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Summary. - Relaxation phenomena pla? o funda- 
rwnta l  role in  NWR. This foct k direct- r ~ l a t e d  to  the 
lo= ,frequenc.v range which characterizer this spectrosco- 
pl'. 

Two  different reloxation procerres con be distingui- 
died: the f i rs t  one, callrd longitudinal relaxation corre- 
rponds t o  an Pnergv reloxotion i ih i le  the secon one. cal- 
l ~ d  transsem relaxation is a phaw relaxation. Thesp rp- 
laxation pmcerses can be frequ~nt1.v deacribed b,v a sim- 
r h  e xpon~n t i a l  law but ir i8 imporlont to  point out  

rhat non-exponential behaaiours ore far f rom ~xcep t i o -  
nal. 

Even in the care of a pure exponential t ime depen- 
dante of the longitudinal (or transwr,w) componpnt of 
the magnetisation, the meawrement of t h ~  so-called re- 
laxation t ime and the corrqsponding images require to  
take care of different experimentai and methodological 
problems. Computer and experimenta1 simulations ore 

helpful to  illustrate the difficulties in obtaining ai- 
gnificant T I  images. These simulation,~ lead also to  so- 
me requirements which must be token into account to  
define phantoms in NMR imaging. 

Riassunto. - I fenonieni d i  rilassamento giocano un  
ruolo fondamentale in NI;IR. Questo fatto è correlato 
direttamente con l ' intrrvallo d i  basse- frequenze che ca- 
ratterizza questa spettroscopia. 

Esistono due processi distinti d i  rilassamento: il pri- 
mo, det to d i  rilassamento longitudinale, corrisponde ad 
un rilassamento d i  energia, mentre il secondo, detto ri- 
lassamento traaversale, è u n  rilassamento d i  fase. 

Questi processi d i  rilassamento possono spesso essere 
descritti da una semplice legge esponenziale. ma i im- 
portante rimarcare che comportomenti non-~sponenzinl i  
non sono affatto eccezionali 

Anche nel caso in  cui la componente longitudinale 
(o trasversale) della magnetizzazione mostra una pura 
d i~endenza  esponenziale dal t m p o ,  lo misura del cosid- 
detto tempo d i  rilassamento e le immagini corrisponden- 
ti richiedono la considerazione d i  diversi problemi spe- 
rimentali e metodologici. 

S imi~ loz ioni  d i  calcolo e di  esperimento sono mol to 

ut i l i  per  illustrar^ IP difficoltà di oitPnere immafini T I  
significatire. Q u ~ r t e  ~imu1a;ioni consentono anche di 
identificor~ alcuni requisiti importanti rida definizione 
d i  fantocci per 1 hnaging .Y 1IR. 

A t  the present rnoinent. essentiall! three U I R  pa- 
rarnetrrs i.e. the nuclei concwtrat ion.  p. the longiti idi- 
nal relaxation t imi.  T I  and the transverse relaxation t imr 
T1 are being used t u  definr iinages in S\IR iniaging te- 
chniques. p. T I  and T1  vdues are associatvd w i t h  each 
pixel (picture elrment) and this is t h ~  basis o f  the iina- 
p n p  techniqur. At the beginninp of  this paper. i t  seenis 
important t o  point oiit that one p d u e  effect iwl!  cha- 
ractrrixcs each pixel. O n  th r  rontrary, in many cases. 
and due t o  pixel inhoniogeneih. i t  is impossible t o  cha- 
racterizi: a pixel by onr T i  or by onr T1 valile. This pro- 
blein is not dways su f f i c i~n t l !  emphasized in  the litera- 
tu r r .  I t  wi l l  be discussed l a t ~ r .  

Relaxation pmcesses 

The NSIR specialist. be he a physicist. a chemist or 
a physician. is concerned w i t h  two  different relaxation 
proceases. nainely e n e r p  relaxation (called longitudinal 
rplaxation) and entropy or phase relaxation (calied tran- 
svenc relaxation). By relaxation we mran the irreveni- 
blp procrss which corresponds t o  the return t o  eqiii l i- 
br ium o f  a spin systein porturbed by a radio-frequenc!~ 
pulse. This  process is not necessaril! exponential even in 
a hoinogeneous sample. I n  the caw o f  a two-level spin 
system ( l ike ' H or ' p  i n  a magnetic filed B,) involving 
longitudinal relaxation, exponvntial behaviour is obser- 
ved i f :  bu t  only i f ,  cross-relaxation and cross-relaxation 
phenomena are negligible [l]. A nice example o f  cross- 
relaxation leading t o  a non-exponential relaxation fun- 
ct ion for water in biological samples was described in 
1978 by Edzes and Samulski 12). For nuclei characteri- 
zed by 1 > 112, multi-exponrntial behaviour is far froin 







TI  can then he obtained hy Newton's method. 
In Fig. 2, curve n shows the computed nlationship 

hetween T, and the ratio R I  for ti = 0.2 and t, = 2 a. 
The curve (which can be eaaily assimilated to a straight 
line) shows that a 100% contrast in TI  (e.g. T I  = 0.3 
and 0.6 s) is meuiured by a difference in R of about 
66%(RI = 2.05 and 3.4 in this case). 

AT 
The slope of the line -I io 0.21 

ARI 

b) Twu FID can be acquired after the two 90' pulses 
of the sequence 90'. t i ,  90°, t*. where t i  < 5Tl and ti 
> 5 T I .  

Ttie value of T, can be easily computed from the ra- 
tiu R, 

where I l  and II are thr: arnplitude of the NMR signals, 
respectivcl) acquired after the f int  and the secund 90' 
pulsc. 

In <:une b of Fig. 2 where t i  = 0.2 s. Ti  = f(R,) 
is alsu very elusi: tu a straight lini: and has a slupe 

C:) Thi: fird signal is acquiri:d with a repeated free indii- 
ction dway sequencr 90°. t i ,  90D, t i  ..... The second si- 
gnal i~ acquired with ari independent fast iiiversion re- 
cuvery techniqui: 180°, T ,  90°, t,, 180°, ..... 

The ratio Kl of thr twu signals is given by 

if t i  ir chuacn a6 bsing equiil tu T + t,. 
Curve: r of Fig. 2 has bren calculatcd witli T = 0.4 s 

, . 
and t I  l r T p I = 0.06 if thr curve is ap- 

& l 3  
pruxiiiiatrd 1,). a slraight lirie. Fruin Fig. 2, il is diffii<:ult 
tu wi idud~:  ahuiit thr uptiiriuiii i:huii:e uf a TI  iiieasu- 
r m r t  i t l ~ u d .  l t d i f f r e  i l ( I  = 1 tu 3) 
undcrgo a wrtaiii levol uf rrrur due tu iiuisi:. it is idear 
t t :  i ' T  iiiforiiialiuri arr wcll as tlii: errors will 
L*: equally t ra i imi t td  Ily the thrw c:uwes wliicti charac- 
1erisi:x tlie tlirci. difL:rcnt nlatiuns brtween IL, and T I .  
iiirlilii:nilontly uf tlic alulir uf thr i:urvt:s. Therefurr, thr 
cliuii:c r d  tlie u~itiiriiiiii m~:tliuil will br the result uf a 
winpruiiiiw taking inlu awount bolli tlie inlrinsii: scn- 
xilivit) or tlir ii~i~tliud tu 'T, arid tlit: bcsi sigiial-tu-noisr 
mliu {or a dcfinik periud uf t i~ne.  

I i i  Fig. 2 tlie erpirriirierital pararrirtera Iiave heen arbi- 
traril) ~:liusi:ii fur a guud rriisitivily uf tlir threr irii:. 

tliods io a valii4: uf T ,  aruuiid 0.5 S. 

I 

1 2 3 L 

ratio R 

Fig. 2. - Simulatiun o1 the mvrsuwrnent of Ti by three differeni 
"Ti imhanerd" methoda. 

2. Bi-cxponential relaxation 

Thi: prubleiri assuciated with the detection of miilti- 
exponential relaxation bchaviuur is illustrated in Fig. 3. 
ìì'e havc siinulatcd thr case of twu reservoirs of watcr, 
differently assuciated with macroinr~lecules in such a 
way that their longitudinal mlaxation timss TI  are 0.5 
and 1%. 

Cuwes A and B illustrate the cases of an 80-20%and 
a 2080% niixture respci:tively, and c<imputed if a atea- 
dy state frcr preccssiun technique (SSFP) is iised. 

Talilr 1 yivw tlic apparimt TI  as tttry shuiild h iiii:a- 
suri:d by initthud a) d<:a:ribi!d al>ovi,. Th4: valiies fur th,. 
i:uupli: t I  and t I  havt: b~icn ebor:ri rathcr cluse tu cai:h 
uther in urdcr tu cstiiriati: thi: lucal valiic i>f lh4! appari:rit 
T I .  If, un thr cuiitrary, twu widnly spri:ad t i  valiii:s ari: 
uscd, aii averagi: T i  iu i:uinpiitnd for thi: whulc rdaxa- 
tiuii uirvit. It miist b i  cmphasimd that thi: twu au~:ragt:s 
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I 
Qirussion on the effeets of differences between varions techniqnes on measurements 
Moderotor: B. Maraviglia 

~I\I(.\VIGLIA - I would like to @ve a brief summary 
the discussion and to invite people to further dehate. 

