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1 INTROCUCTION

NMIT SFeECLTOsCOrY hes Deen wgeo since 1946 in Line
sluduy  of condenced matted. Ire the last wears il has
aiso beern arrlied to researches in fields relaleg to
acaicine., The main arrlications are NMHR Imacine and
NIl Hieh  FResolution  *in vivoe® seectroscory. In this
Farer we will be concerned only witihh the first torac.
A immediale comearison with tradational raciocrasnw
2llows  one to see the first difference between the two
technlaoes ] whilst X-rsw 1maces are simrly absoarrtian
mare  of Lhe sustes under exeminalions so that thew can
show  onlue the electron density of Lhe sameler a NAR
imoRe ancludess  besides  the wmoreioclose of the bodus
alwe  chemical and rhysiolocicsl informations, A second
difference is the facl that +the two technlaves use
frecuencies  which  lie 1n rances wvery {ar from each
olhr: in fTact NMR maltes use of radiofresuencics
(ref.)y sao that it is non-ionizing; moreavers at the
Frensanl mamentes e harm was found Lo be rFrocuced vy
NME d1macire. Before analwrine the basis  that have
allowed the siude of heterocceneous sysiemsy il e
Necestsry Lo eive a brief descrairtion of  the oM
srecirascord Princirlesy.,

2 NHR SPECTROSCOMY

Nuclear Macrnetie Resonance 1% based on the
Francirle that  all Lthe nuclei wilh o zero sk hawve

alsn & maenetic moment o IT we reslruicli ourselves to
the rcase of nuclei with skin one halfy wnen thew are
Floced in a static macnetic field Hgr wswally divected
alone  the = awxis of the reference fromer thew will
aliann aloms  the direction of the fieldr 11 a rarallel
or antirarazllel states followinea a Eoltzmann
distritwtion. The enerew difference between these two
levels 1 AE = fiwdr where wlhis the classical Larmor
ancular freauency Givern by W, = Hse ¢+ with by the
Guronasrnetic ratio. The rorulation of nuclel oriernted
irn the rarallel state will be greater of the other
bhercavuwe this state corresronds to a3 lower enercy. The
difference between rorvlations results in a rfet
macroscoric maenetization M, aliened alone H,. The
eauilibrium situation can be wogified bw arrlwing a
r.f. eleciromacretic waver with enercy eaual to the
seraration between the two levels. The effect of this
rerturbation is 1o chanse the distribution of the

rorulations. When the rerturbation will endr the
return to eauilibrium of the sustem will be
characterized by two relaxation Ltimes? the

srin—lattice relaxation time Tg and the sFrin—srin
relaxation time Ty, The last one is the Lime constant
with which the srins loose their frhese coherencer
while the realisnment alone the direction of the main
machetic field is characterizced by the time constant
T¢ge These relaxation times can be measured usine
sisitable SeRUENCRS of Fulses, Tne return to
eavilibriuvm can be detecied with a coll that surrounds
the samrle; the wvariation of the comronent of the
mazchetization in a8 rlarne rerrendicular Lo the = anisy
calleg Free Induction Decaw (FID)s induces in the coil
a efm £ienal. The Fourier Transform (FT) of thic
si6hal i%w the freauencwy srectrum of the sustem.

The srin~srin relaxation time cives informations
on  the local fields exrerienced by the nucleil these
fields are related to the environment which surrounds
the nuclei wunder damination. 0Or the other sider the
srin-lattice relaxation time sives informsation about
the enercetic exchances between the srins sustem and
the lattice. This relauation eprocess is dues in fact,
to the Fluctuslions of the local masnetic fieldsi the
molecular motioms Lend to reestablish the termoduynamic
eauilibriuvm and te reorient the sxins in the directiion
of the static macrnetic field,

From & classical roint of viewr the effect of the
r.f. rulse is to rotate the macnetization of a flir
ancle around an  awxise that will be denaminated as
uty af a reference frame rotatine at the same
freavency of the pr.fy rulse.



F.Ce Lavterbur (1) was the first Lo sueeest a way
to obtain sratial imaces of the NHR rarameters. His
orisinal idea was to correlate the resonance freauency
of the spins in different farts of the samrle and
their sratip) rositionse by mesns of the inouced
interaction bhetween them and a linear pasretic field
sradiepnt: surerrosecs on the homoseneus field. The
effect of the eradient is to chanee Lhe Larmor
freguerncy of the s$fkins linearly with the positioros so0
that 1t becomes ¢#ossible to assien each freauvencs of
the srectrum to a civen coordinate.

