


lity of utilizing NMR far diagnosing and monitoring 
maiignancy. However results published in the litera- 
ture are not always fully consistent and the exact 
meaning of these ohsewations is still rather unclear 
from a theoretical point of view. Other studies also 
indicate that alterations of NMR relaxation properties 
may not be specific of a cancerous condition, since 
other pathological states are also able to produce 
similar effects on NMR relaxation properties as those 
induced by malignant processes. Correlations hetween 
NMR relaxation times and various physical parameters 
such as tissue hydration, fat  content and pH have 
been suggested and are still investigated. 

A critical review of in vitro studies generally leads 
t o  the following conclusions: 1) in most cases NMR 
relaxation times are meaningful parameters far  de- 
tecting and monitoring the existence of pathological 
conditions in tissues; 2) too many analyses have 
been however performed so far without or with only 
a few appropriate controls; 3) care must he taken 
in discriminating between effects caused by uncon- 
trolled cbanges in the physical and/or biological 
conditions and those related to malignant growth 
or to other pathological conditions. 

Theae considerations suggest the interest of direc- 
ting common eflorta in various laboratories towards 
the definition of suitable protocols and standarilised 
experimental procedures, in order to aeaure repro- 
ducihility and a direct comparison of the results. 

It stiould also be kept in mind that the nature 
of tlie tissues in which a pathological state orcurs 
is likely lo  be variable and heterogeneous. Mfferent 
portions of  the tieaues may in thesc conditions have 
diflrrent T1 and T, values, whose distrihution can 
hardly be studied ti? in vitro measurements. l'hr 
poseibility o l  measuring 'Tl and T2 in tissues in vivo, 
wliicli i8 now ollererl in principlr h? NhlR imaging 
metliods. opcns new prrspectives to the identilication 
anrl rliaractirization o l  hiological tissues tiy NhlH. 
I t  in in lart wpll known that NhlK imagcs <lepcnd 
iipon tlie comlination o l  various physiral paramr- 
tcrs, notalbly density o l  Iiydrogrn atoms ani1 tlirir 
rclaxalion times TI  and '1'2. Iri partieular rrlaxation 
timrs arr widcly respnnsil,lc (or thr high soft tissiir 
qwcili~it).. so prculiar to this imaging modality. 
I\ significant exarnple is rrprrsentrd tiy t l i ~  will 
Lnown pnnsildity o l  dilferentiating I,rtwecn grcy 
and wliitr matter, two ~ ~ S R I I C R  in wliich fiignilirant 
diffcrriices in rclaxalion times arr ronfrontcil willi 
onll- slidit ~li l lerenc~s in 11)-drog~n npin ilrnsity. 
1)illrrenr~a in rrlaxation timcs I,ctwcrn ailjacrnt 
tiafiicx arr tlierrlorr rommonly iitiliard in N\lR 
iniaginp lo iniprnvr thr anatomica1 inlormatiori mil 
to &wiininalr lesinna like tiitnniirs, al,nrrsars. Iiriiia- 
tornar r t r .  lrom tlir siirruiinding tissurs. 

However, NMR imaging uses these differences . 
almost exclusively far  enl~ancing the soft tissue con- 
trast, generally negiecting the physiological and patho- 
logica1 information potentially availahle in the rea1 
values of NMR relaxation in tissues. These limitations 
are due to a numher of problems encountered today 
in the clinical measurements of relaxation properties 
of tissues in vivo. Theae problema are mainly- related 
to the complexity of the system, as well as to the 
large number of the imaging procedures in uee. 
Because of our insufficient technological knowledge, 
the optimal approach which would permit the com- 
parison and the evaluation of the different procedures 
and results has not heon defined to a sa t i s f ac to~  level. 

Once the main technical problems of ttiese measu- 
rements are hopefully solved, the significante of the 
NhlR relaxation behanour might be further investi- 
gated. in order to assess to which extent tlie specificity 
of the diagnostic information can be enhanced and 
becomr o1 real clinical use. 

The programmr of this Workshop compriws Ses. 
sions and Working Panels respectively devoted to the 
following suhjects: 
1) a critical review of the physical and physiological 

background to tlie field of identificatiou and ctiarac- 
teriaation of biological tissues by NhlR; 

2) technical aspeets of the measurements of relaxation 
hehaviour and their relationship with tissue proper- 
ties, with a particular emphasis given to: the ellects 
o l  the diflerences hetween various techniques on 
measurements: the problema of different technical 
approaches; the interaction of measiirements with 
localisation; tlie problems o l  characterization o l  
tissiies and biological matrrials, using standard 
techniques; thr hiophysical factors determining 
relaxation hebaviour in tissues: various aspects 
o l  tlie rxperimental measurements in real tissues; 
protorols for tlie preparation of hiological samylcs 
for chararterizing tissiies; possihilities o l  rcnewing 
and catcgoriaing tlie meaaired vaIiies:identificalinn 
and assrssmrnt of siiitatiìe conbast a p n t s ;  

3) standardiaation and calitiration metliodologies, with 
partiriilar attrntion to: specificalion of relaxation 
proprrties required in suhstances for calilwation: 
idrntilication ol  fiiirh siilistancrs and prniornls lor 
prrparation; speciiicatinn or design of ~~hantolne 
and profocolfi o l  ilse for performanrr asscssmrnt 
d l i  rraprrt to spatiaì ani1 rontrast discriminolion: 
p<issiliility or desipinp a stanrlard inslninienl (or sa- 
k ty  aaaiirancr li? meaauring elertrornapctir rffrcts. 
, . Ihr last srssion o l  the workshnp is dwotril tn 

tlir clalioralion n l  proposala lor tlie powait,lr artivation 
cif a romnion rrsrarrli prograininr at I<iiroy~cati Irvcl. in 
tlir fielil ,>l t l i ~  rliarartrriaalion of hiolopiral tissiirs 11)- 
N111{. 
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Summary. - In the last decade the application of 
NMR spectroscopy to medicine has obserued a contin- 
uously increasing erponsion. In particular the area of 
NMR imaging which i8 now booming has caused a 
renewal o r  interest on more traditional in vitro studies 
like tissue NMR characterization and classica1 chemical 
rhift and relaration time measurements. 

With this conhibution the large existing number of 
imaging methods are reviewed and anal.yzed in particular 
for the more promwing ones. 

Riassunto. - Nell'uitimo decennio la spettroscopia 
NkfR ha trovato una c0ntinua.e crescente applicazione 
in medicina. In particolare I'imaging NMR ha risvegliato 
l'interesse per i tradizionali studi in vitro, come In 
caratt~rizzazione NMR dei tessuti, il chemical shift 
tradizionale e le misure dei tempi di rilassamento. 

In questo articolo sono rivisti e analizzati i più pro- 
mritenti tra i metodi di scansione sinorn realizzati. 

lntmduction 

In the last decade the potentiality of NMR spectro- 
acopy applied to medicine has greatly widened. Due 
to the veraatility of this coherent spectrowopy, niany 
tentatives have heen made to find out convenient pro- 
cedure~ either to ohiain the i:lassic spaetro~i:opii: infor- 
rnations (spectra, nlaxation tiines. etc.) wiihin a snidl 
volume o i  a living organism, or tu rnap a spaca distribu- 
tiori of NMR pararnelara functions. The latter ohjective. 
oarnely the formation of NMR irnages, h a  haen ai:tiiev- 
ed through severa1 different appr<iai:hes, some of which 
are nt the moment prevailing over the ohera. 'L'ha wholr 
field (NMIì iinaging) in now living a vary fast evoliitiori 
and excellent results have become more and more 
wmmon. The daveloprnent of the in viuo NMR spectro- 
nmpy has arisen, in a way, as a consequence of some 
of the methods proposed for imaging. Spectroacopy 
uI a srnall volume element in a living organinm, which 
can a t  the eama time be imaged, is of courae the ultiniate 
goal. Iligh field iniaging i:an in fai:t aatisfy this cornhined 
reievant pspects (Fig. 1). 

Fig. 1. - From clsasic NMR spctroacopy lwo vciy promiiing 
research m s s  hwe been genersted: NMR imaging (B) ind in 
viua NMR spctroseopy (C). Although the physica. whieh ia 
thc basis of thcw two fields. is the qme. the interpretation 
and eorr<:lition of B und C will bc s hsrd tssk. Thc "elosing of 
thc trinngle" with intcrpretsiion of the relitiuna betwccn B and 
C will nccessrrily gu thmugh studics fur the ehiructtrizstion 
uf timucs snd through tcehnied tcntutivcs of creating high 
field inatruments capabltr o1 invrstigaling bath B ind C at thc 
wmr lime. 

Let us eonaider lirst tht: irnaging techniquea which 
mpresent a rather hroaa arca, althoiigh only a few seem 
ai  thr rriommt the mally prornising ones. AI1 imaging 
inrthuds are bawd un high power pulsed NMR and have 
rnany fi:aiums iri corrimori likr uf coursc a wide b o n  
rnagnrt, iriagnt:tie Iield gradionb and a computer. Still 
sortii: basi#: diffcrrnces iriakr rnost of the approschea 
unlikrly to hei:oina interi:sting for elinicnl ilneging. 

Arnong the imnging techniques iiscd ia h e  projection- 
reconstmction (PR) rnethod [ l ] .  originnlly proposed 
by P. hu tc rhur  (with thr. narnr xeuginatography) ps 

a very firat NMH iinagirig proecdum. Thc NMR signnl, 
after thr: iixciting r.f. pulae sequence, ia detected 



with a costant magnetic field gradient applied in a 
certain direction. By Fourier transforming the detected 
free induction decay signal (FID) one obtaines the 
projection of the density distribution of protons along 
the gradient. The measurement is repeated for different 
directionn of the field gradient so to get a series of 
projections, which, by means of reconstruction algo- 
rithms 8imilar to the ones used in X-ray computer- 
aesisted topography (CAT), can produce the wanted 
image. The proper choice of the excitation sequence 
(eaturation-recovery, inversion-recovery, spin-echo) can 
generate NMR images commonly d1ed  spin density, 
spin-lattice relaxation time (Ti), spin-spin relaxation 
time (T2) images (21. None of these is anyway a single 
parameter image but rather a function of al1 of them. 
Different sequences mmply give more emphasis to the 
chosen parameter rather than to the others. In Fig. 2 
an inversion-recovery sequence is shown as an example 
of PR measuring method. In this sequence, like al1 the 
other PR sequences, the x and y gradients ampli- 
tudes are varied for each projection. In the time period 
3, the 90' pulse is a selective one. In fact, after the 180 
degee wide specmm pulse, which inverte the orien. 
tation of the magnetization, the selective 90' pulse 
aseociated with a z-gradient, during the time interval 3, 
ffilects a x, y dice of the body with a chosen thickness. 
NormaUy the selective pube resulte from the mixing 
of the r. f. with a sin x/x or a pussian function 
produced from the computer and a digita1 to analog 
converter. In some cases the PR method has been imple- 
mented with a steady state free precesion (SSFP) 
sequence [3]. In a way this is the melting of the PR 
method with part of the so called sensitive point method 
[4], which at the moment seems to have little chance of 
providing good images in a short time and for this has 
recently been neglected. 
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Fig. 2. - 1nveraan.recovery scquenw used to produce T, hages  
by meas of the projectiontceo~mction method. 

The 2DFT imaging method propoaed in 1975 by 
Kumar, Relti and Ernst (51 has severa1 technical diffi- 
culties +e., although it  entirely exploite the physical 
information that can be taken from the spin system. 
it  has remained a theoretical proposal. l i th  the mod- 
ification introduced by the Aberdeen group (61 this 
approach has become the most successful and used 
one (also called spin-warp). The main change (Fig. 3) 
consista in v q i n g  the amplitude of the field gradient 
rather than the duration as i t  ocmmed in the previous 
propod. The x-gradient is normaily ueed to produce 
the echoes and as reading gadient while the ygradient 
is varied in amplitude to change the phase of the nuclear 
magnetization to get then the information in the second 
dimension. The great advantage of this approach is the 
easy technical r. f. pulse sequence and above al1 the 
elimination of the "reconstruction" procedure which 
is cause of blumng over the whole image. In fact the 
spin-warp method is also not too sensitive to the in- 
homogeneitiea of the main static magnetic field. 

RF 
90' 

FIKD ,n- I I 

X 
I t 

l 

GRADIENT ! I 1 

I 
NMR 

SIGNAL : I -- 

Fig. 3. - Spin-wprp scqucnce. The magnctic field Jong the y 
nxis (time intervd 2) ia used to phure cncode the apin syatem. 