~ ~ s i n t i a l l y ,  many aspects have heen proposed and I 
tl,ink that we al1 reasonahly agree on the prohlems. The 
main differences are these: I pointed out that pure 
pararneter images are difficult to obtsin in a short time, 
1,ut they can be ~ roduced  if times longer than the usual 
ories are avaihle. Then \lr. Luiten showed how things 
\,ecome complicated with repeated sequences, and.he at- 
tempted t o  find some snlutions within these repeated 
prquences t o  poesibly extract the information that one 
vants t o  have. Similarly Dr. TayIor proposed steady 
state free precession sort of sequence which is actually 
hoiind to the ratio of Tz aver T i  as infotmation. Finally 
Prof. Reisae emphasized the non-exponential aspect 
liesides the repeated sequences problem which must not 
li* forgotten, of course, and which is difficult to untan- 
$e.'Now I'd like t o  point out that my position is some- 
what different in the sense that tentative repeated 
sqnences are necesaary far clinica1 imaging because 
tliere a short time is really required. Far tissue characte- 
riaation instead, it may be more convenient to use longer 
times and t o  ohtain eventually distributions of pure 
parameters. This can he done by different people who 
are not really interested in diagnostics but rather in esta- 
Lilishing correlation of patbology with a certain distribu- 
tion of T i  parameters, hy working eventually on animals 
and then deciding, at least for certain pathologies, 
whether these NMR parameters are reliahle. Then pos  
sibly in the near future, if this is reasonahly established, 
it can also be applied to man. At that point, far medical 
diagnosis, doctors can get iimt the usual image in a short 
time, and then eventually for further insight they could 
get in a longer time a pure parameter image for more de- 
finite analysis. But I have the feeling that first a period 
of research is necessary to establish if this is really con. 
venient in terms of correlation between pathology and 
NMR parameters. Now the discusaion is open. 
TAYLOR - Just t o  answer that last point you made, I 
think that what MI. Lniten and I were both saying was 
that, prwiding that you were in the regime where your 
repeat time was much longer than T2 and yet still going 
rapidly, you could in principle uniquely extract pure Ti 
and Tz values. There's no problem with that, apart from 
perhaps Prof. Reisse's point that the accuracy might go. 
A second eomment that I just wanted to make was that I 
think that what MI. Luiten and I also showed was that 
Prof. Reieae's equation for fast spin-edio was an ap- 
proximation - tbe approximation is that the waiting time 
before the next pulse seqnenee starts is much longer 
than the r value . that wae jnst a small point really. 
ORR - The first speakem $I appeared to have reason- 
able agreement on the theoreticai eqnations on relation- 
ship-of the pube sequences. Bnt we are al1 talking about 
ideal bits of equipment, and tbe equipment with which 

tissue cliaracterization will be inade xdl b i  far from 
ideal because they will he wide hore with al1 the prob- 
Iims. I'd like to ask if we ft-el that if we were $veri a 
bottle of the same niaterial. would we al1 come up with 
exactly the same anwers. for spin-lattice relaxation and 
spin-spin relaxation, and if we werr given two bottles 
o£ different materials, would they have the same relative 
value in practice? 
\1.\RAVIGLI.-\ - 211y answer would he ves within 10%. 
if it is a hottle of water, because in pure suhstances T1 is 
normally obtained within 10% . I don't think that the 
procedure should affect it unless the experimentalist is 
doing something wrong. 
LUITEN - I think the question is on the accuracy again 
here.1 mean, whether a statement of 10% is important or 
not is of course very relmant whm the differences which 
are decisive far  decision are of that arder of magnitude. 
I must freely adrnit that in the short time length you 
talk about in an ideal situation, tliere are quite a number 
of situations which are not ideal. Tho first thing is of 
course that your Bo field is not homogeneous so you are 
not dwavs a t  a Larmor frequency, and DI. Taylor point. 
ed out very carefully that that's bue. I haven't gone 
through al1 the mathematics as he has already done and 
shown that you get the same values wen if you are just 
off-resonance somewhat. I am pleased to hear that the 
problem is more serious than the solution. I think an- 
other point in homogeneity is of course the Bi field - 
the r.f. field - and that is inhomogeneous far a number 
of reasons: the excitation field is not homogeneous so 
a 90' pulse is not a 90" pulse merywhere. It depends 
where you are. and the object mav easily bave variations 
of about 20%of the BI field. Fortunatel!- the sipals 
from 80' , 10O0and 90"ari almost the same. But wheth. 
er tbe relaxation behaviour is the same, I don't immedia- 
tely have an opinion about this. Another fact left out of 
the discussion is the qnestion of penetration, because al1 
we assume is 100% penetration, but once we go into fre. 
quencies heyond 10 MHz then I tliinh this point too will 
come to influence the signal strengths. The od?- thing 
you finally have is a reconshicted image with a number 
of values - it's an area of a ma& of numbers - that's the 
only thing you've got after measurement. But how relia- 
ble are these numbers? Another point which is really re- 
lated to imaging is namely. if you do a dice imaging we 
al1 know that the selective excitation acrosa the dice 
tbicknees is not just a sqnare cross section that has a t  the 
edges low excitation. Now in some cases yon mi& be 
satisfied to have this kind of Gaussian shapes in excita- 
tion density distribution, or some of the more square 
shapes, but certainly from the middle of the slices the 
excitation of 90" drops off on both sides. One of the 
points is, of course, when you do the meamrements, 
how do you find out the 90°signal? The way we usuaily 
do it is to make the signal maximum, hut then you aver- 





thiriF ,<llicli are known since many years in other  NhlR 
fielilh, I \te prohlem of T i  o r T 2  imaging is, from the ex- 
i,e,.i,iiclital point of vieti, a big problem, and I am qiiite 
,,,,, t l I 3 t  manj- false values, many artifaits are puhlished 
in tli,. litrrature. It would be a miraclr if that  were not  
tlii. ,.,,+,.. It was tlie same situation twenty years ago - 

, I of the 'l', valiies published in the literature 
far ~ , ~ ~ ~ t o ; e ~ i r o u s  samples were n o t  accurate. 'l'lie diffi- 
,,,ilti,- ;ire much more important in the mediral field, 
,,.I,,,~,. W are constrainrd t o  estiinatr T I  on the 1 4 s  of 
a v,.r, ,mal1 nuirilirr o f  data. The  rrrors can I)e very im. 
l,,,,.t:l,it. niuch morr  tlian 10% - as in Iiigh resolution 
\ \ I l : ,  I ~ d i a p s  100% o r  r v m  200%. 
111 I:!{\ SIIIRE - I tliink l'm going t o  b r  a littlr more 
, , l l t l~nis t i r  tliaii I'rof. Heisse. in tliat my feeling is that 
, l i i .  Iw<>l,lcms of  Boand B l  in homogenrity, whilr not  
aIi+lliitrly solvahlr, are prohaldy solvalile in real terms, 
~ , ~ . , . ~ i i ~ s t ,  for looking at t l i i  sinall samples, penplr have 
,-,i,l\rd techniqiies for  rneasurements o f  T i  and 'T2 that 
I;tr:i.l! ranrel ou t  tlie effects of Ho and R i  in h o m o p u e -  
i t i w  Oiw development, for exampìe, was rrarlied on 
g<,itig froin Carr-l'iircell t o  Gill-lleiboom srquences t o  
C : ~ I W I ~ I  ou t  at Irast t h r  effect of B I  inhiimogenriiies. 
\ \ i ,  ~niglit look for similar developmrnts in imaging. 
1.1 l'l 'L:\ - Of coursr if the errorsare due t o  the trchni- 
qov>  or t o  different iiiterpretations o r  t o  mathematics? 
i t  is l w ~ ~ i h l r  lo come t o  an ageement .  In particiilar, 
r\<,r i  if tlir 'Tl  being measurt-rl is a kind o f  liseudo-T,, 
t l i i  iinlmrtant qiirstion is wlirther tlir experiment is 
rqwataldp. l'liat is one point. n o t l i e r  point is of course 
\~l ivthcr  a n u m i ~ e r  of inacciiracies a r i  of a systematic 
n;itiirr - i.e. the homogeneities stay the sanic. Ilowever 
! l i ?  point may Iir t h r  inaccuracies diir t o  the ranilom 
vrrirs. and tliat's wliere t h r  noisr coines out.  Once you 
I i i i \ ~  got accurary, tliat means you havr t o  make repro- 
h w a l h  data t o  Iie mrasiirrd, t l im yoii arr  in a n  area 
i ~ i  wliieh thc qiiality of detectors and anil~lifiers and d i r  
iiiirrilirr o f  avrrages arr  of imporiance. 'That is, 1 tliink, 
m- of tlir niost limiting paramrters Imausc  in niany 
(.asrs ~ O I I  cannol takc hours lo pcrlonn thc  mrasuri- 
iiii~iils - y ~ i u  Iiavr in  do  a limitril niiinlier <il p i n t s ,  ) oii 

,.an no i  averagr ioo rnuch. This influences your  ac. 
,.tirary prrhalùy niorr t o  rriy mind tlian t h r  systiiinatic 
~ l i i fwi~ i i r r s  Iwtwrrn tlir various e i~ i i i l~n imt .  
l l 1 - I n  tlir coiniricriiial <Irvircs, whicli arr  no* 
:i!tiiIalh f i r  \ \ I l {  iinaging, il w u n s  tliat s i r n l ~ l ~  1 1 r o w  
<hrvii ((wolrm l!rrisit), T i  and I'2, ~ t r . )  <:an I,,! rasil? 
iisril roiilinrly. Hy qurslion is rlors tliis rnran tliat tlirsr 
i~ritiiiiii~rcial lirins I I ~ V P  tuhrii ai:<:ount for al1 tlir lirol,. 
1c.m~ yoin r ~ i ~ n i i o t i r ~ ~  i11 your talk'! I n  o thrr  words, can 
wr n r w p t ,  ai t h .  Ibrcsivt t imi  Ilial riiraaiirriiirnts ~ f ' l ' ~  
; m i i l  '1'2 <:arriril o i i t  ori t l i<w availalilr inarhinrs Iiavr an 
i ~ w q ~ t ~ i l ~ l ~  awurat-y? 
l A l Olvoi i rsr  tlirsc macliinrsIiavi.'TI and 
, , l i n g s  ai111 tliry inraii and 'Tz ronlrastril i m a p ,  
nnl 1111rr p a r a ~ ~ ~ r l i ~  iin.ngcs:'l'lii8 is clcarly nwant I,? 
wrryoi i r  I tliiiih. l'il liLr io io in r  iip again with a propo- 
sal ILr  alrcaily ii ia~lr.  I l v ~ r y o n i  srrms lo a v e r  tliat 'l'i 
is a coniplicalr~l Imarnrter  rliir l o  Ilir proceiliires antl 
io  tlir laci tliat man is no1 coiisistrnl: Iir ran "ai ilif- 