3 GENERAL FRINCIFLES OF NMR IMAGING

Whern the macsnetizstion is a2 furnctionn of the
coordinatesy as  in the heteroseneows sysiemsr the
Elach eauation can be written (2)3

IR = pRAE AT L) - iy (Pl +
ELILIAZE

R (1)
I 2 TR - e () - ml(kY /T

where n {¥) is the local ecuilibrium macretizations T,
and Ty are functions of the sratial coordinates: and

A A
BUfot) = Hat0)3 + M (05 + [H, + ToT1 ¢ (2>

In ewr.s (1) and (2) ?s 3 and t are unit vectors of
the lab. rveference framer H, (L) and H,(t) are the
comronents of the r.f. mnacnetic Fields He is the
static field arnd G{L) is the macnetic field cradients
defined by

- Pe
Bet) = JH )i+ IHy ()T + Hg (LR @
P EX o=

After the r.f. rulser the macrnetic field will he
Given by

o+ - - A

Hi(Fvt) = THy + (F-T)T k 4>
and the soluvtion of the Elocn eauwation for  the
transverse camronent of the macnetization wmitst)s
defined as

myPat) = ma(Fot) + im, (Fyt) i= -1

is siven by

LR T
Mg (Pt = Mgl ) exrligt - 1“ T L(TYATY +

t, (5)
~ t/Ty (v )Y

where t=0 corresronds to the end of the excilation
Fulse arnd ty dis the time when the eraaient is turned
oy Cawalion (%) is referren Lo a sel of monwchromatiiac
sw1is for which

Mg (Tp ) = I Plrrurzddn du dz té)
r

is the eauilibriunm macnetization i the rlane
sepcified by ®  in the direction of the sradient (s
where Plsurz) js the density of the resonant srins.

The total ecuwilibrium macnetization Me is Given
be the sum of the variows n,(ra) carried over ail
the isochromats

Mo = S My (rg ddrg 72
Le

where Lg is the maskimum exlension of the samrle in the
direction of the eradient. In the same way the FID
rroduced by the whole samrle will be Gciven bul

S(t) = Sn&(rc:t)dra §:h)
Le

From the esrregssion (B) it is rossibie to obiaine
with a suitable cheice of the rarametevs that
chevacterize 8 meacure rrocesse all the informations
from & heteroseneous samile. Al dmaaine exreriment
will be defined by the secuence of edcitation ang bw
the temraral behaviour of the eradient vector becasuse
thew both strongly affect the whilée measure rrocess
and  the information available. In rarticulare the use
of the sradients distinevishes many different imacine
nethods amonc  them, We now discuss Lhe techniaues
arrlied in a2lmost 2ll the rractical ceses.

4 NMR IMAGING METHODS
4.1 Frodection - Reconstructiorn (FR)
The Frodection - Reconstruction techrnicue is the

first NMK imacinG metnod that has been realized (1:3).
In 1973y F.C, Lauvterbur Frrorosed to arrly a linears




time 1nderencent macnetic fiela ceradient  over Lhe
homoseneus  maanetic field, In thils case the exFrezsion
for the aradient G is?

- A
G o= dHpa + Myl 4 IHak
o n o4 o=

witt:

JHz= Gx = consti b§‘= G, = const; DH;= Gy = const
FES P E] J=

and  the intesral which arrears in the exrression (B)
can be easily solved in the following wau!l

tg+t t, . :
S t.8@ar = S F-Gdr = (-t ()
L 0 o

From exrressions (%) and (9) it can be shown thati
all the srins with

siGa+ ol + 26y = const (10)
cenerate a sincle freauency of the srectrum: hence the
relatian (10) _rerresents a Flanes normal to the
direction of v which contszins the monochromatic
SE1MG .

The FT of ea. (I) will cive the amrlituge of the
srectral comronent associated to the rlane which
satiafies the condition (10}, The real rart of the FT
i1

tplrg rid) = Znlrg ) Tylvg )
. .. t11)
U+ Tpirg ) [w — et pT G2 37

To obtain the whole skecirums it is necessary to
sum_ the exeression {(11) over all tne rlarnes orthoconal
to Gr each resonaline to 3 sincle freamuencw. Hencel

Stw) = 5 n_‘(r‘-w)dt‘c (12)
Le
Eaquation (11) rerresents & Loventzian line

Froduced by the rlane defined by the relation (10)s
centered at the freauvencu

w =m,,+5~‘%.f; €13

-

with half heicht widith siven by i/ffoand amflitude
2n, () Ty (o) (14)

Eauationn (12) rerresents the whole srectrumg it
is a swrerrosition of Lorentzian linesr ard 1f the
strencht of the eradient 61 is sufficiant hiahs so
that

PITILG/N & 17T Ty _ (15)

where Tpuuis the minimsm Ty exhibited bu the samrler
ea. (15 becomes the srin density rrodection alone the
directian of G. In the exrression (15)s FIGIL  is the
srectral width of the samrle in the direclion of the
cradients and N an intecer wich defines the dimension
of the reconstructed imacer so that Lg /N is the
achievable sratial resolutionr.