Both the PR end +n-warp methods can be extended 
to 3D imaging (71. 3D imaging seems too dow to be 
technically useful for clinical diagnmis although it  can 
be quite useful for research in medicine and other fields 
[a]. Rather than 3D imaging the future of diaposis 
seems to be in multi-dice imaging 191. Multi-dice ima- 
ging exploits the "dead" times due to spin-lattice relax- 
ation time, after taking some data from a dice, to get 
information from other slices, whose spin qstem have 
not been perturbed before. Rith this approach, in 5 
minutes or so, images Rom about 15  slioes can be obtain 
obtained. 

I t  is worthwhiie mentioning the "real time" imaging 
proposed by Mansfied and Pykett [IO]. The approach 
makes use of a selective pulse (Fig. 4) and then of a 
series of fast inverting y-gradient fields which refocus 
the magnetization sweral times. The presence of a weak 
x gradient aUows the simultaneous imaging of a whole 
plane in a time which, in principle, could be of about 
30 ms. Real time imaging was actually achieved [l11 



for beating hearts. Unfortunately at the moment the 
S/N in rather low to get good images. The velocity 
of the method makes it quite interesting anyway, an 
improvements could arise from some modification. 
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Fig. 4. - Echo pluur scqucnee. It is uscd for fut ha&ing. 

Withii the framework of NMR imagiug methode 
which are now prevailing, there are some substantial 
differences for some hardware components. Notwith- 
standing this differences, the generai scheme of the 
appantus does not change much (Fig. 5). Let us consid- 
er a simplified schematic of an imaging apparatus and let 
us descnie it by stsrting from the radio frequency 
pulae generation unti1 the NMR nignal production and 
detection. 

By means of the computer the radio frequency gener- 
ated by a synthesizer is gated and p h m  conbolled to 
produce the wanted pube sequence. Tayloring of the r.f. 
pulses for plane selection is obtained by mixing the t. f. 
wave with the wanted function which is produced by the 
computer and converted from digital to anaiog. The 
pulse sequence i% then amplifkd by a c l w  A power 
amplifier, whose maximum power output dependa very 
much on the imaging method used. Usual power re- 
quired for npin-wnrp are of the order of 1 KR' whiie 
projection reconstruction requires powers in the range of 
4 to 8 KW. The requuement of the power amplifiei to 
be c l w  A in obviously bound to a need of linear ampli- 
fication of the taylored pulses. 

The NMR probe is made with eaddle coils for head 
scanning. Either one or two orthogonai eaddie coila are 
ueed. Ellipticd coils are instead frequently used for 
tnink imaging. The NMR probe must be sereened from 
extemai I. f. disturbances. Thus a Faraday sereen in 
required. Such a screm in normally built large enough 
as to contain the whole magnetic system. 

The magneta used to produce the static field are 
commonly either resistive or superconductive. Perma- 
nent magheta have been conadered but found so far 
not convenient. Reaistive magnets are air c a e  and gener- 
ally made either of four or six helmolte coils, which 
are placed in a way as to defuie a sphere. Typical field 
strengths range from 0.1 to 0.17 Tesla with power 
supplies from 20 to 70 KW. Field homogeneitiee are 
of the order of 50 ppm over a sphere of 30 cm dimeter. 
The advantage of resistive magnet is related to the 
lower cost and the h c t  that their maintainsnce is limited 
to their actual ue an they can be switched off or on at 
will. Superconductive magneta on the other hand have 

Fig 5. - Simpiified.lchmatic of a NMR i m e  appumu. 
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Summary . - Methoda of collecting NMR +al data 
far imuging can largely be aeparateJfrom the methodr 
uaed to conahuct the image from the data I t  u helpful 
to confine diacuraion to the imogi'n8 of ain8le phnea in 
which euery uoxel conbibutei to euery FlJA l'he collec- 
tion of data for imogi'ngfrom the partidly relaxed con- 
dition murt be nude a t  the some time aftcr ercitation 
for d l  regionr. 'Iliir time cunnnt be optimai for al1 
regionr Therefore, rome regioni wiil haue either poor 
contnut or poor aparinl rernlution. 

Since there are reueral methodi of conrhucting 
imagei with differing propcrtier of contrart, rerolution, 
and time. the aame NMK r i p l  data con reault in quite 
different imoger. Some may be ruited for uuunl obrerua- 
tion with c l w  edgca, whiie otherr may bc leu  good 
uiaually buf with more accurato or precue ualuer l'he 
poarible uae of abaoluto or relatiue rehxation propertica 
of aingie rep'oni for rpccific chamcterirPltion of tiaauea 
Y a complcx problem and nove1 methoda of dercribing 
such propertiea will be required, porribfy wing,frequen- 
C? dependence. 

Ihs i in to .  I metodi utilizzati per raccogiirre i dati 
IVMK al  fine di ottenere imma~ini porrono eraere separa- 
ti da quelli urnti per coahuin? dai &ti l'immagine rtearn. 
I?' utile limitare ia diacwaione alle immagini d i p a n i  ain- 
noli, in cui cimeun "uoxel" contribuircc a ciaicun regna- 
le di decadimento libero (FIDI. I dati ottenuti in condi- 
zioni di rihaaamento parziale debbono eaaere mccolti 
pPr tutte le regioni allo atcaso tempo dopo I'eccitarione. 
l'ertanto nlcunc regioni presenteranno o un cattivo con- 
tmato o una cattiva risoluzione s p i a l e .  

Dato che, per coatruire le immagini, eriatono divcrri 
metodi caratterizzati da diverse proprietà di c o n h t o ,  
risoluzione e tempo, #li aterri dati NMH poarono dare 
luogo a immngini araai diuerrc. Alcune pouono prestarai 
ad una osaeruazione uiriw con contorni netti, mentre 
altre poarono eraere visivamente a m i  meno buone, ma 
contenere valori più accurati e precui Lo poraibilità 
d i  utilizzare k propriehì di riLuramento relative o arso- 
Iute di singole regioni per una apecijica caratterizzazio- 
ne timutale è un problema compksao e, per descrivere 

queste proprietà, ai richiedono metodi numi che posai- 
biimente utilizzano anche In dipendenza dalla frequenza 

Intraduction 

. . I his paper is a siirvey of some,asprcts of the rxpres- 
sion of relaxation properties within the NMI1 image. The 
siibject lies between the constmction o l  sprcilic imaging 
machines and the biophysics of complcx tissues. It is 
aildressed to two separate hut closely rrlatrd topics. 
Onr is tbe way in which SMK signals lrom a dice o l  the 
hody arr iised to prodircr a comliletr image of some 
measure of relaxation propertira. l'hp othrr is tlir p o ~ i -  
hility ol extracting very lull information on relaxatinn 
from a few small rrgions of tlir Iiody. 

The whole siihjert is not only rrlatiidy ncw IIIII  also 
ve- compl~x. 'l'hp problema will he hard tii  solvr aiid in 
wine ways rvrn liarder to definr. Somr assiimptions will 
tlierelor~ tic siil~p.sted lo  allnw siinpliliration and stnii.. 
tiirinp: «l  tlie a ~ h j r r t .  

(linieal rxyrrience ha8 iiiiilormly fnunil that imaping 
titnes arr longer than desiralilr. lt  i8 therrlore siigprst- 
ed dial only ihe siniplrsl mrasiirra of rrlaxalion prolirr- 
tirs can Iie prescntrd in rlinioal irnagrs ani1 tliat ttirse arr 
iiarfiil (I'ig. I )  [ I ,  21. It is siiggrstril liirdirr ihat ivlirn 
niiich liillrr inlormalion in ~oiighl il slioiild l i ?  rnnfinrd 
to small srlected regions. E'inallg, for tlir prrsrnt Iiiir- 
p n v  it will hp. a8siiiiiii~d tliat hritli Ihrsr liinrtions 
imaging and cl~aracterisetion ran lir prrfrirmrd un thr 
seme mnchiiir. 

NMR signù dita for imiging. 

Methorls o1 collrrting R'MH aignal ilata lnr iniaging 
ran be separated to a rrinsi~lrrahle rxtent lrorn tlie 
inethods iisrd tn constnict the imagr from tlie ilata. 

l'he constraint of the reqiiimrnrnt to prorliic~ a 
Iiighly stnictured irnage in a short tiine cari Iw iieeil io 
lurtlirr simplily tlie prrsrnt ilisciission. Sinrr for fiinila- 
mrntal physiral reasons N M I t  is a slow ani1 inaensitiv~ 
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technique with poor signal to noise, useful clinical 
studies todiy can only be done by accepting a compro- 
mise between speed, detaii and expense. If a machine is 
&iciendy well consùucted to have a reasonably long 
T,* a single frequency free induction decay (FID) 
will overdetermine the information collected. Thus al1 
imnging methods worth diecueaing will use a Fourier 
approach. Although 3-dimensional volume ~canning h- 
theoreticd advantages i t  takes impractically long or 
mnka  impracticable demands nn computing power. 
Whiie point and line ecanning are simple they are also 
dow and not very efficient. 

Most usehil diicuesion will therefore be confined to 
l imaging of sin& planes in which every voxel contrihutes 

to every FID. I t  will o€  course he applicable to severa1 
sin& planes when-they are imaged in the one ecan. 
I t  wiil further be confined to the use of only 900 and 
1800 RF  pulses and to the use of X,Y and Z gradients 
to provide spstial information. 

Since al1 signal data is to be derived from Fourier 
transforms, and since spatial information comrs from 
frquency values or phase values, poor signal to noise 
will detzact hoth from epatial remlution and from con- 
trast. 

A further implication of the poor signd to noine is 
that many features of the quality of the image produced 
will closely correlate to the number of FIDs collected. 
In a sense the number of FiDe corresponds to the X- 
ray dose in CT where the image information is photon 
limited. I t  may therefore be useful to normalise al1 
studia on i m a p  by the number of FiDe used. 

The expreeaion of spin-lattice relaxation in images 
illustrates nome of the special features of NMR imaging. 
This relaxation after a 1800 pulse haa the property, un- 
umal among medical imaging methods, that the s i g d  
paeaca through a zero value between two high signd 
periods. When the signal obtainable by a 900 pulse is 
potentidy large, that is when the magnetisation vector 
in aligned either with or against the Z field, the signal to 
noise wiil be a t  ita best. When the signal ohtainahle by a 
90'puk ii potentially small, that is when the magneti- 
sation vector in the Z dinction is nearly zero, the signd 
to noise wiil be poor. 

Endentiy if the objective were to obtain maximum 
signd or eignd to noise, data would be collected from 
the high eignal period. Simiiady. if a relaxation curve 
were to be collected, seria of vdues of the falling and 
rising signd would be obtained by increasing T between 
the 1800 and the 900 pulsa of a seria of inversion recm- 
ery sequences. 

However in imaging the objective in to distinguish 
regions of tianie that have different relaxation proper- 
ti-. The c o ~ t r a i n t  in that the cdlection of data from 
the putiilly relaxed condition of al1 regions being 
studied must be made a t  the eame time T after excita- 
tion. Since the FID si@ strengths for most tiseues start 
with closdy similar v d u a  immediately a f t a  a 1800 
excitltion, and end with closely simiiar vdues aftcr re. 
Lxation in complete, the two periods of high signd 
c m a p o n d  t o  minimum difference hetween regions. 

On the other hand the period when the difference in 
signal between regions is maximum (Fig. I) is when the 
signds are near zero and thus have the pooreat signd to 
noise. 

As mentioned above, poor s i p d  to noise leads to 
poor spatial resolution. Thus when conditions a n  such 
as t o  maximize contrast and thr distinction between 
regions of tiesue, the sipals are relatively low and spatial 
resolution is lo&. When signals are high and spatial reso- 
lution is good, contrast is lost. Monover, aa pointed out 
in a later paper, these conditions v a y  from one part of 
an image to another. 

+ 

signol 

i 
zero 

- 

Fik 2 - Spin-lattice recovery curve. from hvo voxels with 
s l i t l y  diffennt relaxation proprties excited by invemion re- 
cavery pula aquences 180~-r-904 The sepintion behveen 
the si@& is matest when the si& ue mali uid si@ to 
noice poor. 

As mentioned above imaging. can be carried out by 
collecting data from points, lines, planes or volumes, 
although it in suggested that discuesion he limited to 
planes. The imaging methods can alm be separated into 
two groups - reconstruction and mapping (Table 1). 