ferent stuff,  Iie can be excited. Iie can be feverisli, he  
can be unhappy,  he  can have s o  many things which can 
alter his T l s .  What proliably is not altered niuch thoiigh 
is the relative rliange from t h r  patliolo@cal t o  tlie nor- 
mal sections of the samr organ. So if one has t o  rhar- 
acterize. t h r s ~  tissues, I propose that we give empliasis 
t o  this witliin tlie framework of clearly (lefined pathol- 
ogiral situalions. Presumalil! tlir relative variation of 'T1 
in the samr  sort of disease frorn the sirk part t o  the 
norinal par t  is tiiore repro~lucealile tlian tlie alisoliite 
valiies. If thio is not  tlie case, I'am afraid T I  won't Iw 
iisrfiil a t  ali? tinir. 
T \Yl ,OK - f ' d  lilir t o  makr  a coiiplr of p n e r a l  oliserva- 
tions o n  tbat.  Cerlaiidy froin in uih.0 stiidies, aiid a littlr 
hit from in vivo, tliere's a lot of evidencr for a wide 
spread of values . 25% , 30% - arross Iiiiman Iirings and 
so on. I tliink we reali, Iiavr t o  grt away from alisolutr 
ralucs. 'Tlien w r t r  looking t o  normalize oiir niaasiir- 
rments  a t  o n r  point in the Imily. and tlien therp is also 
wiilencr tl iat  a disraseil state will altrr thr  'l',s across 
severa1 organs, not  jiist t h r  one loraliaed, and so al- 
t l io i~g l~  l a v r e  in ririnriplr &li yorir hasir poiiit, and 
1 tliink tliat is tlie way wr'll havr t o  p ,  I don't tliink 
it's quite as  rlpar-riit as  that. 
LI 'ITI?N - 'That reminds me of a rrmark Prof. Ilallard 
inatlr years ago wheri Iie collected data on T I  valiies. 
, , Ilipre seeiiieil io l ~ r  a lot of diffrrenies Iietwern t h r  
values <if t h e  sanie tissues of diffrrcnt persons, liut Iie 
told me tliat thc relation Lietween tlir relative 'Tls ani1 
the ratio o f  the T I  In tueen  thr  various tissiies in tlie 
organs in t h ~  same sul>jrrt  was far morr  ronsistent 
than t h r  individiial valurs. So  \ o n  midi t  normalize 
t h r  relaxation propertirs of various orgaiis t o  thnsr of 
liver, for instanre. Tlie rrlation lo some Liiid of tissiir 
whirh yoii take as a stanilard nii;ht Iir intrresting 
from a practical point o f  vieti. If you cari calihrate on 
every patient - tliat would he very fine. 
1'O!ì1'1<1{ - 'l'his is crrtainiy tnie in tìle iinagin; sihia. 
tion, Imt o n r  trnils t o  look a t  tlie disrase in relatioii t o  
t h r  organs roiind alioiit. ' l ' le only sihiation wlicrr 
this isn't covcred is wlierr )oii Iiave vrry strong s)striiiir 
effrcls  from any par t i rda r  disrasr. Oiir of thr t i i inp  
that l'in ucr) intrrrs t rd  in, as is anyonr  d i o ' s  worhing 
in t h r  firld, is tlir possildity that tlirse systrmir rffvrte 
will a f l w t  t l ~ v  owrall p i ~ t u r r  t h r  l d y  lwrausr this 
1aki.s away rmr siniplrst possil,lr ralil,ration. II I wurit 
tn  look a i  l ivm diseascs, I iiill d i r r k  that thc coloiir ,>l 
1111. splwn n r x t  t o  it is norinal ani1 this will tlirn trll tnr 

I i m v  far rny liver Iias ilrviatr<l. 1 s  yoii any. yoii risr tlir 
I,oily ilsril  as  ils own ralil,ration. Hint il i v r  I i a v ~  sorrir 
~lis~!asc, w l ~ i r h  a f lwts  tliv livrr a d  tl!r s ldwn,  thcn 
gr t  t h < ~  proldrrns. 'Tlir overall effrct is r l iangrd 
' I ' I O I  Wr lookeil a l  sonir ~ a r l y  irlii>lc Iioil, i n i a p s  
ani1 fmin tliosc iniagefi tlirrr is quitr a lo1 of rvidenw 
for  a *idc sl,rrad ol valiirs across a givrn organ, t o  tlir 
rx t rn t .  in tlicsc iniagrs (l  fih<nnld R ~ S S  thry wrrt- ~ u d ?  
irnagrs) t h t  tlir slm.a(I arross an organ wafi alrnosl as 
p" as tlie diffcrrnrr  Iwtwrrn dilfcrrnl Iiiinian Iieiiigc. 
I iloii't tliink wr slioiiltl jiist assiiiiie tliat t l irrr is a siriglr 
, . I i in an organ. 'Tlirii yoil ;rt lli? liartial voliimr ~ f l r r t s  



and also another point which we ahould have been con- 
aidering is repositioning far re-examination. Why start 
dotting the 'i's and croaaing the 't's on our technique far  
T l  dependence and throw it all away by the way we line 
the patient up?  
LUiTEN - This would mean that, if the T l  is varying 
aver the organ, then imaging the spatial dishibution, is 
vital in the whole determination because a single point 
doesn't eay very much. The way the T I  vanes across a 
certain organ may be the inforrnation you need to see 
whether you're getting the nght T I  value. In this case 
I eay meaaurement and imaging are very intimately cor- 
related. 
REISSE - Let me come back to multi-exponential 
behaviour. I would like t o  he sure that al1 of you 
agree that the multi-exponential hehaviour is the 
mle and not the exception. Do you agree with this 
comment? If you agree let me ask,what is the sipifica- 
tion o f T l ?  
MARAVIGLIA - That's a very good question. In fact, 
one ahould also give a definition of what fraction of 
the magnetization recovery one shoiild consid~r. Ilow- 
ever, the non-exponentiality is not that la rg ,  in my ex- 
perience. 
REISSI? - I agree with you. I think that we will proha- 
bly continue to use expressions like 'l'l images and so 
on, but the non-exponentiality or tlic rnulti-expnnen- 
tiality have a direct consequencr on tlir prolhm of thr 
good choice ofdelays. It is alwaysan iniportant prol~lcni 

in NMR spectroscopy, but it is also in imaging, eapecially 
when the relaxation behaviour is not exponential. In 
this case it would he even necessary to oblige people 
t o  always uae the same kind of delay or, at least, to 
specify their experimental conditions. If you look at the 
literature, you can find images with good contrasia, 
but too freipently thr inforination which is given i8 
completely insufficient to repeat the experience. In 
the hiological literahir~ you find sometimea T I  values 
without any indication of the ii, value. 
RADDA - Listening to this diacusaion as an ouiaider, 
we seem to he going round in circles. You don't know 
how to measure it, you don't know what you are meak 
unng, you don't know how to interpret what you havc 
measured, and you don't know how to use it in medi- 
cine. I think you arr talking about al1 four of thern a t  
the same tirne. I think we ought to try and focus down 
and eay "we are now going to talk about tliose aspecis of 
'Tl  that d a t e  to the ecientific, tiiophysical hasis of un- 
derstanding what we can measure, assuming we can 
measiire il". 'l'tien Ict$ talk al~out the various ways in 
which we can measure it, then thr aort of samplca that 
we want io  have. Hut we arr sort of jumping from put- 
ting the paticnt back in thc same position, taking a little 
piece of tisaw out, putting il in an Nhl i ì  machine which 
is differeni from sornrboily elsr's and ii is four tirnes 
thr frrqucnry. I rrally fecl that W? arr jiiat going round 
in cireles - wc soincli»w oiiglit io separate these differ- 
ent siagcs. 
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Summary. - This talk will introduce some of the 
trachniques which haue been used in the study of meta- 
bolic events by NMR. These ore brwdly two aras that 
r ~ q u v e  special attention, namely the locnlisation of the 
rrgion of interest and optimisation of sensitivity. These 
uwrall requvements will be discwsed in relation to re- 
ceiuer coi1 design, and exploitation of field profiling. 
5urface coils have proued to be of grat  ualue in achiev- 
ing some degree of localization together with reasonable 
signn-to-noise. Ilowever, the inherent inhomogeneity 
of the field that they produce presents certain difficul- 
ties and this will be considered. Possibilities for ouer- 
coming these problems will be mentioned. 

Riassunto. - Verranno introdotte alcune delle tecni- 
che usate nello studio NMR di eventi metabolici. Due 
problemi principali richiedono particolare attenzione, 
cioè la localizzazione della regione di interesse e l'otti- 
mizzazione della sensibilità. I requisiti fondamentali sa- 
ranno discussi in relazione alla progettazione della bobi- 
na ricevenfe e all'utilizzazione di tecniche di sagomntura 
del campo. /,e bobine di superficie rappresentano uno 
strumento m d t o  valido per ottenere un certo p d o  di 
localizzazione i? valori accettabili del rapporto segmle- 
rumore. Alcune difficoltà sono tuttavia associate alla 
inomogeneità del campo prodotto da tali bo6ine. So- 
ranno mcnzionatr i? disciuse alcune possil>ilità di supe- 
rari? questi problemi. 