The FR method consists in oblainine 3 sel of
rrodectionse each one in & different direction. The
rrocedure which allows one to reconstruct the imace is
called ‘'back-frrodection®r and it 1is similar to that
ore wsed in the Comruterized Tomoerarhua (CT). The NMK
imaGcesy althoush are called *density imaces®r
rerresent 2 sratial distribution of the rroduct m Ty v
as it is evident from ea. (11},

The simrler excitation technioue makes vee of a
r.f. Fulse which turns the macnetization by ¥0° around
the »' awxis of the rotatine reference frame., The
rostly wsed seavences are ceenerally based on a 90°
rulse  followeod bu a 180° fulse. This forces the srins
that have derhased with the characteristic time Ty to
refocalize after a time ZT from the becinning of the
seqauence, This rFrocedure is called *sein-echo”. The
time delas T between the rulses is much sihworter than
Tg + if one wants to reduce the derendence of the imace
on this rarameter.

If a contrast in Ty and Ty is desireds the
raramelers that define the seauence must be chanced or
other rulse seacuences are needeu, A Tg contrast can be
obtained with a longer time delaw between the 90% and
the 180* rulses. A seauence that was civen the nasme of
*inversion-recovery® allows one to ebtain a3 contrast
derendine mainly on T, . It is made of a 160® eulses
followed after a time t: by a srin-echo seavence. The
time interval t; should be conrarable with T,. Also &
variation of +the rerstition Lime of the seauvence
influences the direndence of the imace on Ty and Tp.

The aceuisition of data from a whole 3D samrle
would reauire a veruw lardse memory and 3 lone time to



reconstruct all the imacer althouvsh in manhy cases Lhe
region of interest rerresents orde a part of the bodus.
For +this rezsons a reduction of the samrle to a chosen
slice 15 desired. This is orerated in the followino
waui the samrle i1s excited with 8 rPulse whose share in
the fresguencuy domain is 3 saguware of widin Aw/2 1,
centered  around the Lardor  freacuvencds i.ed 2 sinc
functiorn. I the samerle 14 irradiated in Lhe rresence
of a aradients let us sav in the = directionr onlwy the
SEING belongine to rlanes with =z satisfoine the
relation

_Aw > Aw
me - “InG

will contribute to the sienal.,
4.2 Fourier Zeusmatocrarhyg Co

This techrniaue has been Froroseoa by A. Kumar et
al.{4)y and is derived from a eereral class of
exrerimentsy that &oes wunder the name of 2D NMR
sreciroscory. It makes wuvse of Pulsed field sracients
after the excitation Frulsess in the followine wawul
iMmmediately after the 90° fpulser 38 wmacnetic field
eradient Gy 1is arFrlied alonse the x direction for a
time t. » followed bw 3 sradient G, arrlied for a time
ty 23lonc 4. The FID is finzllw recorded durins a time
interval t, » wounder the influence of a eradient Gg.
Mathematicallur the "behaviour of +the =z comrorent of
the masrnetic field i1s described by

He + G2 for 0 Tt <oty
Hy (F) = Hy, + Gyy * te il L 4y, (14)
Ho + Gz R PN
Obviouvslw the rhase of the FID at a time t > ty+ty
is a functionn of the rrevious time intervals t, and

tyr hence we shall defire it as S(L) = Sitariyrts ).
The tridimensionel FT of the NMR sienal 5(4) 1s a
mnezsure of  the srin density functhnwp(?)- and can be
interrreted as a tridimernsionai imace of the samrele.

The ohserved sienal S(L) is formed bpw the
contribution from the various samrle rartse and can be
writtern as

S(L) =Hj PF) s(Frtrdv (17)

where s(?,{)dv rerresents the contribution of the
volume element dv = dn dw dz identified by the vectar

t. The fubction s(¥s1) can be easily found as a
solution of the Eloch eauation. AfiLer a shase
sensitive detection at a frecuencw ey r the cosine
caomronent of the sienal will be eciven byl
--
s{rvrt) = cus{—‘\G, sty -“J‘G,-_-rt’ - FC‘! =tad k
(18>
e:—:r--(-—(t.*trd-t‘,)/Tz}

The tridimensional FT of S({)r that will be written as
S{w) = Slukdalky)r Wwill be Gciven bu!