Table I. - NMR imaging methods 

Piine integ.ls Point 
Line inte& Line 

2 n 3D d k e t  

Where the Z gradient is used to define the selected plane, 
reconstniction methods generdly use simultaneous X 
and Y gsdients, whereaa mapping methods use sequen. 
tiai X and Y gradients. The two approacha to imnging 
a plane have reasonable signal to noise and have roughly 
equd although different advantages and dieadvantaga. 

The feature of image construction that emphasiea 
the considerable degree to which it can be sepirated 
from the coiiection of the NMR signal data in illustrated 
in Fig. 3. In the simplified flow diagram of the systmi 



t l ierr are t i i rcr distinct points from which images can hr 
coristructed [3. 4. 51. Thc th r i i  ronstnict ion methods 
are quite different and hav i  different properties and ef- 

f ~ c t s  wi th regard t o  spatial resoliition, contrast, signal t o  
noisr ani1 construction t in i i .  Tlius t h r  samc NMR signal 

data can resiilt i n  qii itp dif fpr int images. 
I n  arldition t o  t l i ~  factors mentioned atiove, t hc r i  arp 

severa1 other rpasons for dist inpishing riiaracterisation 

froni imaging. 
'I'tie iniormation tl iat tlii r y c  and hrain n i c d  froni an 

imagr i i  issrntially romparative or relative. so that arras 
rari lr d i s t i n p i a l i ~ d  ani1 l o r a t ~ d ,  or prrliaps more irri. 

[ RF Exc i ta t ion  
I J 
I 

[ F i e l d  Grad ien ts  ] 
I 
I 1 Da ta  Co l lec t ion  ]-- 
l 

Four ier  Transform 
I . . . . . - - 

1 Recons t ruc t i on  1 

[?g. 3 - Rmplifird flox diagram o( \\Il1 iinaging systerns 

rlrmonatrating the threr distinct parts of thc data flow from 
which imagcs can be eon~truetrd. 

Chararteriastinn n f  a ninglr rrgion locatrd and id rn t i l i rd  
wit l i in t l ~ r  iniagc 

siich NMR studirs then much greater value c o d d  he o b  
tained bu studies dong  similar lines o f  in vivo t isues 
where SMR has t l ie great advantage o f  non.invasivenees. 

'l'hc complexities of thc SMR hiophysics of cells 
and the heterogeneitics o f  tissues wi l l  be disiussed at 
length in later pape.rs. F o r  the prescnt purposes it is 
suffirient t o  consider a voliime of t i s~ue  in which the 
distrihution against frequenc) of thc energ. in molecular 

movements could he represcnted h-, for example, the 
curve in Fig. 4. Whilc this distrihution wil l  have a depen- 

dence on temperature-, in vivo studies do  no t  allow this 
f c a t i i r ~  t o  he used. 

energy 

i 

freq 

Fig. 4 - Ihtr ibut ion af energy in effeetive molccular motions 
against frrquency fora two compartmcnt voxel. 

Siicli a !,oliirnr o f  tissiic can he pro lwd ìq ani- one o f  
i l i rvar iety  ofstarrilard ZMIZ pulsr and gradivnt sequences. 
Siiicp IIIP main r i i l~ jec t  is rclaxation i t  wi l l  he assiimed 
Iirrr tliat fi i l l  spin-lattice and spin-spin rr laxation curves 
ran Iv d ~ t r r r i i i n e ~ l  down t o  almofit complrte rrlaxation. 

Il will f i i r t l i r r  IIP assiirn~d that thrse relaxation cun-es 
ra i i  \>P ol i tainrd for a ni ini lwr or frrqi irnr ies ovrr  a 
r a n p  q' l o  t l i r  niaxirniirn ohai i ial i le wit l i  t h r  imaging 
niaynrl  \r i t l ioi i t  el iaorl i t im ~wolJrms.  

III Ia l r r  scsiiotis t l i r  h t a i l s  a( thr rNpets o f  cell and 
t i w i r  a r r l i i ~ r r r  on relaxation wil l  L i  diwiisstd. 
I . i i r i i l r~ l  iriforrriation ir alsri apparently availahle o n  the 
~ r f r l ' t b  01' g~ r~ r rd i i . r d  m ~ t a l ~ o l i r  cl~anges on  local cell 
aiid t i s r i~ r  I iy~ l ra i ion.  Si id i  r f fectr wi l l  lw a i ip~r imposrd 
<m llir I w a l  p l l i i i l og i ra l  conilit ion and tlie relaxation 
prrqwrtir-. u i l l  Iw i l r trrrninci l  I>y t l i i i r  romli ined inflii- 
P , , , ' , , .  

l l l i l  I ir i r ig P<~I~~PRRPII i 8  w h ~ t l i e r  thi h111 
r r l x ~ t i o  viirvra ;inil t l i r i r  Irrqiicnc!. d~pendrncics 
ci>ii iaii i r i i i i l i i~ i r r i t  i i i i i ~ r ina t i~ r r i  t o  ilisrntanglr t h r  local 
l'rimi 1I1c Kwii~ral izr i l  prop"tirs ani1 tlim l o  sp~rir!- t h r  
Iix'al iinsiir i n  t i  miSfii~irrit ly i l i i iqi i r  manner a8 l o  iie 
i.liiii<~ally i idd 

' I ' l i r w  a r r  inun). p s ~ t l ~ l r  ways o f  analyzing relaxation 

riirvrs. P of f r r  ari I iypotl ict iral  m ~ t l i o t l ,  partly t o  
r l i ini i latr ihr i iss ion ani1 partì!. l o  i l lt istratr thc interrare 
wit l i  s p w t r o w o p ~ .  

O i i r  <if 111~ IIIPI~IO~F o f  analyzing curve8 that may lx 
n ~ l i x r ~ r t t i a  i i  l o  c a r n  otrt a E'ourirr trensforrn 
awor~ l ing  t i> ihi. rnrt l iod o f  i;ar~lni-r e t  al (6, 7). l'his 
pr<idiirc.s a npcrtnirn or t l i i  grarlicnts rontained i n  the 



Fig. 5. - Rcprescntation of thc frequeney dependcnee of thr 

timc constints. k, o{ the bi.expunrntial spinJnttice rreovcry 

eurvca from the two comparimeni voxrl referred i o  in  I:ig. 4. 

curve. A series of euch spectra f r o m  spin.lattice relax- 

d o n  curve9 c o u i d  bP p r i s e n ~ e ~ t  a6 s i i i iwn in Fie. .i. ,An 

array of spectra l i ke  th is cou ld  b e  regarded a8 the tiasur. 

a i p a l i i r e  or finger prinl. A sirnilar array ~ o i i l i l  Iii. Iirg,- 

duced f r o m  any comb ina t i on  of s l i i n . l a i t i ~~ r  un11 ~liiii- 
spin re laxat ion  data. 

I t  ie possible t l i a i  data froni ROIIIP rr.gi.ioli <,I' norma1 
tifflue subject  to the eame generalized metabo l ic  distur-  
hances c o u l d  b e  used to he lp  separate the l w a l  f r om the 

genera1 effects. Nothing i s  known abou t  the degree of 
non - l i n i a r i t y  o f  t l ie  s i iperposi t ion of t h e w  affects. 

l t  must, however,  h e  asked whether the  e f l o r t  invo lved 

in p roduc ing  siich re laxat ion  spectra m i g h t  be het ter  

expended in produc ing cl iemical  U\1K l i ne  sh i f t  spectra. 

I'erliaps l m t l i  w o d d  l ie required. 

Canclusions 

'I'he rxpression iil r d a x a t i o n  p r o p ~ r t i r s  w i t h i n  the  

W I K  i n i a g ~  p r i sen i s  rnniiy rhal len+ng l i r o l i l r ~ n s  l i u l  also 

o f fe rs  t l i i  ~ ioss i l i i l i t i r s  o( nru and e l in ic r i i y  i i s e ~ u ~  

i i i lo r rnat ion  I w t l i  i n  i inaging and i n  cl iaraclerisatiun. 

In IonL.irig (or inethods r>f stanilardisir ig ani1 cal i l i rat-  

ing ripipinrnt ii wo i l l d  l w  h ~ I p I i i I  il a t i r n i i o n  r a n  li? 
I'ociissc~l o n  t l iosr  [ m i e  features t ha t  hav r  a 61rong 

c < i n n r r t i o n  l o  I i o th  i inaging and  i r l iarai t r r isat ion,  arid 

f ror i i  w l i i r h  f r a t i i r r s  s l m ~ i f i r  t < i  t l i r s r  t w n  sr l ia ra t r  appli. 

ia t i< i r i s  r a n  Iir < I r r i v ~ d .  
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THE BIOPHYSICS OF THE RELAXATION PROPERTIES OF WATER 

IN BIOLOGICAL SYSTEMS 
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Summary. - The relaxation tirnes of m t e r  in biolog- 
ical system reflect important clinical informtion by 
uirtue of the fnct that relaration rnechnnism depend 
on the intrinsic state of w t e r  in celb and tissues. The 
variationt in TI and TI of tissue water serve as an index 
for discrirninating between the norma1 and certain 
pothological conditions, and help to identify the phys- 
iological detaib in soft tissues. A comprehension of the 
biophyrics of reiaxation tirnes W essentwl not only far 
providing the essential background informtion for 
clinical evalution of Nh!R applications, but also to 
prouide an insight to practical problems associated with 
tissue chamcterization in vitro. 

Tissue chamcterization t i  the basic step necessary 
for upgrading NMR studies from rnere empirical corre- 
latiow of Ti and T2 values to obtainpreciseand mean- 
ingful identification of phyiological detnils in tissues. 

Riassunto. - I tempi di rilassamento dellhcqu in 
sistemi biologici riflettono importanti informzioni 
cliniche in virtd del fatto che i meccanismi di rilassa- 
mento dipendono dallo stato intrinseco del lhcqu in 
cellule ed in tessuti Le variazioni in Ti e T2 d e l l i q w  
tissutnle sono utilizzate come indice per discriminnre 
olcune condizioni patologiche da quelle normali e per 
aiutare ad identificare alcuni dettagli fisiologici in tes- 
suti molli LA comprensione della biofisica dei tempi 
di rilassamento è essenziale non soltanto per fornire 
informazioni fondamentali di interesse primrio per la 
ualutazione clinico delle applicazioni NMR, m anche 
ai fini di U M  coniiderazione deiproblemiprnticiossocia- 
ti alla caratterizzazione tissutale in vitro. 

Introduction 

The widespread applications of hMR in the medical 
field rely on its ability to discriminate between soft 
t i w e s  by virtue of the differences in relaxation times Ti  
and T 2  of water protons However, the relaxation rne- 
chaniam are marked with considerable complexities, and 
the relaxation data are often found to he inconsistent. In 

the ligbt of increasing prospects of using T I  and T, for 
the identification of biological tismes and their depew 
dence .on multiple factors, it has become necesary t o  
probe into some biophysical concepts underlying the r e  
laxation behaviour of water in biological systems A 
knowledge of the biophysics of relaxation times is e s  
sential, not only for providing the hackground informa- 
tion necemry for clinical waluation of NMR applica- 
tions, but alw to give inaigbt into some practical pr- 
blems associated with tissue characterization in vitro. 

The aim of this article is: ( i )  to present a ù i i e a i o n  
of the biophysical aspects of the relaxation behaviour 
of water in biological systems; (ii) to evaluate the 
multiparameter character of NMR studies of water and 
their implicationa in medical studies; (iii) finally, t o  
point out the underlying basis of some problems in- 
volved in tissue characterization that indicate the need 
for standardizing experimental methods, 

I. Biophysical aapeets 

A full comprehension of the biophysical basia of 
relaxation times of water in biological systems requires 
1) a clear perspective of tha state of water in biological 
systems; 2) a knowledge of the basic principles of relax- 
ation times and the time scale of relaxation processes; 
3) finally, a description of the impact of modified 
water stmctures in enhancing the relaxation mech- 
anisnis, i . ~ . ,  underlining the liuk hetween 1) and 2). 