In a meeting tliat is iociissing attcnlion ori Iiotli tlir 
tcclinical aspects o f  oljtaining rclaxation linw enlianced 
proton iinages, and tlir intcrpretation ol tlie I>iological 
iniormation contained in siicli ilala, it niay seeni irrcle- 
vani to  spenrl time oii Iiigli resriliition Iiiiinan N M I l .  l'o 
take tliis vicw, howcver, woiil<l Iw to  ignorr tlie complc- 
inentary natiire ol tlie two expcrirnciits from a Molo~cal 
standpoint, and iinùerstimate tite relevatice tliat teclirii- 
cal dcvelopinents in onc iield Iiavc un tlir otlier. 'i'his 
presentation will introiliicr a iew oi  tlie experimental 
details oi  ttie Iiigli resoliition "mrtaldic" experimcnt, 
with particular empliasis on thr prolilcnis oi  signal de- 

tection and localisation. 
The fiindamental problem o£ metabolic NhlR is sensi- 

tinty. The most promisingnuclei for study are I3C and 
''P and, when one considers the product o f  inherent 
NMR sensitinv, metabolic concenhation, and, in the 
case o f  13C, isotopic abiindance, it is immediately ap- 
parent that the optimisation o f  signal-to-noise ratio is 
o f  utmost importance. Llnlike the imaging experiment, 
it is not feasible to  ohtain recognisable signal from a few 
cubic miilimehes o f  tissue within a human. Instead, one 
requires severa1 cubic centimehes o f  eample, and even 
then, close magnetic coupling between sample and re- 
ceveir coi1 is a perequisite. In the majority o f  applica- 
tions, this coupling i8 optimised by using a surface coi1 
[l], which is simply one or more turns o f  wire, tuned in 
the conventional manner, and placed over the region o f  
interest. 

To understand both the advantages and disadvantages 
oi  this system, consider Fig. 1 which iiiushates the 
niagnetic flux pattern around a circular coi1 which has 
current flowing in it. The strength o f  the magnetic field 
at some point in space is determined by the closeness 
ol  tlie lines o f  fliix. This iield strength determines, not 
only tlie magnitude oi  tlie B1 r.i. iield wlien the coi1 
is being used as a transmitter. hiit also tlie sensitinty 

Fig. 1 - The linu, of maaeiic flux genented by nirmit tIowln< 
in a surfioe con. 



of the coi1 when i t  is used t o  receive the NhlK signal. l t  
will be seen that a surface coi1 is most sensitive t o  s i pa l  
coming from positions close t o  the plane of the coil, but 
will also detect appreciahle signal from regions some dis- 
tante from the coil. This is the feature which makes the 
surface coil so useful far examining tissue that is situated 
on, or near to the surface of a much largrr sample. 

The NMR experiment, however, is a complicated 
event, and it is necessa? t o  draw attention t o  a few sig- 
nificant points which can be ignored when dealing with 
the more conventional saddle-shaped and solenoidal 
coils. but whicb have a profoiind effrct on the operation 
of the surface coil. 

I f  the same coi1 is used t o  transmit the BI r.f. irradia- 
tion, then thr  strength and direction of this fiel~l will 
vary throughout the sample. The strength variation can 
be used t o  advantage. If one is examining tissue that is 
situated below the snrface of the subject. then the pulse 
length can be chosen so that the sample close to the coi1 
experiences a 18O>iilse, and thiis contributes little or no  
signal t o  the resulting free-induction cieca!-. 

The effect of field orientation can be understood bv 
considering points P and Q in Fig. 1. If this picture re- 
presents the plane at  right angles t o  tlie static magnetic 
field Bo. then signals will be obtained from these points. 
(The opposite direction of the lines of flux at  these two 
points is of no  consequence since the same coi1 is being 
used for both transmit and receive functions). If. how- 
ever. we look a t  the equivalent points to P and Q in the 
plane parallel to BO the situation is now different be- 
cause the transmitter field has no  component which is 
orthogonal t o  the B0 field, and thus "o frer induction 
decay (FID) signal is generated a t  these points. 

T o  summarise, the sensitive region of a coi1 depends 
on the B1 Tield strength, its orientation with respect to 
the Bo field, and the pulsing conditions used. In the case 
of a simple surface coil, this region extends into the 
eample to a depth of about 1.3 r (r bsing the radius of 
the coil), and is approximately oval in shape when 
viewed from above tbe coil. 

Although the single surface coi1 is routinely used far  
"pulse and coUectn experiments, the inherent inhomoge- 
neity of the associated BI field can prove problematic 
when measuring relaxation times. T i  measurements are 
possible with such a coil, but spin-echo experiments far 
the determination of  T i  are hopelesslv inaccurate. In 
this case i t  is usual to use a siirface coi1 t o  optimise the 
received signal, but emplov a separate coi1 for the trans. 
mitter. Under these conditions, a further variable has t o  
be considered. namely the relative orientation of  receiver 
and transmitter flux lines throughout the sensitive re- 
gion. This can be appreciated by again considering the 
points P and Q in Fig. 1. If the transmitter field is uni- 
directional and the surface coi1 is used only as a receiver, 
the spins a t  P and Q will be in phase after the transmitter 
pulse, but generate out-of-phase signals in the receiver 
coi1 due t o  the direction of the receiver coi1 flux lines. 
Thus the sensitive volume of a surface coi1 has a differ- 
ent  shape when the coi1 is used with a separate hansmit- 
ter coil. Hanng disenssed some of  the features and idio- 

syncracies of the surface eoil. let us turn our attention to 
spatial localisation. 4s the hssue of interest is U S U ~ ~  ' 
siirroiind~d by dissimilar tissue. one needs t o  collect un- 
amhigiious spectra from a well defined volume within a 
larger heterogeneoiis sample. If the tissue is sitiiated ver!~ 
dose to the surface, as, for example, is skrletal muscle 
and brain, thrn the surface coi1 itself ma? offer the nec- 
essary localisation. This method is routinel!. used in both 
animal and hiiman studies, but a more sophisticaterl ap- 
proach is reqiiired far the investigation of most other 
orgaus. Ther* arr t l i r r ~  possible approachrs to this pro- 
hlem of localisation. 

The first is thp "field profilin;" method drveloped b!. 
Oxford Research Yyst~ms iinder the name of Topical 
Magnetic Resonance [2]. Axial shim coils are incorporat- 
ed in the bore of  the magnrt, ani1 produce a Bo field 
profile consisting of a h o m ~ ~ e n e o i i s  region close to the 
rnagnet centre which is surroundrd by a region of very 
poor homogeneity. Sample situated in the inhomoge. 
neous Bo field will give very broad spectral lines, and 
these can be separated from the narrow lines which 
originate from the homogeneous region. 

The second possible method of localisation exploits 
the inlierent inhomogenei. of the BI field generated 
by the surface coil. Piilse sequences can be employed 
which select a region on the basis of the tip angle ex- 
perienced by the sample. One example has beeen pro- 
posed h? Waterton et al. [3]. This experiment employs 
a repeated r.f. pulse plus homospoil wquence which sat- 
urates spins at  al1 locations except where the pulse is 
180: By terminating the sequence with a 90°pulse, signal 
is received only from this region. More recently, Bendall 
and Gordon [4] have proposed a "depth pulse" in which 
a sequrnce of  nomina1 180°pulses in a modified spin- 
echo experiment select a rrgion far  examination. 

Both the field pmfiling and selective pulse approach- 
es are wastefiil because only part of thr  available signal is 
used. AIthough the lost signal ma? not  be of prime in- 
terest, i t  could well contain information Iielpful in re- 
cognising the region of interest. For tliis reason. spectra- 
IIv resolved imaging techniques ma!- well prove t o  be the 
best methods of localisation. As mentioned earlier, it is 
not  feasible to obtain picture quality images of, say, 
phosphoriis-containing metabolites, but very crude spa- 
tial localisation of high resolution specbra is possible us- 
ing most of the imaging techniques. Several example ap- 
pear in the literatiire including imagr reconstruction [SI. 
sensitive point [6,7], 2DFT [8,9], and rotating frame 
[ l01 methods. Although this approach, may, at  first 
sight, seem to solve al1 the problems of  localisation. 
there is a premiiim t o  be paid in terms of signal-to- 
noise ratio which will vary according t o  the method 
chosen. A further consideration concerns the geometrv 
of  the selected volume elements, and here the choice 
ma?- be dictated by the local anatomv. 

Most of the experiments in this category have only 
been performed on phantoms. and perhaps the most 
exciting technical development in metabolic N11R will 
be the refinements of  siich methods t o  enable their use 
for routine human examination. 
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Fig. 1 - Plot of B, field in a x.y-plane orthogonal to the eoil 
plane and B, through the center of the coil. Thc e d  uire ia in. 

dicnted at pointe A, B. The coi1 radius is o. The cdedations m 

oniy perfomed al distances more than 0.20 from the e d  wires. 

H I  field strenght Inil with different H i  padient direc- 
tions. cannot Iie distinpislied t,? methodq using a sin$ 
si i rfac~ coil. 

Experimenial methods 

'rhe experiments were performed with a -1.2 1' m a p  
net, using a spectrometer ioterfaced to a Sicolet 
1100 293 \' computer with ttio dim~nsional Fourier 
transform routines. .\ 2.1 cm diameter s u r f a c ~  coil (two 
iurns of O..: mm insulated ropper t i i r ~ )  was tuned to 
the ''l' f re~uency (73.&16 \lIlz). For the relaxation 
tim measurements an additional Helmholtz coi1 is re- 
quired. whicli is oriented orthogonal to the surface coil. 
T f .  piilscs transmitted li!- tlie s i i r fac~  coi1 tier? 
iniremented hy 20 ps in 32 steps from O to 620 ps. The 
OOopuls~ lengtti from tlir Ilelmholtz coi1 tias 140 ps. The 

8, - Surface coi1 gradient t!----- 
I DATA Accumulation 

Fig. 2 - n) Timing of a one-dimensional rotahng frame ima@ng 
experiment. tx  is the p u h  lenght of thc hansmitted 9, field 
gradient. b) Datn procesaing. t, = unit time of the FID; F,, 
F, = frequeneies after Founer bwform;  FT = Fouricr 
fom:  TD = hanspoeition of two-dimemiond data fiics: 
DAT. File = two-dimensional datafde. 

saeep ~ i d t h  was i j00 Ha with quadrature detection 
and automatic baseline correction. The delay between 
each scafi was j T i .  except fw the relaxation time 
measurements. The series of  32 free induction decay 
s i g d s  (F'ID) was Fourier  tranformed and phase cor- 
rected urinp tlie specmim \rith the sliortest nonzero 
pulse duration for determination of phasing parameters. 
'The spectra were transposed, zero fdled and Founer- 
transformed witli respect to the pulse len# t,. The 
timing of tlie experiments and data processing are mm. 
mariaed in Fig. 1. 