SwH = ]“ S(t) eur(—iat)dt.dt, di, (19

and  car be exrressed as a8 sum of the contribution from
the various volume elemernts! ’

S = I” P s wnay (20
where s(#,%) is the FT of s(?rt)y and is civen bu!
s(Ty@) = 172 LI~PG, =0y -

s L(=PG wmmy) LI-pGgz—uy)
where a. 4 Ir

Liw) = A{W) + iD{w) = 1 + iwT, (22
1&5'? 1+ T

From ea. {(21) we can demonsirate the validiiy of
the followineg identitu!l

"
ST ) = Stn.gna-l:.'ﬁ) (23}
Substitution of ea. (23) into ea. (20) Ggives:

-
S(w) = IIIP(%) St0vw + y . Fodv (24
If nt this roint Wwe rewrite the frecuerncy

variable w in terns of a sratial variable T's i.e.!
w =—EE-?'

ea. {249) becomes!
Sw) = S(-gE-Fy =P =

(r) S(Or—yCe(F-T')2dv
ffr )

This intecral rerresents the tridimensional



canvolution belween the *true® spin density ﬂ(?) and
the natural  lineshare L{w) throush the function
s(frw). HWritine i1t eserlicitlu!

'LC—JE,(B"B')]'L[—sG,(zmz')]dv

The function P (**)s  uhich we could define as
“filtered densitis®ry is a comrlex function. Its real
and iMacinaryg Farts both contain the functions
absoretion and disFersions which carn hardly  be
distincuished, Hence it is better +o calculate its
absolute wvalue I}D(?')I whichs wunder the assumrtion
that the line snare be sufficientlu narrow and the
wntensity  of the aradients be strone enouchs is a coog
neacure of the densitu p(fy,

The advantaces of this methoc on thie
backrraodection technicue can be found in the fact that
no  reconstruction fFrocess to obtain the imace is
neededy  the 3D FT of the FIDs beine itself a mar of
the samrle. Az it is the case for the FR methodr the
need for a3 too larce memoruy oblices to a reduction af
the techniouwe to two dimensions.

In eracticer the NMR imacine method mostlu used
NoWsdaYs is a derivation of the Fourier
Zeusmatosrarhys which was named *sein-ware® (3). The
difference between the two techniaues can be e:rlained
in the following wau! the effect of the first
Gradienty for enamrle Gy r 15 to chanse the rhase of
the srins in a rlane characterized by a value we 0F the
8 caordinagte af an amount

ty
G, (tidt
I L y

as can be easily seen from ea. (18), The value of such
intesral can be wmodified either vargine the time
interval t, while keerine 1IGyl constant,y or varvinc
the amrlitude of the sradient 1Gy i with ty fived. This
second  waw is uswally rreferred for eractical reasonsd
it is simrler to wmantain fixed the timing of the
secuence and to chance time by time the amelitude of
the &radient than to chanee the lenaht of the encodine
Gradgient., The seauence we use on our machine is a ain
echor in which both the rulses are selective ones.

In fia.l the seauence for a transverse section of
the body is shown. G, is the selectiaon Gradient, and
it 1s turned on onlw durine the selective rulses,

G, 1% the aradient which orerales a rhase
encodinsg in the w direction. Its i1otensity is varied
following the intesral relation?

X'Ly ITGydt = "Tf.n

where Ly is  the maximum samrle lenGFh in the v
directiony T i4 the duration of the eradieni rulse and
n is an intecer which takes on the values:

“NAZ ¢ =NA2-1 3 wew v =1 5 O ¢ +1 ¢ o0 ¢ N/2-1

if it has been assumed to samrle each ‘echo'in N
roints, The bidimensional FT of N echoes will sive a
NN imace of the ob.Jdect. -
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Figure 1. Twrical 2ZDFT sequence. It is a serin echo
withh both selective rulses. The cradient Gy is
swilched on to select & xew slice durine r.f.
irradiation. The Gy eradient 18 the reasinc
Gradients wich is on while the echo is recoroen, GX

introduces the frecuency seread alonc the 3 aiis.
The rhase encodineg earadient G, is arrlied with &
whole set of amrlitudes and Tot each one the echo
is samrled., The 2DFT of the recordes siegnal sives
the srin densituy mae, Ty etontrast can be sernerated
by  arrluine an wtra selective 180° rulse befare
the srin echo secuence (IR).