1.1 Perspective of the state of water in biological systema 

Al1 biological macroniolecules (proteins, nucleic 
acids, membranes, etc.) induce a characterktic strutture 
of water (hydration water) in their close vicinity due to 
macromolecnlar-water interactions. Some characteristic 
properties of hydration water are: 

i) restricted motion involving translation and ro ta  
tion of watrr molecules; 

ii) partial orientation of H2 O molecules with respect 
to macromolecular chains; 



iii)multiple motional frequencies and distribution of 
correlation times (T 3, where r is tlie average time 
between molecular collisions and varies between to 
10'' s in the hydration layer, and has a value of - 10" ' 
s for free water; 

iv) anisotropic diffusion and proton transfer along the 
chain; 

v) anisotropii rotation, and decoupling of translat- 
ional and rotational niotions of H1O molecules due t o  
macroniolecular-water intenctions. 

The water molecules in thr hydratioii layer represmt 
a highly complex, organized and heterogeneous network 
that constitntes an integra1 part of the inacroniolecular 
stmcture. Furtherrriore, water plays a cmcial role in 
maintaining the stmcturd and conforinational integrity 
of al1 biostnictures, and water-macromolecular inter- 
actions constitutr basic phenomeua hearing important 
implications in many essential lifr proceeses. Water in 
biologica1 systenis can be iinplicity described by a 
twostate model: bound water with multiple motional 
freipencies and ditribution of correlation times in 
rapid exchauge with free or bulk water characterized by 
a single correlation time. The pmperties of hydration 
water delineated above are thus averaged over al1 the 
water compartmente by fast exchange that influence the 
relaxation times in a characteristic manner. Frank [l] 
proposed three types of water in contact with proteins: 
interna1 watrr (inside the rnacromolecular stmcture), 
surface-honnd water and the perturbed water sheU. 
Sweral specific examples illustrating the hiophysical 
aspects of water and the significance of macromolecular 
hydration based on a variety of physical techniques are 
treated in a recent publication [Z]. The identification 
of water in the primary sites that produce linking and 
stabilization of macroinolecular structurea are elegantly 
diseusaed for proteins and DNA by severa1 autliors. 

A a niatter of iact, the behaviour of water in the 
hiologicd tissues is marked with intrinsic microscopic 
heterogeneity and overall inacroscopic non-homoge- 
neous distribution. The microscopic heterogeneity a n s a  
mainly from the nature of modified properties near tlie 
macromolecular surfaces and differences in the relative 
amounte of intracellular water, whereas macroscopic 
heterogeneity could br attributed to both hydration 
characteristics as well as variations in the total water 
content of soft tissues froin different organs 

1.2 Relaxation tirnes 

Tablr 1 suniniariies tlie esential features of T I  and 
T, and outlines tlie types of rnolecular inotions and 
their effective inotional freqnencies. In this article 1 will 
not describe the physical significance of relaxation times 
as they are treated in al1 text books of NMK spectro- 
scopy, hut simply underline the impact of different 
types of molecular motions and tlieir time scales in 
enhancing the relaxation inechaiiism The experiniental 
methods for deterinining relaxation times will Le treated 
in a subsequent paper in these proceedings. 

Table 1. - Some charocterirtics ofreiaxation times T, 
and T I .  

Exchange of enrru between 
nuclri and thr surrounding 
lattice 

Sensitive to  fast motion 

(rotational motion) 

Motional frt-quene" MHz 

Exehange of cnergy 
bctwwn spin systrms 

Reprrsents aueragr lifetime 
of a spin state 

Sensitive to  fnst and slow 

motion (rotation~l, molee- 
d a r  rxehsnge, diffusion 
and proton transfer) 

Motional frequeney Hz 
MHz 

1.3 The irnpmt of modified structure of water on reiaxa. 
tion mechonism 

The modified and characteristic stnicture of water 
molecules near the macromolecular surface sumrnarized 
in Section 1.1 bring into effect very efficieiit relaxation 
rnechanisms. Packer [3] proposed that the fluctuating 
fields experienced by hydration water molecules near 
the macromolecular surface are not totally averaged out 
due tu  restricted motion and partial ocientation, and 
their reaidual effects on relaxation mechanisms consti- 
tute a valuable source of information regarding intrinsic 
molecular states and dynamic stmcture of water a t  the 
macroscopic Iwels. hon-averaging of locd fluctuating 
fields of the surrouuding lattice enhances the T I  
relaxation rates, whereas, nomaveraging of the dipolar 
interactions between nuclei increases the T2 relaxation 
rates. Furthermore, T I  relaxation is sensitive t o  rapidly 
fluctuating local fields such as those generated by fast 
rotational motion corresponding t o  the resonance (Le. 
of the arder of MHz); but T, sensea both the fast 
and relatively slower fluctuations (c.f. Table 1) due to 
inolccular exchange, proton transfer and diffusion 
of water molecules. With the resulte that both Ti  
and T, of bound water in tissues are reduced relative 
to free water, bu t to  different eitents due to differences 
in their relaxation rnechanisms. Fig 1 iiiustrates that 
this difference is more striking at longer T values 
corresponding to the T range for bound water than 
for short T values typical of free liquida. Consequently, 
Ti  aud T, provide im~aluable complementary inform- 
ation abont the intrinsic dynamic stmcture of tissue 
water. Several authors have streesed upon the need t o  



employ both Ti and T1 times for tiseue characterization 
in vitro and for in vivo imaging studies [4,5]. The varia- 
tions in relaxation times are associated with changes in 
the stnicture of macromolecules and the biological state 
of cells and tiesues. As a result, T1 and Tz data encode 
more details about the state of tissues than proton 
denaity. 

Fig. 1. - Dependence of T, md T, on correlation times re 

A Liquids: free water T, =T ,  
R-C Non-"ed stnichin, reatnctcd motian (hydration and lhuc 

water); T, > T, 
D Rigid shuciurc T, > T, 
TM Minimum, l/*. = rc  

(Baaed on thc scde of Fig. 6.5, Ref. 1151) 

IL Fac tors affecting rehxntion times 

The observed relaxation times of water sensitive to 
a number of factom that can be claseified into three 
goups: 1) the inherent biological factora; 2) extrinsic 
physical parametera and sample condition; 3) data treat- 
ment. 

11. I The inherent biologicol factors 

The relaxation times of water are influenced by a 
number of biological procesees that alter the "water 
balance" in cella and tissues. By "water baiance" is 
implied the total water content, microscopic and macro- 
scopic distribution (freelbound) and the nature of mac- 
romolecular-water interactions. The valnes of T i  and T2 
of pathological tissues, notably of cancerous tiseues 
are generally found to be longer than the corresponding 
or surrounding nonnal tissnes. This observation attracted 
much attention in order to develop NMR aa a diapostic 

tool, and as a research device. Nevertheless, in aeveral 
instance the distinction is not clear cut, as the relax- 
ation times of normal tissues overlap with those of path- 
ological tissues. 

With a view to recognize the underlying processes 
reeponsible for discriminating soft tissues and to seek 
satisfactory explanations for the cause8 of relative varia- 
tion in T1 and T,, attemps were made to correlate 
relaxation times with the following characteristics of 
water in biological systems: 

(i) total water conteht; 
(ii) the relative dishihution of water in different 

compartments; 
(iii) the dynamic stnicture of intracellular water (e.g. 

lesa atnicturing of water in cancerous cells). 
Several authom [6-81 reported that relaxation times 

Ti  aud T, are primarily dependent upon the water 
content of tissue eamples. Whereaa, Kasturi e t  aL [9] 
and Kagimoto [ lo]  failed to observe any direct corre- 
lation between water proton relaxation times and the 
water content, Ling and Tucker [l11 ehowed that 
T, is not aimply a function of the water content but 
other factors specific to each tissue type also make 
important contributions. Theù caiculations revealed 
that water content differences between normal tissues 
and cancerow celle account for lene than 10 % of the 
differente. The observed relaxation rate (lITl)obs is 
the weighted average of relaxation rates characteristic 
of bound (l/Tl)b and free (l/Tl)f water, reapectively. 

Thus, we aee that a cbange in either relative fractions 
of water in different compartments (Xb, Xf) or in 
theù characteristic relaxation times (Tl)b, (Tl)f  could 
dter the observed TI valuee. Weisman [l21 proposed 
that longer relaxation times of malignant tumoura 
were not due to longer T1 and T2 indde cells but to 
extracellular water. Shah et ai, [l31 on the other hand, 
observed T1 discrimination in the nuclear fractions 
isolated from the nomal and tumour tiesues; they 
concluded that the basis of Ti differencee lies in the 
intrinsic characteristics of the cellular compartments, 
in addition to other reasona diacussed above. 

A number of pathological and physiological condi- 
tions perturb the "water balance" of cells and tissues, 
and their effects are monitored by TI and T2 of tiksue 
water. As a result, a vsst number of disorders and 
abnonnal states can be detected by NMR. Tbe changes 
in the state of water may be affected by natural bio- 
logical procemes such as age, by the impact of strem 
and strain aa weU as by the vety nature of the specie8 
under consideration. The relaxation timea of tiesue 
water are likely to be sensitive to radiotherapy. There 
is some widence of the effects of yimdiation on the 
hydration characteristics of DNA a8 studied by NMR 
[14]. Tbe impact of al1 these procemes needs to be taken 
into account in order to correlate the variatione of Ti 
and T2 with relative differences in the state of patholog- 
ical and normd tiseues. 





t i~sue charactenzation for in vitro etudiea, and point 
~ u t  the need to carefully contro1 and standardize the 
experimental protocol in order to obtain meaningful 
and consistent correlations between NMR parametem 
and the biological factors. Some of these are the sub- 
ject of discueaion in subsequent papers in these Proceed- 
ings. Finally, a comprehension of the relaxation behav- 
iour of water is likely to provide biophysical basis of 

many empirical correlations found to be very useful for 
the clinica1 applications of NMR. Some of these are: (i) 
generally, T, and T2 images reveal more information than 
the proton density images; (ii) certain types of lesions 
are better seen either in TI  or in TI images, whereas 
most can be detected when TI  and T2 are uaed in con- 
junction with each other; (iii) TI images ofWn excel in 
providing information as compared with T, images. 

REFERENCES 

l .  FRANKS. F. 1977. Solvation intcractians of proteins in solution. Philos. Trans. R. Soc. London. B 278: 89-96. 

2. FRANKS, F. & MATHIAS, S.F. (Eda.). 1982. Hiophyaicr o fwoter .  John Wiley 8 Suns, New York 

3. PACKER, K.J. 1977. The dynimics af water in heterogeneaus systrms. Philor. l iona. R. Soc. London B 278: 5987. 

4. DAVIES, P. l,., KACFMAN. I.. E., CROOKS. 1.. E. & MARGIX,IS, A. R. 1982. NMR characteristiw o i  normd and abnormal 
rnt tiasucs. In: Nucleor Magnatic R e w ~ n c e  Irnaging in Medicine. I.. KACFMAN. I.. E. CROOKS & A. R. MARCULIS (Ed.), 
IgYkuShoin, Ncw York. pp. 71-100. 

5 .  HAWKES. R. C., HOLLAND, G. N.. MOORE. W. S. & WORTHINGTON. B. S. 1981. Nuelciir magnetie resonance (NMR) tomo- 
gruphy of the norma1 hcurt.1. Compur. Aui i t .  Tomogr. 5 :  605.612, 

6. INCH. W.R.. MeCREDIE, J .  A,. KNISPEI.. R. R.. THOMPSON. R. T & PINTAR, M. M. 1974. Wuter content and protun spin 
relaxation time for neoplaatie and nonmoplustic tiuues frum mice and humans. 1. Nat. Concer In*. 52:  353-356. 

7. FIING. B. M.. DURHAM. D. I.., & WASSIL. D. A. 1975. The statr of watix hs in biological systems as studicd by protun rnd 
dauterium relaxation. Hiochim. Biophys. Acto 399: 191.202. 

8. EGGIXSTON. J. C,, SARYAN. I.. A,, 5 HOl.l.IS, D. P. 1975. Nuelcar magnctie resonanct: investigations uf human neoplastic 
and ubnormal non-neoplmtic tinauaa. G n c e r  Rea. W: 1326-1332. 

9. KASTIIRI. S. R., RANADE, S.S. & SHAH, S. 1976. Timui: hydrution of indignant and uninvulved tisues and its relevanec tu 
pruton apin.lrttiee relaxation mechanisms. Proc. Ind. Acod. Sei. 84 B: 60-74. 

I O .  KAGIMOTO. T., YAMASAKI. M.. MORIVO. Y., AKASAKA. K & KISIIIMOTO, B. 1977. Nucliiar magn<:ti<: resoniincc rtudy of 
humin buns murrowu frum putientx with leukcmir, anemia and myelumi.J. NOI.  Concer Inrt. 59: 335-337. 