The phantoms tiere r o m p w d  of glass b u l h  (4 mm 
diameter) filled uith specified solution. at  concenea- 
tions of a l~ou t  200 m\l. l'he bulbs were immemd in 
physiologi;ir saline (130 m\l \aC1). 3tandard reagents 
of  anal!-tical p a d ~  tierp ohtained from Fisions Cliemicaì 
Co. I.td. \TP and pliosphocreatine (PC) tiere obtained 
from S p i a  Cliemical (.o. 

The initial experiment was designed to m e a a r e  tlie 
actuaì Bi gradient o f  the sudare coil in a direction 
orthogonal to the coil plane. \ sin$e $ass bulh filled 
with inorganic phospliate tias positionerl on different 
points on the axis of  tlie coil. The frequency F I x  tias 
measured after performine tlie experiment with the 
descrihed rotatine frame imaenp procedure. B i x  tias 
ohtained from (1). The results are ~ummarized in Fig. 3 
and are rompared nitli tlie th~oretical Blx variation in 
dependance on the distanw to tlie coil. .\l the results 
indicate. the Bi padient can be prerlirted by tlie t l ieoy.  

Fig. 3 - Theoreticd md experimentpl plot of B, ui a funetion 
of distance r on a i a  f r m  thc plane of the cod. 
o = eoii radiu. 

The second experiment was desiped t o  test the spa- 
tial resolution on the axis of  the BI field and the preser- 
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F i g  4 - a) Dbgarn describii the phantom. The hdbs are sep- 
uated by 1.5 mm betwem e& other. The fmt mw of bulbsis 
sihuted .t distineai of 2 mm irom the coi1 planc. I = phospho- 
creatine (PC); 2 = ATP; 3 = inorgmie phoaphite (Pi). b) Intensi. 
iy contour plot of the im&gexperiment. Almiasa is the ehem- 
i d  &ft axis F , ,  ordinate is the F ,  uis. niis u i s  isnot &ed 
due to thc pmblems d a t c d  with the u8ed computer softwire. 
e) Stieked plot of the im&gexperiment. 

p-ATP 

- COIL 

vation of the chemical shift information in compler so- 
lutions. The phantom waf composed of  6 h u l h  contain- 
ing \TP.  phosplioireatine and inor~anic phosphate (Pi), 
as indicated in Fig. 4. The whole phantom was covered 
h?  tlie coil. The results in Fig. 4 show that the first 
3 hulbs in one line produce specim whicli are lorated in 
two-dimensional plota at  nearly the same frequenc' 
F l x .  This demonstrates that in a repon covered by tlie 
coii, a one dimensional image can be obtained. The 
chemical shift information is preserved and the spectral 
lines are not broadened. The signal intensi? declines 
with distance from the coil, as the intensi5 is dependant 
on B l .  The third experiment was designed t o  test the 
possibilit\. of relaxation time meaairements by this 
method. The phantom was composed of 3 bulbes each 
containing pure solution of Pi, ATP and PC. The T1 
saturation recovery experiment with this method re- 

I\ 

Pi 
PC A T P  

Fl 

F i g  5 - Saturation reeovery experiment on a phantom eompab 
ed of 3 bulbs with buib 1 (dosed to thc coil) contillung PC; buib 
2 contillung ATP (diown are only T-. a-ATP)md hilb 3 con- 
Uining Pi. Thc delays DE behvecn the pulm ue indimied in the 
fiwn. 

v 

quires the foilowing pulse program: 

n-here DE is the delay time hetween the experiments. 
The intensi. of the sum of the 2 FID in the pulse train 
is dependant on tx. The effect of the 90' pulse is that 
the magnetization lies in the"xl, y'-plane"of the rotating 
frame, while the z-component is zero. The 90. pulse i 
produced by the Helmholtz coil. The results are shown 
as i n t e n s i -  contour plots in Fig. 5. The different species 
show different relaxation hehaviours, with the longest 
saturation recovery for Pi. 



The experiments prove that 1) the imaging procedure 
presenes high resolution spectra and chemical shift in- 
formation. 2) the one-dimensional spatial resolution is 
a t  least 0.15 o (o = coil radius), 3) only small one- 
dimensiond image distortions are obtained in the region 
covered h!- the coil, 4) the B1 gredient of the surface 
coi1 can be theoreticall!. predictcd and therefore 5) 
the one-dimensional iinage can be correctly scaled. The 
rotating frame imaging procediire has an excellent SIN 
proprrt! per measuring time of Fourier transform 
methods, as for each scan the signal is ohtained from the 
whole volume. The surface coi1 has the advantage of 
selecting a region of interest in a whole body and also 
proridrs an extremel!- good filling factor. The rotating 
frame imaging using surface coils combines tlie advan- 
tages of both methods for producing one-dimensional 
spatially resolved high resolution specha. 

There are howerer limitations of the method when 
a single surface coi1 is used for biologica1 applications. 
.h shoan in Fig. 1, the coi1 produces BI gradients ortho- 
gonal t o  the coi1 plane in regions covered Ly tlie coil and 
Bl gradients parallel to the coil plane in regions lateral 
next t o  tlie coil. Bj- perforining the imaging procedure, 
one ohtains one-dimensional images from different 
regions and those images are mixed together. With one 
surface coi1 there is no aa:- to separate those images. 
One possihility could be that of selecting one region h' a 
homogeneous inagnetic field and destro' tlie images 
from the other regions by inhomogeneous fields.Another 
possibility is to huild a prohe with 2 orthogonal coils 
and perform two-dimensiond roteting frame imaging 
experiment. The third experiment shows that saturation 

recovery TI  experiments using the rotating frame imag- 
ing procedure, can he ~erformed. No image distorsions 4 

with different delays between the pulses are obtained. 
This means that the imaging time can be dramaticah' 
reduced in some casps, because it is not necessaN as 
in the first two experiments, to wait 5Tl hetween the 
pulses. The problem here is, and it was not entirely 
solved in those experiments, that the 90' pulse must be 
transmitted to the whole sample. This requires a homo- 
geneous Helmholtz coil. If this problem can he solved, 
then it will be possihle to perform C a r r  Purcell pulse 
train a i th  180' pulses transmitted by the Helmholtz 
coil. 

The conclusion is that one- dimensional spatially re- 
solved high resolution spectra can he obtained using a 
single surface coi1 from regions covered by the coil, 
presuming that the other regions are located in inho- 
mogeneous magnetic fields. This report is preliminary 
and we are working on a two-dimensional application 
of this method on perfused organs of lahorator). animals. 

Most of this work was performed in the NMR Iiboratory of 

Dr. G. K. kdda  in the Deparbnent of Biochemishy. Oxford, 
and we are most pztefd to Dr. Rsdda for the posibility of 
working in hk Iaboratory. The computer plob of the B, field of 

a sudace coi1 were peifonned a t  the Geaellschaft fih W i n -  
sehsftliche Datenvernrbeihmg, Gottingcn (FRG) uaing NAG 
softwsre. A. H. was supported by a Liehig-Stipendium from the 
Fonds der Chemischen Industrie and C. M. by the Amcriepn 
Heart Aasociation. 
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nierussion on the interaction of measurements with localization 

.<TI LES - To summarize, the purpose of this session 
was to try and explore areas of common ground hetween 
tlie imagers, and those who are w i n g  to do high resolu- 
tion WIR. It could he argued that what we've heen 
talking ahout has gone off at a hit of a tangent from the 
main direction of this meeting, hut hopefully some of 
tlw things that we've talked ahout will cross- 
riisciplinay interest. Has anyone got anything they'd 
like to say about that? 
.[.%ADE - I tried to have a more sophisticated form 
of coi1 to have a more uniform radio-frequency field, 
iiecause you can use, for example, two opposite coils 
or something like that. 
,ì'I'YLES - 4re  we talking now ahout the two-dimen- 
sional imaging experiments? I think the philosophy 
is that. because sensitivity is such a prohlem, you are 
almost hound to use a surface coil. This seems to give 
tlie hest filling factor as DI. Haase was saying. You are 
stnck with the gradients with that coil, but as the two- 
rlimensional experiment that Dr Haase has described 
relies on gradients, it's a way of getting round the 
prohlem. This method then hecomes particulady appro- 
priate for that coi1 strutture. 
PODO - Dr. Stvles, would you please comment on the 
future poeaihilities of using imaging techniques for 
ohtaining metaholic information on tieaues? What 
kind of experimental restrictions do we encounter 
today in the attempt of using NMR imaging approaches 
for ohtaining spectroscopic information in vivo? 
STYLES - The fundamental problem. I think, is that 
hy NMR imaging you can only get ve?, v e y  cmde 
spatial resolution. If you plug in the numhers for 
the sensitivity, as I think David Taylor was saying 
~esterday, the resolution you c m  expect is ve. cmde. 
The advantages of doing an imaging experiment is that 
you get signals from the whole of the sample at once, 
and therefore you are not throwing anything away. 
That can usefully help vou in identifying exactly where 
your tiseue is. But there's bound to he some cost to pay 
in signal-to-noi= hy doing this experiment, and I 
think it's a question of finding the method which has the 
smallest premium to pay in terms of sensitivity. I think 

