanged except for the

replacement of f(x.y.z) with f(x.y.2), which is expressed as

f(x,y,2) = fx,y.2) {1 - exp[-T/ T1 (x,y.2)]} an
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2. Inversion Recovery iImaging

'

inversion recovery is similar to saturation recovery, except that the 180° RF pulse

precedes the 90° RF pulse with a time interval of Ty.

£ (X,¥,2) e f(x,y,2) (1 - ZCxp[—Tl /Ty (x,y,z)]} a2

2

Through the applicationofine lsoﬁulsﬂﬁhe first 90° pulse at t =T, spins are

refocused at t = 2T; by fh( i ) e spins are now refocused and
ially w constant T,. The decayed spin

This technique is offen used for

3. Spin-Echo Imaging

coherent, the amplitud
density can be written as

vz as

As explained above, if gelsT _ = T, as well as by Ty. By setfing the

appropriate Ty values, ima be cbtained, provided that the

repetition time Is sufficiently Iar

The effedts of T, and To are cl

both ﬂ;;]:m CcQV ziie ion. recove des ¢ sed. By varying the
recovery fi ﬁﬁnm ‘ gjm Ilrl %‘uﬁ: 7 deduce T, values.

similarly, by changing the echo time (2Ty) in Eq. (13) for the spin-echo method. one can obtain

osely related imaging modes. In Ty imaging.

several images differently weighted by To. From the images obtained with different echo

times.. T, values of each pixel can be calculated.

2. How Imaging

in NMR imaging. one can also measure the flow of nuclear spins through observation
of the FID signal. Icr:'rhe first attempt at flow velocity measurement, two RF colls were used: one

for the excitation of spins and the other for reception. If the maximum signal is received at At
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seconds after the excitation with the distance Al between two RF colls, the velocity can be
estimated by Al/At.

¥

3. Chemical-Shift iImaging

Before NMR imaging was proposed. NMR had been used primarily for chemical
spectroscopy. in which the frequency spectrum of a specific kind of nuclei was obtained. The
chemical shift was usually measured for ho
field.

ogeneous samples under the condition of uniform

In spectroscopic N in 3. ' mical spectrum for each pixel is to
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