I l .  I.ING. G. N. & TIICKER, M. 1981. UMR rcluxiilion und watcr contrnt* in norma1 tis.wcs and i:ane<:r adls.  In: NMR in .Medicine. 
R. Drmadian (Ed.) Spiinger-Verlag. Iierlin, pp. 161-174. 

12. WEISMAN. I. I)., 8ENNlrTT. I.. Il.. S1AXWI':I.I.. I.. H., WOODS. M. W,, & BVIiK, D. 1972. Hi~cognitiun 01' cancrr in vivo by 
nuclcrr muprlii: rcwnanw. Scieitcc 178: 1288-1290. 

13. SHAII. S.. RANAUIS, S. S.. KASI'I:I{I, S. R., PIIADKE, I{. S. & ADVANI, S. H. 1982. L)istin<:tiun bvtwwn normil and Iiukenii<: 
bune marruw by wuter protorw nui:lt:iir mugnetie reronanw relilxrtion timca. Maynetie Rsaonance I m q i n y  1: 2 X B .  

14. MATIIIIR.I)I': VRÉ. R.. BERTINCHAMPS. A. J., & HT:RENl~SliN, Il. J .  C. 1976. l'hi! <!lfi:i:tn of -pirrrrdiatiun un tht: hydratiim 
<:liarrelcrixli<:x uf DNA and polyriualaotidt:~. I. An NMR atudy uf 1ruai.n 1l1O rolutions. I<<idiui. Rea. 68: 197.214, 

15. I ~ A I t I ~ A R . ' ~ .  C. & BISCKIII{, I':. I). 1971. l'ulre ond Fouiiw irmnnforrn NMK. Ai:adi:mic Prim, Ncw Yurk 

16. I1AI.I.RNCA. K. & KOENIC, S. 11. 1976. Piotein rotatiunal rvluxation aii atudicd by sulvcnl '11 and '11 mngnctic rdrxulion. 

11ioclinmirtr.v 15: 4255-4263. 



18. MATHUR-DE VRÉ, R., GRIMÉE. R. & ROSA, M. P. 1983. Experirnental proiocol far timuc discrimination in-uino by NMR 
Bioreisnce Reporta. 3: 599-608. 

19. MATHUR.DE VRÉ, R. 1979. Thc NMR studies of water in biological systems.Prog. Biophyr. Mal. Bio!. 35: 103-134. 



Anm br Supw. Soni* 
Voi. 19, N. l(1983) pp. 2530 

HETEROGENEITIES IN SPACE, TIME, AND CLINICAL CONDITION 

INFLUENCING THE NMR RESPONSE OF TISSUES 

K. H. SCHMIDT 

Ilepartment of Surgery, University of Tubingen, 0-7400 Tubingen, Federa1 Republic of Germny 

Siimmary. - During the lost decade NMR studies on 
biological tissues have bmnched off into a number of di- 
rections. One apprwch is N.MR imaging which is the spa- 
tial resolution of NMR parameters such as spin density 
or rehxation times, in order to obtain a NMR model of 
the architecture and organiaation of tissues, organs and 
orpnisms. This descriptive apprwch adds valuoble 
;VMR informtion to available descriptiue techniques 
such as X-my scanning or ultrosound reflection. The po- 
tential of fhiaNMR technique for tissue identificntion or 
characterization, however, is so far uery limited, min ly  
due to heterogeneities in #pace, time and clinica1 condi- 
tions of the biologico1 tissues. 

In the present paper attempts are made to define fhe 
biological tissue ar the subsiratum of the NMR measur- 
ements according io principles of morphology and phy- 
siology. 

Kinssiinto. - Nell'ultimo decennio gli studi NMR di 
sistemi biologici si sono mmifieoti in diverse direzioni. 
Uno degli approcci è I'imaging NMR che consiste nello 
risoluzione spaziole d i  pammetriNMR quali la densitù di 
spin o i tempi di riiassnmento, alfine d i  ottenere un mo- 
dello NMH dell'architeftum e deiii>r&'anizzazione di tes- 
suti, o rpn i  o organismi. Questo approccio descrittivo og- 
giunge utili informazioni NMR alle tecniche descrittive 
disl~onibili, quali la scansione a raggi X o In riflessione di 
dtmsuoni. /,a potrnzialitù di questa tecnica NMR nell'i- 
dentijicnzione e carat~erizzazione tissiitoli sono stote tut- 
tmia sinora limitate sopmttutto dalle eterogcnriià nello 
spazio, nel tempo e nelle condizioni cliniche dei tcssuti 
b~olo~tici. 

In questo lavoro si  tenta di definire il tessuto liolofii. 
come ilsubatrato delle misure NMH, secondo iprinci- 

/>i della morfologia e della fisiologia. 

Introduction 

Biological tiseiie is an extremely heterogeneoiis mate- 
rial for physical measiirements siicli as nuclear magnetic 
rcsanance. Not a single element of tlie periodic system is 

uniformly distributed on the subcellular, cellular or ti% 
sue level. It is therefore logica1 to relate NMR data me* 
ured in biological tisenes to the known heterogeneitien 
of this substratum. Under physiologieal conditions the 
spatial heterogeneities of cells and tieaues change with 
different functional activities. It is therefore necessary t o  
define the functional state of a tiseue or organ before 
valuable interpretations of NMR data of biological ti% 
sues can be made. Presently the potential of NMR tech- 
niques for tissue identification and characterization is 
lirnited by these heterogeneities in space and time ginng 
a rnean NMR responee which i% difficult t o  interpret. 
Ilnder pathological conditions of tieaues the range of 
posoible NMR data in further extended and additional 
overlaps are obsemed. 

The present review deseribes some of the methods 
iised for separation of NMR signals from different 
compartmen<e of tieaues, as well as for standardieation of 
functional activity [l-91. In addition attempts nre made 
to relate the NMR model of pathological tissuen to prin- 
ciples of genera1 pathology. 

Diiring tlie last 20 years a number of non invssive 
tectiniqiies sucli as emiasion tomography, X-ray comput- 
ed tomography, ultrasound, digital subtraction a n g i o p -  
phy, niiclear magnetic resonance tomography, etc. have 
been successfully applied to biomedical problems. 
Among these techniques nuclear magnetic resonance and 
emission tomography have the unique capability of non 
invasively meamring functional parameters of various 
organs in relation to metabolic proceeaes. Thiis nuclear 
magnetic resonance can not only provide important 
coniribiitions to tlie detection of various pattiologieii but 
aleo allows inechanistic- stiidies on the etiology and pa- 
thogenesis of many dimases. In aridition nuclear magne- 
tic resonance can contribute to the selection and sumeil- 
Iance of treatment regimens for various dioorders. In 
contraat to most of the other deseriptive diagnostic m- 
diology methods nuclear magnetic resonance of tissues 
has a basic science potential leading to sound hypotheees 
regarding the cause and mechanism of a disease rather 
than the morphology. Ilntil now NMR as n tool for ti* 
siie characterieation is far from being s pueh button 







and  l i ne  sp l i t t ing  was s t i id i r r l  in i i te r i i ie  smoo t l i  miiscle 

sampl r r .  Ohv io i is ly  t l i c  f i i i ic t ior ia l  state inflr iei ices tlit: 

NhlR resi i l ts  measiirei l  in tissiirs. l'liis top ic  w i l l  be f u r -  

t l ie r  ou t l i ned  in t l ie  c l iapter o n  cl in ical  cond i t ions  o f  

tissiies. 
Heterogeneit ies in t i m c  can arise f ro rn  f l o w  o r  m o t i o n  

o f  w l io lc  tissues o r  organs. In t l i is  c o n t r x t  t l ie n i o t i o n  o f  

organs during inspirat ior i  a n d  zxp i ra t i o i i  is  an i i npo r tan t  

problemi. 1)eep insp i ra t imi  cari n i o w  singlr organs siicl i  

as t l ie k idneys over some cent i tn r t r rs  caiisirip d i f f i c i i l t ies  

in N111{ imaging. ' I 'ecliniqi irs req i i i r i i ig  more t l ian  a f r w  

sec<inds for data acqi i is i t io i i  w i i i  g ivr  iniages wl i i ch  havc 
t l ie  smearing e f l ~ e t  <li m o l i o n  a n d  d is tor t ion  uf 
valines I,? t l ie  n i o t i o n  dcpcndi i l r  ori pidsc di i rut io i t .  

In t l ie I iear t  1 3 N a  co i i l d  a r t  as a nat i i ra l  contrast  

agent a l lowing incasiirernri i ts o f  tlir e j rc ted b loo i l  vol. 

i i m e  pe r  beat  li! iri iagii ig '%a. ( :onv~ i i t io i ia l l )  l i l ood  

f l o w  is mras i i rc i l  I,! rlopl i ler  i i l t rasoi ln i l .  Y \ f I {  provides a 

ninm1,rr o l  possi l i i l i t ics t o  no i i i i i vas iv~I !  iiieasiirc f low: 

pliasc i l ispersioii t rc l i i i iq i ies.  n i a g n r k i  I i y ~ l r o d y i i a i i i i c  e f -  

fects, t in ie  o fL f l i g l i t  o f  tagged niiclei, o r  t l i ~  re la t ion  o f  
'1', to t l ie  p u h  t i rn ing  have \ w i i  iised. Vali ialdc flow in- 
fo rma t i on  of orgaiis can Iie o ì i ta i i i r r l  f ron i  cìiai igrs i n  1'1 
a l te r  i n j ec t i on  o l  para i i ia jnc t ic  a p t s .  Th is  also a l lows 

sti i , l irs o n  t l i c  rcgi i lat ion o l  l i l o o d  si ipply i inder vary i i ig  

cond i t ions  si icl i  as r x r r c i s r  o r  in diseased states. . \ l issiie I ~ e t r r o ~ e r i c i t i c s  i t i  t i m ~  occur  (Iiiring s t o r a F  of 
organs for t ra i isplantai ion.  ' I ' l i is is part ic i i lar ly k n o w n  f o r  

I ~ a i i k e d  I t l ood  \* l i ic l i  i i i i < l e r ~ o ~ s  i n a r k ~ t l  cl iai igrs in t l w  

l i r s t  davs of co i i f i~ rva t io i i .  Yiini lar a l t r ra t ions  a r r  k t i o w n  

I o  occ i i r  i n  o t l ie r  organs dlir 10 r r i i iova l  l r o i i i  c i rc i i -  

l a t i on  ani1 cliangcs i n  tlir r i i v i r ~ i i i i n r n l a l  cori<lit ions. 13y 
NI11{ m r a x i i r r t i i m i s  it is possil i lc i o  fo l l i iw  t l i c  IirorPss 

.iii s t o r r d  i i ss~ ics  at i i l  organs. 

Si i i i i lar ly t l ie i in t i i i i t i r  r r s l w m = s  leadin): to r e j ~ c i i < i n  

<I( a n  i i i i l ~ l an I i : d  lissiai. cal i  IIP rr io i i i tored i ioi i i i ivasively 

I i v  N\I I I .  Again 1 1 1 ~  timiics I i r t r r o g c i i r i t i ~ s  i i i f l i i r i ic i .  tlir 
K411I sigtialx a t i ~ l  a l lo*  i l i ia i i t i ta t iv r  r s t i i ~ i a t i o i i  o l  t l i i  
l issur w m ~ ~ a t i l d i t y  a f l v r  t r a ~ r s l ~ I a , > t a t i ~ ~ r ~ .  In ad< l i l i on  il 
i% 1 1 m ~ i I J < ~  # m  11w hasis o f  X 4 l l t  m ~ a s ~ ~ r r n ~ v ~ i t s  t o  SPIWI 
l a r a  nw<l ia  at id cini i l i l ir, i is I;,r storagr o f  

d i f l w v n l  organs. 

I lr l<.rog<~iir i i i t-s in d i n i c a l  cond i t ions  

a n  i m p o r t a i i t  a s p w t  o f  t l ie  NhlR approach t h a t  t h e  
n i ic roe i iv i r i>n inrn t  o f  tissiies i s  n o t  d i s to r t rd  by t l ie  

analvt ical  t?cl i i i iq i ie i t s ~ l f .  ' r o  t l ie  m o s t  pa r t  our cu r ren t  

k n o w l d g e  abo i r t  tissiie cl iaracteristics in diseased states 

is hased o n  invasivr tecliniqi ies si icl i  as c l i rmica l  ana- 

Iysis a l t e r  f r r cs r  c lamping o f  tlir tissur o r  i i p o n  histo- 

morpholo,- o f  tissile sections af ter  c l iemical  f ixat ion.  