Dr. Haae might have something to sa? ahout this. 
because I think he's done some caiculations ahout the 
signal-to-noise in his experiment. 
HAASE - The signal-to-noise of one volume element in 
a rotating - frame imaging experiment is the same as 
for a high resolution spectrum of the whole tissue 
divided by the number of volume elements. 
STYLES - The only other thing to he said in anawer 
to your question, DI. Podo, is that, because we haven't 
got ani- sensitivi. to pia!- with we are not goin: 
to ~ r o d u c e  rea1 pictures from the high resolution im- 
age . We've got just to take ve? cmde hlocks of tieaue 
and and localize them hy, perhaps, using an imaging 
technique. The qnestion that we've got to address 
ourselves to is what sort of geometrical resolution 
is going to give us the most useful hiochemical in- 
formation? The surface coi1 is good for taking elices 
through the sample. and that might he the best ap- 
proach - it might give 11s the most useful hiological 
information or ph!-siological information. But of course 
if other methods are used, then perhaps rectanplar 
hlocks or concentric spheres might he more appropriate, 
or other shapes might he optimal for certain methods. 
So it is open to a lot of discussion a t  the moment as 
t o  which is the hest way to localise, not only in terms 
of doing an NXIR experiment, but also in terms of 
getting something useful to enahle you to recognize 
which pari of vour sample you are actually look- 
ing at. 
DERBYSHIRE - These are quite early days, so do 
you have an!- feeling for how close !-our coi1 desigms 
are to the optimum? Can we look for. sa?. an order 
of magnitude improvement? 
STYLES -- I-ou can certainly look for it. But other 
things have heen tried. different geometries, and as 
yet nothing has worked as well as the surface coil. 
DERBYSHIRE - This was almost the fimt design that 
was tried, wasn't it? 
5TYLES - That's right. But certainly if anyhody has 
got any ideas, r e l l  be v e -  pleased to hear ahout them. 
For now I can't see any dramatic improvements, 
although I'm open to any suggestions. 
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~ROBLEWS O F  CHARACTERIZATION O F  TISSUES A N D  BIOLOGICAL MATERIALS, 

USING STANDARD TECHNIQUES 

'MKCHANISMS OF RELAXATION FOR PROTONS 

IN BIOLOGICAL SYSTEMS 

21. VILLA 

Ihpart imento di Fisica "A. Volto", Universitd degli Studi, Pauia, I t a l y  

Siirnmary. - Tlie proton N.VR response o f a  tissue 
has heen far a long time identified with the NMK re- 
spense of its water molecules. Experimentol evidence 
is presented which points to the shortcomings of this 
nsstimption and to the importonce of the water pro- 
ions/macrornoleculor protons interactions. The contri- 
hntions of differcnt mechanisms t op ro ton  relaxation in 
ihc muscolnr tissue ore cstimated. I t  is here argued that 
il is very difficult tu reach unambiguous and qunntitatiue 
conclrisions about thc dynuniic of water in biological 
s.ystems o n  the basis of N.VK data alone. The A I I R  re- 
sponse of water in tissires U usually detcrmined b y  the 
"interactions" wi th the macromolecules and the rehx-  
nt ion ratcs o fa  water p ro ton  w i l l  be higher the higher U 
i is probabi l i ty of beingat a macromolecuhr surface. DiJ. 
,fusive processes average ou t  the differences in relaxation 
rntes ofprotons in many casca. I n  other cases, sach an 
o u e q i n g  procrss cannot bc completcd during the inear- 
uring timc; a non exponent ia l  rclaxation is obscrued 
nrid N I f I ì  prouidcs a mthcr  indirect information on  the 
"rnacroscopic"structurc of the biological system. 

I~iasaiinto. /.a risposta 'Il N.l f l t  di u n  tessuto è sta- 
i n  per lungo tcinpo identificato con la risposto NMK dcl- 
1,. sur molrcolc dhcyim. V c n p n o  q u i  presenlatc eviden- 
z r  spcrimcntali chr indicano Ic l imitazioni di questa as- 
s i~nzionr  e rottolineano l'importanza delle intemzioni tra 
pror»ni dr l lhcqi ia  r pro ton i  delle macromolrcole. Vrn- 
p n o  n l t r rs i  st imati  i contr ibuti  di diversi meccanismi a i  
lwuccssi di rilassamento protonico in tessuti molecolari. 
I L n r  sostenuta la conclirsionr che 6 assai diJficilr rag- 
; . i ~ i i ~ r r c  ual i~ inz ioni  non  arnbigirr r quantitatiiie sullo 
sinio dinamico dr l lhcquo in sistemi biolofiici, sulla base 
</,.i soli dat i  N l l l t .  /,a risposto NMlt dellhcqua in tessuti 

gcnrralnientc drtrrminato dallc sue "interazioni"con 
1,. rnnironiolrcolr e le ra tw di rilassamento protonico 
< I r4 'mq i~n  sono tanto p i i  r l r va t r  quanto piii elei~ata i. la  
~~r<>ba/,ilità che essa si t r o i i  a contotto con le superficie 
,iinrronrr>l~~colari. In  mo l t i  casi i processi di difliisione 
mrdiono a zcro Ir diffcnnze nr l lc  ratrs d i  rilassatnrnto 
~ m l o n i c o .  I n  a l t r i  casi i proccssi chr mediano tal i  diffe- 
rr,ri;c non .sono complet i  nrll ' intrnmllo di tempo ddh 

misura. Al lora il rilassamento risulta non esponenziale e 
la  risonanza magnetica nucleare fornisce informazioni in- 
dirette sulla struttura "macroscopica" del  sistema 
biologico. 

Introduction 

For nearly twenty years, it was bdieved that a simple 
relationship existed between microscopic parameters o f  
water mobil i ty and the I h l R  responee o f  protons i n  bio- 
logica1 systems. Models have been proposed which envis- 
age two  or more aqueous fractions that exchange rapid- 

l y  on  tl ie time scale o f  the NMR relaxation times. How- 
ever, the feeling t l iat these modelsare eseentiall' a para- 
meterisation o f  the data is supported i~). t l ie obscrvation 
t l iat the) can acconiodate a fraction o f  bound water ran- 
ging from lese than 0.1% [l] t o  10% [Z]. O n  the other 
haiiil, a n i ~ m l w  o f  papers have ealled attention t o  tl ie 
role o f  cmss--relaxation and spin (liffiision i n  determin- 
ing tl ie NMK response o f  protons i n  biological svsteins 
[3-61. l'his contrasts wi t l i  thr assumptions maile liy 
niost pliase models. Fiirthermore, it has h e n  siiggrsteil 
[:,n] tliat proton excliange prwesses betwsen water 
ani1 niacrorrioleciilcs, ratlier than tl ie rxistencr o f  dir. 
k r ~ n l  pìiases, ma? accoiint for t l i r  non-exponcntiali- 
t v  01' t lw spin-slin relaxation procesws. Here, we woii l i l  
l ike t o  convey o i i r  hel ir f  t l iat pliasc inoilels Iiavr no t  
t i r l l ~ed  oi ir  Iiasic imtlrrstan~l ing o f  water ilynarriirs arid 
i ts interactions wit l i  t lw  macron~o1~ci i lcs ani1 tl iat wr: 
n<ml new and metliodolugically dilferent approaclics. In 

t lw  fullowing,, an ovcrview is givcii 01 tliv cxpmimental 
work, wliicli clarilies 1111: r o l ~  o f  pliysicallv d i f f i w n t  p l i r -  
noinena (SIICII a6 CIOSS relaxation, diffiisiun, clirinical 
excliangr) ani1 o f  t l i*  throrrt ical efforts wliich attci i ipt 
l o  avoiil t h  sliortconiings o f  tlie pliasr rno<lrls. 

Experimental observitions 

I t  was ~lenivnstratci l  i n  1970 [Y ]  t l iat t l i r  iiiajor spin 
l a t t i i r  wlaxation ~ i i id ia t i i sn i  o f  protons i n  water/protrin 



ics of a fraction of the macromolecular protons. mktures is the intermolecular dipolar interaction be- 
tween the pmtons of tbe macromolecules and the water 
pmtons. Severa1 vears later, this fact was rediscovered 
and shown t o  be rather genera1 [3-61. Two problems 
arise, nmely  i) the characterization of the chemical 
nature of the magnetic "sinks", i.e. the fast relaxing pro- 
tons and ii) the mechanisms of transfer of the magnetiza- 
tion between the sinks and the majori. of protons. 

Concerning the first question, it seems likelv that the 
magnetic sinks helong to mobile portions of the macro- 
molecules, such as methyl groups [6]. I t  can be ruled out 
that sinks belong to groups with an appreciable proton 
exchange rate. In this case, it woiilri be difficult to ex- 
plain the insensitivity to deuteration of the proton spin- 
lattice relaxation process. Although some guess can be 
made, we have no direct information about densih- and 
efficiency of  these sinks in natura1 tissues. 

Concerning the eecond question, it is likelv tliat nu- 
clear magnetization is predominantlv transfetred be- 
tween proteine and neighbonng water mdecules vio spiri 
exchange and then conveyed to the "bulk" water mostly 
through a self-diffusion mechanism. However, Eisen- 
stadt [6] has presented some evidence that spin dif- 
fuGon within the water phase is not entirelv negligible 
in the process of equilibration of the magnetization due 
to the macromolecular protons. 