Botli tec l in iq i i rs  art. s rns i t i v r  t o  art i facts and do nor- 

rnally i i o t  a l low a h n c t i o n a l  c l iaractrr izat ion of the 

tissiie in i,ir'o. 

As  an exarnple t issi ir react ions t o  c i r c u l a t o t i  shock 

slioinld Iie rn r~ i t i < i r i r d ,  wliere invasive procediires y i e l d  

q ~ m t i o n a l , l r  r~s i i l t f i .  In t l i is  casr N\IH analysis a l lows 

or i?  t o  l o l l o w  some o f  t l ie rnrclianisms hy  w l i i c i i  tlir 

nervoi is systein. tlir vasciilar systpm. t l ie endocr ine sys- 

t r m .  o r t l ~ r  i m m i i n ~  svs l rn i  m o ~ l i i l a t r  tlir tisaite respoiise. 
, . I l ie  I ie terogen~i t ies  iii cl in ical  co r i d i t i o i i  can l,? i r p a -  

ra te i l  i n  t w o  ina jor  c o r n p l ~ x e s :  I i r t e r o g n r i t i r s  diir to 

systr i i i ic  d isor i l r rs and I i e t e r o g r n ~ i t i e s  conseqi i rnt  l o  

local isei l  procrsses. 

~Arnong tlir sys t rmic  nioi l i i lators o f  tissiie cl iaracter- 
i s t k  n i i t r i t i o n  plays ari i i npo r tan t  ro le  l ircaiise o r  tlir 
cr i t icai  d rprndence o l  rnany organ fm ic t i ons  iipon a n  

ade(1uate n i i t r i t i ona l  suppl?. Th i s  i s  of part ic idar interest  

i i n d r r  ci inicaì co i id i l io i i s  w l ie r r  pa t icn ts  a r r  iindrr pareil- 

ta l  n i i t r i t i on .  The  great t i i~i i i l~rr o f  fo rmi i las  for  calci i lat- 
i ng  t l ip  a i l s q i i a t ~  inf i is ion t h r rapy  i r i i l icatrs tlir d i l f i c i i l -  

t ies i u  t l i is  arca o f  interisive carr .  NIIR c o i ~ l i l  I iere Iir o l  

g e a t  va l i i r  i n  t l i ~  si~rvei l lar icr  o f  pa t i rn ts .  S imi la r  p ro-  

I, lr i i is arise in dialwt ics wliere f req i ien t ly  i incont ro l led  

m r t a l m l i c  al ierrat imis occi i r .  Add i t i ona l  svsternic inflii- 
PIICCS o11 orgaii f ~ ~ n c t i o n s  tiiili r r I r ~ a i i c e  t o  Nhllt can l w  

s i i r r i i i ia r i i rd  as fo l lows: Ii).poxia. I iypert l i r i r i ia,  mal i i i i t r i -  

t io i i ,  l dood  snpply,  Ihrli> thm,  agr, a l l e ra -  ancl anergy, 

sl ioek, dialysis, i ~ i t ox i ca t i < in ,  assisteil respiration. l i l ood  

transli isioti, t ra i isplantat i in i ,  p r rg ia i i cy ,  p s y c l i o l o ~ c a l  

condi t ions,  r t c .  11 is a t  t Iw  pr rscnt  tinir i i r ipossi ldr  i o  

p r ~ d i c t  Llw arcas i n  w l i i c l i  Nhll{ t rch i i iq i i cs  ar r  mos t  

alqwopriatt '  f o r  t issi ir c l ia rac t r r iza t i im i i l idcr  cìit i icaì 

c o t i d i l i w ~ s .  

4 simi lar  l i s i i i ig  01' local  co i id i t i ims a f l r c l i n g  tlir 
%!Il{ r rs i i l t s  o f  i issiws cal i  I w  i i iadr :  t:ilrnia, I i r m a t i m a ,  

cys l ,  l i lwusis, r i r r l~os is ,  t n i u~ ra l i sa t i on ,  ahophy ,  i ~ i v d u .  

l i i m ,  i ir i .rosis, iii.,.ri>l,iosis, r iwplasia.  irwtaslasis, isclii.. 

i t i i i i .  s toragr,  p laq i i r ,  r r t i da t i on ,  <l<.tli\t,liiiinati<>~i, r n -  
l,ll!s,~,,,a, "lIi~,,<~,,,Ll, ,.l,,. s,,,,,,. o r  tI,w Iocal tiss,,r Iwt.  

m ~ g v t i c i t i v s  I~mr  I w r u  s t ~ i d i v t l  i11 pa l i t ~ i i t s  W i,) ,*x1r r i -  

i r i i ~n t i i l  ai i i i i ials. 
' 

' l ' lw v a l i t l a l i ~ ~ ~ ~  <> f  \\Il< i n c ~ l ~ w l s  f#>r < l i a p u s t i v  \ ~ a I ~ w  

w i l l  r i q i i i r i .  l ' i i r l lwr  i l i ~ l u i l v i l  ai i ir i ial s l i id ivs i i i i i l v r  I i i$t l !  
s t a ~ ~ ~ l a n l i z ~ ~ d  u v ~ t t l i l i o w  w i l l t  r t t i ~ ~ l i a ~ i s  10 p c ~ t v ~ ~ l i a l  a r t i -  

f;wls. I ' i i r t l iwno rv  a sys l i ~ r i a t i c  or<:ariixatiori i>f t I iv  r v -  

s im i4 i  i lalt i  c i i t  ai i i i i ials a i i d  mat i  ir r i . i l i i i r i4  i n  o r i l c r  li, 

!I!I~I~TS~UII<I II<W iiria:~~ cw t l r as l  is r d a l m l  t u  i n s l n ~ m v t ~ l  

l w r a m c l v r ~  and  I iw~r lw<qwrI ivs,  



REFERENCES 

1. BATTOCL~TI .  J.H., HALBACH, R.E.. SALLES-CUNHA, S.X.. & SANCES. A. 1981. The NMR blood tiaw metei theory and 
history. Mcd. Phyr 8: 435443. 

2, BuDINGER, T. F. 1981. Nuclcsr magnetic resaiunce in uivo shidies: knawn thresholds for health effeets. J. Comput. Asiiit. To- 
mogr. 5: 800.811. 

3. CHANCE, B.. NAKASE. Y. & BOND. M. 1978. Dctcction of 3'~nuelear magnetie resonanee sigrule in brain by in uivo uid fnezc 
tripped uuuya. Proe. Notl. l e o d .  Sci  1l.S. 75: 49254929. 

4. DAMADIAN, R. 1971. Tumor detection hy NMR. Seienee. 171: 1151.1153 

5. GADIAN. D.G. & RADDA. G. K. 1981. NMR studiesof tissue metabolism. .Inn. Reti. Hioehem. 50: 69.84 

6. JACOBUS. W.  E.. TAYLOR, G.J.. HOLLIS. D.P. & NUNNALLY. R. L. 1977. Phusphorus nuelear msgnetie resonanee of perfused 
working hcsrte. Noture. 256: 756-758. 

7. KAUFMAN. L,, CROOKS, L.E. & MARGULIS. A. R. (Eds.). 1981. Nueleor Mognetic Keronanee Imyiw. Igaku-~Shain. New York. 

8. LAUTERBUR, P.C.. DIAS, M. H. M. 5 RUDIN. M. 1978. Augmentstion of tissur water proton spin-lattice relarition ratio hy in 

vivo addition af p i n m w e t i c  ions. In: Prontierr o/ biologico1 eneigetica. I. Academie Preae, New York. pp.752.i59. 

9 YOIING, 1.R., HALL. A.S., PALLE. C.A.. LECC. N.J.. BYI1L)ER. C.M. & STEINER, R.R. 1981. Nuelcar mrgnrtic iceonince 
imiging of the bnin in multiple selerosis. Loneet. 11 (8255): 1063.1066, 





you do biochemica1 contrasting - yoii use the hiochem- 
b ~ .  t. dbtinguish the compartments in conjunction 
with spectroscopy. 
SCHMmT . This was the meesage I wanted t o  get Wer: 
that if you oharacterize the heterogeneities by a d d i t i o d  
investigation, such as hiochemical sampling of compart- 
ments, then NMR data can @ve you valuahle informa- 
non on the micro-environment uithin a compartment. 
That's clear. 
VILLA . .4gain with reference to Prof. Schmidt's tdk ,  
I found sweral points very interesting. F h t  of all, 
I believe that it is very interesting to assert that tie 
really ohtain an "average" response from a gi\,eu com- 
partment when we are looking at mobile spins and not 
when we consider localized spins such as phosphoms 
nuclei in intracellular metaholites. I think that a 
knuwledge of this ignorance is fundamental i l  we want 
t o  try to understand what is going on. But there are 
severa1 things that I didn't understand in that talk, which 
was so complex and rich, that I need some explanations. 
You said that you succeeded in detectinp compartment 
effects by doping thr system with manganese. llowever. 
dunng your experimental time your water molecules gn 
back and forth across memhraues. so that what !-ou 
ementially obtained was again an average information. 
You actuall!- perturhed the external environment 
outside the membrane, so 1 don? know exactly hoti !-oli 
could assese this compartment effect. Uy second 
question concerns the 19F SZIR experiment. I have 
made some rneasurements on fluorinated compounds 
and I f w n d  an rxtremeiy complicated spectmm ahout 
a thousand p.p.m. wide, uith dozens and dozens of 
different lines. 1 see instead that you could detect only 
a couple of I9F  NMR signals from your perfluoro- 
carbons. I woirld like to'have some more technical 
details about this experiment. Il? last question is only 
due to my ignorance ahout hiochemistry. Do really 
our tissues contain 2.6 millimoles per gram of ' F 
atoms? I didn't think that we had such a high concentra- 
tion of fluorine naturail' occiirring in our tissues. 
Perhaps this value is actually the result of some type of 
doping the timues with some fluorocarhon-epe 
compounds? 
SCHWDT . In relation to rour  first question. hoti com- 
partments can be separated h' addition of manganese 
ions to tissues or to blood, it is corrert that water goes 
in and out acrom memhranes, but it is not water which 
is important in this case. The coriipartmentation is 
resolved . manganese ions which do not normally 
penetrate the celliilar membrane. This can change under 
some pathological conditions.in which memhranes can 
hecome leaky. This was the case iliushated in one of the 
slides shoun, in which after myocardial i~farction the 
Ti relaxation rate increased tremendously because the 
manganese ions could penetrate into the intracellular 
compartment and then the intra-cellular water showed 
the same effect as the extra-cellular one. 
VILLA - In my opinion, the possibility of resolving this 
compament  requires that you could actuall!- separate 
s ipals  from the inside and the outside respectivel?. 

Otherwise in some waì, the averagr relaxation time 
'should be altered. 
SCH\IIDT - 1-es, that's m e .  ).ou change the a\.erW. 
and the change is significant indeed. In effect the exact 
meaninp of this still remains to he clarified. In the expe- 
riments on m!-ocardial tissues ti? could detect changes in 
N I R  values related to t h ~  pathological effects of infarc- 
tion. This ia what I meant H-ith the title "Heterogenei. 
in clinical condition". The second question was that 
related to I 9 F  WIR. l'he experiment shown was not 
carri~rl out in our laboratory. hut was taken from thp 
literature, and did not refer to thr use of perfluorocar- 
hons hut rather to that of halothane. The separation 
shoan referred to that hetween halothane in a lipid 
rnvironment and halothan~ in au agarose environment. 
l nder these conditions the sipals are tiell separated. so 
!-ou can diatinpish hetween t h ~  two pliases. 
ER\I.\\S - Ki. can obseme with ohvious interest the 
developments of \\IR spechoscopy in the field of tissue 
characterization. The potentiaiih of this approach was 
clearly shown hy Dr. Schmidt and Dr. Radda. I would 
like to recall now Fig. 1 dionn by DI. \laraviglia 
(p.9 ). Ile showed that \ \ IR  imagingcould also possibly 
give information ahout t i sue  charact~rization - n-hicli is 
rather a p e s s  at the present time. Since spectroscopy is 
a scimtific tool apparatus. and not a clinical one. I think 
that the real possibility that \\IR ima$ng could $ve the 
same infonnation is actuall!- the key problern. 
\l.%R.%VIGL1.2 . nne of the main points that I was 
trying to estahlish is that it's possihle tiith U I R  imaging 
to make images that map pure parameter distribution. 
'roda' there are many laboratories where people make a 
distribution of a complicated function of these para- 
meters. Laboratories can also make a pure parameter 
distribution, although it takes longer. This is exaitl:. 
spectroscop!-, I think, because one can ohtain at each 
coordinate, the pure \\1R parameters which are nor- 
mali) measured with U\IR specboscop!-. Yow I do not 
mean at al1 that this is equivalent - or close to what nor- 
mali!- is considered \\IR spectroscop!-. as it tias referred 
to h! DI. Radda. In fact I am completely convinced b:~ 
his position that chemical shift spechoscopy gires rather 
direct informat;on - i t 8  reasonably understandahle and 
it's meanin$ul for many potential applications. Khereas. 
as I understand it, T I  and T2 and other W R  parameters 
are pomil~ly easily olitainahle. they are however ve?- 
complicated to explain. Even if one coulrl really obtain 
T ,  from a single rompartment I am sure that nohody 
tiould understand hoti it comes about. l'm rompletely 
conrinced of this. That's wh!- I think that probaldy 
i m a ~ n g  as used today. without special requirements for 
pure parameter distribution. will he pushed ahead for 
clinical purposes and spectroscopy ivill be limited to 
ve? specific and clarifying aspects like. sa?, "P. 
ERZ1. l .F  - l ~ o u  sa!- that probaldy U I R  spectroscop!- 
will be useful far P studies and perhaps therefore 
imply that imaging will not he useful for phosphoms. Do 
you think that S\IR imaging can be suitahle for definite 
measuremente concerning P? 
51.%R.4VIGLI - This is something I didn't touch. 





t i on  among many rxcised pieces taken from healthy and 

pathologiral parts o f  thr hody and makingaverages - is 
no t  rea! characterization. I n  no  rase do I see a reai 

analogy wi th what, sa', "l' spechosropy is giving as 
inforination. So in a t iay we rould try ti> ronr lude tl iat 

somr aspecls o f  YhlR information arr not  really cha- 

ractrrising hut  arr jusi giving corrrlation and inforiiia- 

t ion for images. 

120.i'l'ER - Could 1 pss i l J y  slio*. a ioul i l r  o f  slides? 'I'liis 

is jusi a l i t t l c  rornmrnt ori snnirthing that h. 
I ) r r l~ys l i i r r  was tal!+ aliout - norinally we look a i  

sirn[dc systrnis and tlien r x l r a ( d a t r  tlicsc i o  morc 

rnnipìer oiirs. 1 1 ~  instanced tpinp?rablrc ef f r r ts  upon 

'TI. W h m  ) r>ii  lool, at t l i rsr simplr systrnis you ran 

sottirti inrs dn  tliis. I:i(r. 1 sliotis t l i r  rasr nf a inaiiganvsr 

r lor ir l r  soliition. sirnply h p e d  watrr. l'tic TI valurs 

urrr rrirasiirrrl a l  d i f l r rent  t r inp<~rat ims.  

MnCI SOLUTION (at 1.7MHz) 

25 30 35 

temperature ('CC/ 

lernperafure ( " C )  

l 'l', i ; i l i i < .s  iii I:i; 2 ni.r<,ii'l 1 i l < ~ t I ~ ~ i l  i m  IIii a;iili<, 

~ I \ W  l t 1 1 1  l lw  VI<>IM i# l'airl\ sitnil:w ;iiid , < n ~  V:IH W, l11:tI 

i i<v iii ~ i i i i s i , I + .  ( ialsii i l i i t t i ,  ; t i  ii w r i w  or alilF<.r~.tii 

I ~ m p ~ r t n l t ~ r ~  ) W ' W  ;vltit~g t <T\ si~~bil;nr 1, 1 1 , ~  ,>l &,,.I. 
'l'l\<, s l n ~ ~ ~ l i w d  < l w i a l i t n ~  i s  Imgw l ~ w m ~ s c  WC arc ~lvalin; 

willq :I t r z c m  C ~ W I ~ J V ~  sysI<~rr~, ;o1161 S<UIIV of  l l w  l h r -  

Ii;iii. 1 1 ~ 1  i o  v i i i l  t tnl i l  ttl'1i.r iIv;iiIi Iwlorv tnr;wiirciiicrii*. 
I w l  i1.s n,tl n ~ ~ ~ ~ ~ ~ ~ ~ 1 1 4 ~  t1111nIv 1 0  v ~ l r a ~ ~ ~ ~ l a l ~  frwn IIIC 



,imple to the complex system. 
RF:ISSE. What you show is ~ ~ v e t n u s  temperature. What 
are the T, values? 
~ 0 y r E K  . They were not measured in this expenment 
REISSE - In this case you are probably in euch expe- 
rimental conditions that T I  and T, are the same but, of 
eourse, the situation is different for water in muscle 
cells. You observe the eame T I  temperature dependence, 
{or the solution on the one hand, for the musele on the 
other liand, but I think that it is dangerous tosa? on the 
basis of this argument alone that the solution is a good 
nvxlel. I am pereonally convinced that T, value in your 
mode1 solution i6 different from the value you could 
observe in the muscle. 
IT)STEK - It's poesihl' true, although we didn't measure 
' T Z .  1 was really making tlie point that you can extra- 
polate in some instances and the one we were discueaing 
was one where vou could. 
I<EISSI< - Yes, hut for thr solution you are probably in 
ttir extreme narrowing conditions, whereas it's of coutne 
not so for the muscle. 
FOTl'ER - Yes, tliatè true. 
1.11OSTE - Just a ve- rapid answer to this point. In the 
presrnce of manganese ions T2 will be much shorter 
tlian T I  becaiise manganese ha8 a large scalar interaction. 
Il could hold witli garlolinium not with manganese ions. 
ìVr have t o  make a much more general comment. 1 think 
tliat water is a very meeay molecule and I feel we have 
tlir situation we were in in biochemistry about fifteen 
y a r s  ago. l'm not so peeaimistic for other nuclei. There 
are very serious ~ossihilities of interpreting relaxation 
times even in vivo with other nuclei. There's some very 
finr work already done with ' 3 C  for example with other 
niol~culrs. hly third comment is still more general. 1 
thinh tlirrc is a Iiig coniradiction at tlie moment because 
on tlir onr side yoii have the spectroscopists or thc 
I~inrlirmists or whairver name you want to @ve to them, 
u.110 want t o  iiiakc 'Tl and 'l', mrasuremrnts (wliy noi 
l ' i p  whiel~ is a vrry intereeting parameter as wrll?) and 
lml. ai  l a r g  disperaion in a large rango o l  frrqiiencies, 
a ld  on ilir otlirr hanil voii Iiave die imagng tecliniqiies 
diirli arr cliniliing III> very Iiigti  in lield strrngth now 
(1 'l'cala or 1.5 'l'rsla). My commrnt is ~loiihlr: I don't 
Hrr Iiow willi tlirsr irnaging instniments yoii will hr al& 
10 inahc tliis kinil o l  ilriailcd invrstigation, wliicli is tlir 
1 way Lo iiri<Ier~tani~ di r  rrlaxation tiinre, sprciaiiy 
i~xing low firld anrl low f r ~ l u ~ n c y .  Witli thr  s a m ~  
<'qliiptn~nt it cannot Ir donr. Srconilly with sueli Iiidi 
fidd niarhincs tlwr<, arr prohaldy ve?- sevcrr dilficultirs 
(or tiirasiiring Lnii T I  unil 'l '2 inaps. I agrcc tliat for onr 
l>"ilit il vari prolml~ly Iw ilone, biit I can't sco Iiow il 
~ ' W I ~ I ~  h dnnr lnr tlir wliolr imag~ ,  
"NI!  - blny I tahr iwir  with Hnino hlaravidia a lmi t  ilir 
I ~ w  tliat wr makr of tlir woril "cliaracterination". I 
thinh ihal my iindrrstanding o l  oiir intcntion was in tlie 
* m e  thal wr ran recopiise a rliaracter witlioul 
tl<'irssarily iinilrrntaniling Iiow it was vreatril, and 1 
h i ak  tliat wr arr iising tlic worlrl in tlic sonsc o l  tissiir 
*ignati~rr or ling~rprint or sonir mrans of recognizing 
h li~niir witli p a t  uprrifiritv. I tliinli il is ennrressary 

t o  undetntand how that characterization waa created. I t  
may be helpful towards finding a good characterization 
if we have some understanding of the biophysics. If we 
find a good characterization that in useful it would be a 
very great encouragement to biophysicists to try to 
understand what created that bue signature. But I 
think it would be a great mistake t o  be pessimietic and 
to expect that because we are faced with a very difficult 
biophysics problem there may therefore be little value 
in tieaue characterization. I think the opposite ie the 
case. In medicine very many valuable thinge are done 
and the phyeicians have no understanding of the mecha- 
nisms. 'The whole of the treatment of cancer hy radi* 
therapy is haaed on known facts of the existence of 
repair and recovery of cells, but there is virtually no 
understanding of the mechanisms or wen the cellular 
constituenw that are primarily involved. That, howwer, 
doesn't reduce the clinical value of fractionated treat- 
ments. It ia important to be clear about what we mean 
by charartcrisation. Perhaps Franca rodo could repeat 
to us what ahe thinks we actually mean ùy that  
PODO . Before eaying something on that, 1 would like to 
ask George Radda to complete what he was eaying 
before, because it was just restricted between two other 
discussions. You haven't presented a report on that, 
whereas we had three reports fully dwoted t o  relaxation 
properties of tieaues. Could Dr. Radda, please say a few 
v,orde on the clinical applications of "l' NMR spectro- 
scopy belore we tty to summarize the moat interesting 
aspects of tieaue characterization by NMR? Only on the 
basis of al1 these parameters, namely chemical shifts and 
relaxation rime8 we sliould try to give a more reasonable 
ilefiniiion of our field of interest in relation to tissue 
characterization and identification hy clinical RMR. 
1lAIN)A . .&Il T was saying was that T think the majorih. 
of thc presintationa a i  this meeting are obviously going 
to he conccrned with 'l', and 'T2 relaxation lime8 o l  
protons in relation to imaging. 1 just wanted to make it 
clear that I think that some of thecriticisms orthe points 
o l  view that you mi Jii apply to thoee moasurrments 
may noi apply to spectroscopy. So I was simply asking 
io kreri ilie two separate in ttic disriieaione Iiecaiisr we 
grt into thr sort of confusion tliat, in faci, wo'vc 
alreaily sern jiist now - one statement i8 immrdiately 
applicil to tlir other form of SMIl and thrn it is not 
valiil. b:iiially in tliia rontrxt I was also going to defrnd 
, , l i a n ~ l  ' T 2  m~as t~ r r rnen t~ ,  just thr mmP way as Stewart 
Orr Iias tlone. Onr of tlir tliings that l've Irarnt siner I 
startr~l to work on cliniral 2lhllt is iliat whon a clinician 
saiil iliai hr'd diagnosed somrtliin& I iisrd to think that 
Iir iinilerstoo~l it. In lact, I now quitr clrarly know that 
diapmsis and iinderstaniling are two totally tliffercnt 
tliinp. I )iagnnsia i8 a way of recopiising some syniptom 
in some forni or some roinliination of uncertain farts 
wliicli is thm trandated into prarticr a0 Uiat on the 
hasis o l  past experirnce, tlir pationt can hr trcatrd in a 
given way. 'l'liath rrally what in a majority of case8 thr 
clinirian mys - mayhe it soiinds cynical Iiut it's tnie. In 
many raaes tliat's fiiiflicirnt lor iliaposis, heraiisr it has 
lo  lw quirk, »n t l i ~  spot, and aome deciaion Iias to Iie 