I t  has been aasumed for long time that the proton 
@al of  the macmmolecular component of most t isues 
has a free induction d e q  (FID) which vanishes in the 
micmsecond region, while the remaining FID is entirely 

l due to water protons. Accordingly, failure of  obtaining 

i the complete disappearence of the nartow proton signd 

I 
after careful deuteration has been interpreted in terms of 
a "non-exchangeable water fraction" [l]. However. 
Fung [7] has estimated that 6 - 8 s  of the narrow signal 
is due to pmtons in mobile organic molecules or 
segments. By accurately cdibrating the spectrometer, we 

I have found that, after subtraction of the microsecond 

1 fraction, the intensi- of the proton signal in about 50 
i human skeletal muscles equals that of a water sample 
i with a weight of 90 -+ 5% the muscle weigbt. 

l A poseible cause of the markedly non-exponential 
spin-spin recovew of protons in deuterated muscles 

I [9-101 is the increased relative weight of the mobile 

I organic segments. Interesting discussions about the role 

nieoreticai models 

t 

While most phaw models assign to each water mole- 
cules a characteristic correlation time, it is conceivable 
that a single moleciile iinderPes motions taking place in 
different time scales. For example, water molecules  do^ 
to a siibstrate ma!- iindergo a wealil?- anisotropic reoricn- 
tation [Il-131. A complete averaging of the intramole- 
cular dipolar interaction reqiiires that the water mole- 
cule diffusa k twern  regions where the substrntes have 
different orientations with respect to the magnetic field. 
In this case. the long cotrelation time does not si,ml the 
existence of a "strong" interaction with the siibstrate 
but reflects the "size" of the macmmolecular se-ments. 
A rough evaluation of this correlation time (T ) is made 
through the equation T= l'il), w-here the water self- dif- 
fusion coefficient. D, is of the order of l@ cml/s for 
most tissues and the %ze" of the regions over which 
averaging is incomplete, I.depends upon geometrical 
details and is likelv to be I " IO-' -lo-' cm. This 
simple reamning predicts that the spectriim of cortela- 
tion times for protons (and deuterons) in tissues has a 
broad component around lo-' s or  that Ti showr a 
ilispersion around the 41Hz region. 

n o t h e r  situation where geometrica1 effects pia! an 
important role in the Y\IR response is that of  diffusion 
in a heterogeneous ayatem witli magnetic sinks [IS]. 
Recently, Cohen and Mendelson [l51 have shown hoti 
the non-exponential recovety of nuclear magnetization 
contains information about geomettical structures which 
are "macroscopic" with respect to the r a n s  of  tbe \\1R 
perturbing Hamiltonian. .4 multiple-phase type of h- 
haviour may arise even in the absence of a distrihution 
of cortelation times. If the magnetic sinì. is identified 
with a small (i. e., "invisible") fraction of fast relaxing 
protons, the Cohen and Mendelson's model becomes a 
typical two-phasr description [ I ]  for the state of water. 
in which an estimate for the exchauge times between 
phaxs is providtd. However, the discussion of the pre- 
vious Section indicates that magnetic sinks for protons 
exist which cannot be identified with a fast-relaxing 
water fraction. 

The previously discussed models apply to proton re- 
laxation as well as to relaxation of quadrupole-per- 
turbed nuclei. Recentlv, it has been pointed out that 
intermolecular nuclear interactions m a -  produce 'Iow- 
dimensionality effects" in the ZMR response of hetero- 
geneous systems [13]. Theae effects atise from the fact 
that in confined spaces molecules keep "memor!-" of 
their relative positions over times much longer than 
their cortelation times. It is believed that these effects 
enhance the role of the interaction between macromole- 
cular and water protons and accounts for the fact that 
protons and deuterons relaxation rates in biologica1 
systems often do not scale with the aquare of the per 
turbing Hamiltonians [1,10,13]. 

of the protein signal and proton exchange processes in 
detemining the non-exponentiality of the spin-spin 
recovery have been given by Fung [:,a]. While the com. 
plexity of this matter is certainly great, the question of 
the non-exponentiality of the spin-spin recove? is 
likely to play a centra1 role in the field o( diagnostic 
applications of proton NMR In fact, it is a v e q  com- 
mon obxrvation that details of the spin-spin relaxation 
process are affected by physiopathologicd conditions 
and sample handling procedures. For this reason it ap- 
pears desiderable to determine, with the aid of suitable 
model systems, the extent to which the non-exponen- 
tidity is contmlled by slow exchange processes of water 
m o l e u k s  in different compnrtmentsand by the dynam- 



By its own nature, the NMR response o €  water in bio- 
logical systems repreeent an  "average" over the measur- 
ing time, t ,  or, if one prefers, over domains o1 size of the 
arder of  (Dt) In. The efforte of describing such an aver- 
age in terms o 1  well-characterieed phases proved incon- 
cliisive or downright misleading. While the interactions 
Raponsible for the relaxation times have a range compa- 
rahle with tha t  of chemical bonds, many features of the 
N1IR response reflect the way in which the "average" 
takea place, which in turn depends essentially upon 
c'macroscopic" geometric features. It is poesible to  
m d i f y ,  to a cettain extent,  the "measiiring t imenand  
perform the average over domains o €  different size. In 
mme casese, it  is possible t o  make an estimate of the 
e r ten t  o1 the macmscopic inhomogeneities P6& 

Some experimental evidence [7,8,10] that  the proion 

NMR response of  biologica1 system ia sensitive t o  the 
interaction between aqueous and macmmolecular pro- 
tons pu t  into a new pempective the problem of relating 

H relaxation rates and the physicoehemical state o f  the 
macromolecules. I n  other words, it  a p p e m  more cor- 
rect, and more general, t o  my that  a change in the state 
o 1  the macromolecules modifies the àktribution of the 
magnetic sinks rather than using a description in terrns 
o f  "shuctured water". I hope that analyses of relatively 
simple model system will attain a microscopic descrip- 
tion of  the magnetic sinks and of the mechanisms 
through which t h e i  distribution is modified. 

In siimmarv, while we lack any detailed understand- 
ing o1 the relationehip between state of a tiesue and its 
proton NMR response, we are slowly learning how t o  
avoid the pitfalls of early interpretations and how io 
ask questions to  which a unambiguous experimental 
response can he found. 
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FACTORS INFLUENCING THE VALUES OF THE EXPERIMENTALLY OBTAINED 

RELAXATION RATES OF TISSUES 

W.M.M.I. BOVEE 

Delft Uniuersity of Technology, Department of AppliedPhvsics, 2600 GA nelff The Yetherlands 

Fummary. - The TI and TI nwgnetkation recover,v 
cq. demy cumes are never in principle single expo- 
nential. The following causes of multi-exponential r e k -  
ation behmiour are discuued: l) cross.correlation, crosc 
relaxation and exchange effects; 2) severa1 fractions with 
different reiaxation rates contribute to the N41R signal. 
Their influence on the obienied reiaxation ratea ia indi- 
cated I t  is shown that the amplitude of the r.f. field, 
deloy times, dutonces between the npulres in the Carr- 
Purcell (CP) or Carr-Purcell-Gill-Meiboom ICPGM) T2 
pulse train, and inhomogeneities in the r.5 and stotic 
magnetic f ~ l d  effect the obremed reka t ion  rates. 

A sugiqestion ia given about the way in which relar- 
ation dato rhould be determined and reported, in order 
to nwke comparisonr between data from different lobo- 
ratories more meaningful 

Riassunto. - Le misure di rilosaamento longitudinale 
( T , )  e tramerrale (T2) non rono, in linea di principio, 
degli esponenzioli singoli Vengono qui discuare le se- 
guenti muae di rilosaamento multi-esponenziole: I) cross- 
correlazione, c r o r r - b a m e n t o  ed effetti di smmbio; 
2) diverre frarioni con diverso tempo di rilnssomento 
contribuwcono al segnale NMR. L'influenza di questi fat- 
tori rulle "ratea" di rilosaamento viene qui indicato e di- 
s c u s a  Si dimostra che le "ratea"di rihaaamento osaema- 
te dipendono dai seguenti purametri: intensità del campo 
r.5,  tempi di ritordo ira gli impubi, distanze tra gli im- 
pulii n nelle sequenze di Carr-Purcell e Carr-Purcell - 
GiiGMeiboom, diaomogeneità nel cnmpo magnetico atoti- 
co e a radiofrequenza 

Vengono proposti metodi e criteri per determinare e 
riportare i dati di rilosaamento, al  fine di poter stabilire 
confronti significativi tra i dati ottenuti in diversi lobora- 
tori 

Introduction 

Damadian [ l ]  originally showed that nomal  and neo- 
plastic tiseue may he diwriminated hy the fact that the 
latter has larger proton magnetic relaxation times. 

This result was later on affirmed [?] h' many inresti- 
gators h? means of in vitro and in vivo N1R exp~r i -  
ments on tissue. The relaxation timrs T,  and Tl can give 
information ahout the dyamic  brhaviour and the 
structure of tissue water, and ahout intrractions hetween 
water and celliilar macromolrcules. Changes in these 
phenomena were thr hasis for the proposed explanations 
of the differrnces in relaxation rates hetween normal 
and m a l i p n t  tissues 111. The hasic cause(s) for these 
differences is still unknown and dehatahle. To get more 
insight into this prohlem and (still more important) into 
tlie potential of Sh1R relaxation times to discriminatr 
hetween normal and malignant tiasues. it i8 important 
to have a lot of experimrntal relaxation rates availahlr 
which can he campared with each other. This can hardly 
he done with the data availahle from the lit~rature, 
hecause different rxperimental conditions were used. 
The experimental relaxation rates strongl? depend on 
these conditions and the way in which TI  and T2 are 
defined. as will be diseussed in this paper. Some stand- 
ard procedure for measuring relaxation rates in hiolog 
ical tissue should therefore he introducrd. 