made, wlietlier it's riglit or wrong. -4s scientisb we are 
ohviously trying t o  look for much more perfection in 
our meawrements. Now if you are going t o  look for 
perfection in T i  and Tl measurements, then I think it's 
a waste of time. But if you are doing t o  do these 
measurements on isolated tissues, on whole organs, on 
animals, on humans, in order t o  help tlie une of this v e g  
exciting technique of NMR imaging - then I think tliere 
is an awful lot of point of doing many T I  and T1 
measurements on a whole range of conditions. s 
Stewart Orr said, if at  tlie end of that you Iiare some 
understanding of  the hiopliysics, then that's an extra 
honus hut  it's hy no means a necessan reqiiirement. 
I10I)O - l would completely agree witli what Stewart 
Orr and Georpe Radda have said. 'l'hese physical para- 
meters are tools for us in severa1 aays. I:or some peoplr 
for instance, relaxation times are useful "tools" for en- 
hancing soft tissue contrast in an image. On the otlier 
hanil the present ~xperimental evidence indicates that 
modulations of  rrlaxation properties are associated 
with some patholo@cal states and t o  their evolution in 
time, and this can Le v e n  useful, altliough satisfactory 
theoretical explanations of these phenomena are still 
lacking. Further Iiiophysical studirs would not  only 
help in better elarifying the stnictural bases of tliesr 
effects, hut could also prevent tlir mistakes deriving 
from over simplified interpretations of data collected 
from complex systems such as hiological tissues. Once 
a rigoroiis trestment of data and good protocols have 
Leen established, so that measurements can Le rea$ 
considered physically sound, then one should try t o  
make lise of tliese parameters in the clinica1 practice 
and diagnosis. 
iI-\I~A\'M;I.IA - I think l've Iieard proper answers to tlie 
question T had poseil al~oiit 'Vl and 'V2  and whrtlier that 
meant characterization ornot. Although I am a physicist, 
l can completel!. accept the idea tliat it's jiist a laliei tliat 
one knows in a certain way ie correlatod with a certain 
state, and this can lie iiseful for diagnosis. 'l'liis is 
prolial~l)- the way one slioiild limit oneself so far for 
considerinp \MI{ cliaractrrization. !\t any rate I'd lihe 
also to adil t o  tliis point tliat 'l ' ,  (and T2)  is v e n  
sensitivr l o  tlrc conilitions of a systrin and lo  impiirities. 
.h a living orpnism is an oprn systrin, tlir statistiral 
varialions of T i  s arr i i n ld i~va l~ ly  lwoa,l, lt is therrforr 
v r n  diffirull, rvcn witli statislii.~, 10 estal~lisli 
corrdations 1,rtwrrn 'Vls in thr  sarnr patliolngical state 
of rliffrrent inilividiials. On tlir othrr Iiand, I Iirliwr 
instead in the possihle use of relative variations of rela- 
xalion linies for tissiir cliaractrrizalion. Iklativr varia- 
tioiis witliin tlir pircr of  tissiir wliidi rontains tlir rla- 
tliolopiral part ran  li^ olitainrd li! t ak i i i~  sinall srctions. 
starting from tlir noriiial to tlw patliolopiial part, tliiis 
mrasur in~  tlir rclativr \,arialioni of T i  ratlirr tlian its 
alisoliite valiir. So if 'I', and 'l'2 Iiavr to he diarartrr. 
izinp paramctprs, o n ( ~  S I I ~ I I I I I  prol~aldy rstal~lisl~ rrlativr 
variations ra l l~r r  tlian tlwir a l~so l i i t~  valiirs. 
1.I I'l'liY - I'd likr to pirk up two poiiits on tlir prwiniis 
discussion. On tlir one Iianrl 1 roiild p alongver) rniicli 
witli I)r. Itadila saying that n,r rnrasure relaxation tinics, 

they can give an interesting diagnostic indication and 
this is a help t o  come t o  therapy, whether you actually 
undentand what the origin of the value of T l s  is or  
not. 4 problem that  arises here is - and this follows 
from the previous discussion - t o  what accuracy should 
we meilsure them. I mean, if the variatione are in the 
order of a factor of 2, then of course the equipment 
can Le v e n  simple. .4s soon as one expects on the hasis 
of  the biophysical understanding that the relevant infor. 
mation is in the order of the factor of one tenth or 
a more accurate order of  mapiitude, then the experi. 
menta1 problems liecome much more severe.. 
HF.SE . 1 have a genera1 comment t o  make ahout tlie 
paramrters useful in the appliration of K l l R  t o  medica1 
diagnosis. We spoke ahoiit chemical shift, T I  and ' T 2 .  
Clearly tlie chemiral shift is direed!- connected t o  the 
molecular strutture hut it is not tlie same for the relaxa- 
tion tinies. Relaxation times are correlated n.ith the mo- 
lecular system throu JI the dynamical movements. .4nd 
then these dynamirs may he direrti!- olitained Ly the 
correlation timw and also 11). tlir enerQ- associated with 
each correlation time. \\'e Iiave a step t o  make between 
the measurement of relaxation times and the desrription 
of molecular dynamics. i tliink that al1 the measure- 
ments of relaxation times liave t o  Iie connerted witli the 
dynamics at  the molecular leve1 and not  direcdy t o  the 
status of a biological sample or its patholog).. 
LIIOSTE - Just a last comment on the value of the 
relaxation times. I feel tliat tliey- could lie used very 
empirically for imaging. 'l'here is anotlier prohlem 
whicli is a technical one. t the present time most 
imaging machines work in a v e g  large range of fre- 
qiiencies from 6 hlllz t o  60 hlllz. For water it's not  
reali‘ a problem because diffusional correlation times 
and additional correlation times are prohahly mueh 
shorter tlian tlie corresponding frequencies. But for 
lipirls it's much more criticai, and i l  you are speaking 
about rharacterization of tissue you have to he ve- 
carefiil liecausr you are not sure you have the same 
type of contrast witli one macliinr or with the other, 
once you mix the spin density andT2 .  
I I t G A I  . 2 s  a physicist I am a little confnsed 
alioiit the srmantirs of tlie cliaracterization of tissues 
discussed Iierr. In materiale scirncr tie know very well 
wliat cliaracterization means. \ ' P  can characterize the 
atoiriir ~listriliution, we can rliararterise tlie crystalline 
strurtiires, drlrr ts  and impuritirs, we can characterize 
its ilynaniirs a n i  its physiral properties. I really don't 
sre Iiow 'l'l and TI ran rliaractcrizc anything. It seems 
to rtir thai tissiir rharartrrization - liiit l'm not  a bio- 
lo@ slioiilil I I ~  eitlirr a niolrcular characterization 
or a striirtiirr rliarartrrization, or sometliing of this 
kind. I woiild like to hrar some accurate drfinition 
of  rliarartrrization of  L~SSIIP  hrrr ,  Iierause i t  seems 
really riirssy to tnr. It 8eerns l o  nir that " P SMR 
sp<~ctroriiop) is rrally n charartrrization method, as 
i l  is an analytiral mrtliod. Wi rn  you look a t  the mole. 
culr of 4'1'1' or at pliosphorrratinr, you have then s 
real cliarartrrizatinn, liiit I really don't ere how 'Tl 
and ' T l i  anrl thrreforr \ZII{ imaging up to tliis point, 



be a real characterization method in the sense we 
define cliaracterization in physics at  least. So is there 
anothzr medical or hiological definition for this - 
it3s an iniportant problem, because it rnay induce 

S31R imaging t o  me is not a characterization 
method. lt may be a diagnostic method, directl) 
or indir& through correlations with other ph>- 
,iological parameters, it may be an index of nater 
co,teiit, but this is not characterization of tissurs. 

be an index of water dynamics, but again 
thh i~ not characterization of  tissues. So my question 
is aski:d to the biolvgists, tbc biochemists and phy- 
siologists. 
B , \ K ~ E K  . When you look at  proton spectra o f  
tissurs, al1 you see is two broad peaks o f  natrr  and 
{at, so al1 you possiMy can derive irom that is an 
i n d a  for watcr content and fat contrnt of tissiies. 
dd i t i ona l  information for charactrrising tissues 
pos~ihl? can be obtained hy multi-exponential analysis 

watrr proton relaxation curves. This inight yield 
an indrx for the ~ r o t e i n  content of  tissues. By corri- 
bining rrlaxation measurements with biochemical 
manipulation, like Prof. Schmidt and Prof. Radda 
have said, for instance by labelling the extra-cellular 
water, you may obtain additional information on 
t h i  airiount of extra - and intercellular nater in tissues. 
Yrucreding along this line may lead to a set of 
paranietzrs which can be used for tissue characte- 
riration. 
EK\IANS - For a medical doctor, when one is sprak- 
ing about characteriiation, he has in mind the patho- 
logica1 data, because al1 our work has, as its final 
rrfrrrncr, the anatoinical-pathological data. For 
instance, what is the difference between cancer, 
c\s ts  or nodules of a gland'! It is only the pathological 
infrmiiation which gives the answer. ?\t the first 
appruach, we would expect thnt the N I K  nould 
?ire us the same type of answer as thr  pathology, 
h t  obviously it is impossible. Anyway we need 
a rd'crence and 1 would sa? that when we are spraking 
ahout characterization. wr have mostly in mind thc 
dilferentiation between different important diseases. 
p ussibly .: after some tiine, if the techniyue of  ShlK 
is sensitive enough wc will have a new classification 
',f the diseases which will depend on the trchnique. 
N <. had the saine process in electrocardiagraphy: 
t1ii.r~ are indeed pathological situations which are 
characterized more by well defined electrical abnor- 
nialities of the heart activity than by clearcut patho- 
I+al findings. My view is therefore that tissue 
i:haracterization must be taken in a broad sense inclu- 
ding al1 the pathological, hiochemical and clinica1 
aspccts of a given disease. 
UI:HBYSHIRE - It doea strike nie that we are not 
p i n g  t o  satisfy the purists amongst us as far as YhlK 
iliiaging is concerned, because, as stated earlier, we 
a m ' t  really recording the fat or  the water. We 'are 
rccording something t o  do with the dynamics of  the 
iiater. Water is an anomalous liquid and we don't 
w n  understand the properties of pure bulk water. 

Here weYe got a much more complex situation than 
that. We've got water in confined spaces, we've got 
water in contact with membranes, with big macrc- 
molecules which are slowly tumhling. w e i e  got proton 
exchange between water molecules, weYe got proton 
exchange with the substrate proteins and membranes. 
we've got slow exchange across membranes. & e  

really have a v e n  complex situation. I suspect that 
a satisfaction for the purists is a long time of f  and 
1 don't tliink we can look t o  it. Could I non m o w  
im to ask a specific qu~s t i on  tu DI. Schmidt? In 
'our graphs of  relaxation cnhancement against inan- 
ganese wncentration !ou shoned graphs nhich s t a r t ~ d  
off slowl! and then proceeded to increase morp rapi- 
dl-. Prrsumabl) that change ofslope is trying t o  tell us 
somrthing about thr  partition bptween intra-cellular 
and extra-cellular. Rell, it's iiot telling me an! thing 
at the moirient. but presumably it's telling !ou. 
1 wonder if you could te11 me nhat  it is. 
SCH\IIDT - I didn't nant tu point to the fine stmc- 
ture of this graph, ho* this slope or the dwiation from 
the linear behaviour is to be interpreted in terme 
of compartmentation. What I wanted t o  shon nas 
only that there are diffcrences in different organs 
if you add certain concmtrations of  manganese to 
the tissues. I wanted t o  show that there are hete- 
rogeneities even in thow experiments nhere you 
add a contrast agent. 
KEI\H.\RDT - 51) baikgmund is image analysis 
and, as I understand, the problem nhich is being 
discussed here is a multi-parameter anal-sis problem. 
Therefore you have great difficulties in finding an 
analytical model. Onr possibilit) is t o  define in 
terms of fonnal, and not andytical models. l o u  
have to appl) a multi-dimensional parameter anal'sis 
because even for four-dimensional processes. it is 
reall) impossible to have an intuitive impression 
of  how the dependencies of the different parameterr 
of your system are correlated. Therefore you have 
t» apply powerful but well-known numerical methods 
to find out significant correlations and therefore 
you have t o  carry out  and build up what we call 
a classified data bank system. Then it seems to be 
possihle to characterize tissues, not in the seme that 
there is a direct understanding of the measured para- 
meter and thc hiochemical process. but on the basis 
of the existence of  a strong correlation n~hich can 
be waluated with a lot of rxperience. 
NJDO - The possibility of having a data bank will 
be further discussed in this Workshop, together with 
the present difficulties of having a data bank, arising 
from the fact that different results are aften obtained 
by different laboratories today, in the absence of 
an appropriate standardiiation of the experimental 
procedures. Once a standardization of the methods 
is identified and adapted hy various centres. a data 
hank would be extremely useful. 
FUSTER - What 1 was going t o  say has heen slightly 
superseded now. I was just going t o  make the com- 
rnent that we seem to be approaching two different 
