I. Some e i u a s  of non exponentul relixition and their 
influence on the exprimentd relixition rites 

The TI  and T1 magnetisation recovery, c.q. decav 
curves of hiological tissue in principle never are sinde 
exponential, so a TI  or T2 value is not defined in this 
case. [lnamhiguous parameters characterising the relax- 
ation have thereforr to he drfined. Suggestions concern- 
ing this point will he given in section 111. Some causes 
of multi-exponential relaxation hehaviour are: 

1) Different submagnetiaations 

Several isolated suhmagnetisations Mi, with relax- 
ation times Ti contrihute to the \MR signal. The re- 
laxation of the sum magnetisation is given by 
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D ..cussion o n  biophysical factors detemining relaxation behaviour and other NMR properties in tissues 

11 1 derators: J. -M. Lhoste and W. M. M. J .  Bovbe 

Iiavr t o  accept tliat, whrn  we talk about structure, 
we arr only going t o  talk about aspects o f  tl ie structiire 

that relate t o  the nature o f  the measurement t l iat you  
are going t o  malte. I tl i ink the strongest part o l  N I I R  
relates t o  dynamics. You can look at changes in struc- 
ture, composition, flow of materia1 and molrcular 
motion, and al1 those are wit l i in our reaclr. Even thoiigh 

I niay appear t o  make derogator). remarks (wliicli I don't 
in t rnd  to) ahout '!i and 'T2 measurements, they are 
enormously valiiahle in tell ing us sometliing ahout dyna- 

mica, motion, and interactions o f  tl iat snrl. I frei tl iat 
tl i is is wliere N+11{ has unirlue advantages compared t o  
some o f  the otlier static tecliniques tl iat lrll us structure. 

Now  going o n  t o  dynamics I would just l i ke  t o  re- 
mind you tl iat some o l  the I~iocliemical prncesses tl iat 
we are considering i n  relation l o  how tissues might t ~ e  
rliaractcrii.ed relatr t o  the Iiandling o f  encra .  Ohvioiisly 
t l ia l  is wliat Ihi primarily interested in. 'l'his is doni: by 

tlie w d - k n o w n  pathways o f  oxidative riliosphoq'lation 

making ,A'1'I1 or tl ie hack-iip rcaction from pliospliocrea- 
tinc or t i \  tlir lircakdown o r  dycogen li)- anaeroliic &- 
rogcnolpsis ~ i roducing lactaie. 1 think tl iat, wit l ioi i t  
going tl iroiigli t l i r  details, wr  ran aav tl iat Nhl l l ,  and 
certainly pliosplioriis Iiigli rcsoliition \'hll<, allows 11s t n  
mvasiirc tl ic conrentrations o f  phospliocrratinr, A'W, 

iriorganir pliospliale, ani1 inilir<!ctly o l  lartate. Il allows 
irs l o  tneasirrc tl ie fl i ixrs i n  tl irsr patliways, I,rcaiisc we 
(:ari look a l  rnzyni r  calalysis reartion ratcs. Il allows iis 
Lo trirafiiirl: how ).oli s \ i i l r l i  I'rorii onr lorrn rif metalio- 
ìifini li> anotl i i r ,  il aIl<rws )oli lo rricasiiri Ilir fli ix t o  
glyiv~;ivir~l)si% wlii(.li in llii cnil ~,roil i iv~:s Iiydrngen inns, 
1mLons, and wi. Lnow al ioi i l  ],Il, un11 how t l iui  1111 uft im 
rvlatrr li> rr i~wrn i r i i l  o r  i ~ a l ~ ~ i u m ,  and I iow t l i r  wl inlr 
lliiiig in ll~rii cnnlrollc<l. So w r  Iwgin In IooL al, n o i  onl) 
~~oni l~oni i t io i i .  liiii fl<,w ariil i o i i l ro l ,  and conirnl ia a 
i i i ~  r n i wllvrv, agaiii, i l  i\,<. Iiavr a 
~ i v i v  ~rr . l i i i iq i i<~,  W<, I~svc  s<irrw~lting 10 w ? .  I 
I d i r v r  l l ia l  l lw  inia;crs luvc i101 givrn l w r l y s  <!noi~gIt 
al lci i l iou l o  conside~ring WIIII- t d  l h r  i i r i ~ l ~ r ~ ~ i n g  1,ro. 

iinsvti l l ia l  I l i r ?  t r i ig l i~  Itr ihk lo I'nIIow, r vw i  I l ~ o i ~ ~ I i  
i n ~ l i r t l y ,  n h a i  cmr ~ a n  stiidy nwrc d i r r i dy  11y 

Iiigli r i :* i~l i~l iam NMI t  i i i i :L I i i , i I * .  Ix i  i i i v  now givc y im  a 

f rw  rxarn lhx.  'l'Il<, f i r s l  l l t i ~ ~ g  is. i( ~ O I I  IooL a l  l ~ r o l n n  
qwr l r a  t11 11igI1 f i ~ l , l s ,  you V:IH sr r  IIUI yoii  c m  wr l l  
r ~ s o l v r  l l w  ytrrlr:a I'rwu liss!~,: wolvr and I'nw i l w  rnl 
i.<mil~wiilii,ti. Yoii sri, Iliiil ;i iiialc s i i l ! j rc l  will Iiiivc t i i i i i ~ l t  

Irss 1a1 l l ian ii l < ~ i i i a l ~ ~  fitnl!ii.rl. \ 'W c:in iii facI slinw I l tal  
l l ~ i s  i s  slalislic;dI) si;tiific;it~I. Yel y n u  wni~ldn ' l  <Ireniii 

o r  iiaiiig 111.11 ari ;i r~ i r l l i r> i l  n1 i l r l v r i i i i i i i r i ~  t l i r  srx o l  yo i i r  
fiiil+~l. ' l ' l r i ~~ .S  IN)% m-rl;iii~l~. lhal  y t t t  ~ a n  IISC ll,;al 
IIICIIIWI l o  ldl w~lwl lwr  il is  a lrwilr or a malv s ~ l + v t .  

l h ~ l  Illr ~ I IPSI~~~I  i*, WII? ~IIOIII,I ow w i ~ i i l  l o  ,lo I lm l  
% i l 1 8  WhIN w l t v ~ ~  Ihcrc nrc I w l l w  wa,s d doiii; il'! 
wlial wr also h v r  l o  nililrvs$ oiirsrlucs t o  ifi, wli;il arr Ilir 
I! I I P S O ~  i n f < > r ~ ~ ~ : ~ l i o ~ ~  i ~ t b t l  1 1 1 ~  WNI* 1~1 I !~~~i+sI I r ( .~nt( .~ l l i  WI. 

I, 
I 

1 

I 

a 

1.IIiISE - Just t o  summarize I think we have quite a 
)&e view of the biophysical problems deriving from tlie 

~terogeneity o f  the l i n n g  svstems. as explained by 
ir. Villa. Then we have learnt tliat, even in a homogene- 

,,,.i phase, relaxation is no t  always an exponential phe- 

menon.  
l; \DDA - 1 thought I'd start by t ry ing tu address m)- 

.,4f t o  what this meeting is ahout: identification ani! 

raracterization o f  biologica1 tissues b y  NWR. W i a t  does 
t i a t  mean t o  me? l 'm going t o  do tl iat on  a sprcilic 
,,,arnple that we have a l o t  o f  data a l~ou t :  that is, ske- 
I r ta l  miiscle. Fitst o f  all, identification. We'vr alrea~ly 
~ i i d  tl iat identification is tlie same as discrimination. 
.nw we can ali take a piece o f  fish mnscle and a piece 

,:I' steak, and we can ve? readily id rn i i f v  the two. Wr  
,lnn't actually need Ti  measiirements t o  do that, hu t  

r w  could probahly <lo i t  h y  Ti. That's simplr ~ l i scn-  
~ inat ion,  and in biologu and i n  mr i l ic inr  qii ite o l t r n  

iliat's siifficient. Now cliaractrrization: wlicn I look at 
tliat piece o f  fish miiscle or strak, wr t l ien liegin t o  Iiave 

rather complex looking striirturc, ani1 I nrril io sa? 

wliy they are diiferent, wliat i t  is I~asirallv thai mahrs 
mie red and t l ie otlier one wli i t r ,  ani1 Iiow does thal  
rrlate t o  tlieir function? 'l'hat's wliat l mran I q  r l ia- 
racteriaation. So when I talk atioiit thr cliaractcr o f  thi: 
i~ii iscle or o f  a piece o l  tissiie, I <:onsiilrr tl irer sqiaralc 
points. First o l  all, I need t o  hiiow ita co1t111osiiion. 
'Vitl iout knowing coinpositiim, wr i l o n ' ~  hiinw 111r 
Jiaracter o l  tl ie oliject tl iat l'm loohing ai. Sworii l ly I 
rant t o  aay sometìiing a lmui  i i s  stri icii irr. ,411il t l i i r i l ly,  
i i  hiological systcms, i in l ikr  i n  pliysics, wr  n r r d  10 

(vonsider tlie dynarnics n f  t l i r  fiysirm Iirvaiisr wr  arr 
Iraling wi t l i  I i igli ly dynairii<: siiiiaiiona. I t l i ink orir 
~ $ i t  t o  consiilcr Iiow NMII cali coriiri l, i itr I o  rai4i or 

hcsc scparatr ~ i ro l i l rn is .  t n i a a imi t l l~ i r ig  
i l io i i t  striieturc, bccaiisr f i t rw iu r r  in whrrc % v  iirv worst 
> f f  wi lh  rcspert 11, Nhl l(  w l ~ r r i  il w ~ n r s  l o  ~ n o l r w l a r  
zlructurr, h i t  hl d whrn WC lalh a l ~ n t i l  slr t ic l t~rv i n  
. w n R  o l  anaiim).. ' l  i n a g i n  p w l i l r  talk olicmi 

ii iatomy, anrl tlicrc iu n<i <loi i l t l  1Ii;il Ilicr<. art. ?,>or- 
m d y  good slritrlural fcal i i rm i n  Ilir 3h I l t  i n f n r ~ i ~ ~  ,, l' 1011 

u l  lhr bel o l  aiialnmy, i n i w n s c ~ q ~ i ~ ~  i i n a l ~ ~ t ~ ~ ) ,  I l w l  arr 
~ 1 . 1 1  wort l i  liaving i n  r r l a t i o ~  10 ~n rd i< : iw ,  Molcr t~ lnr  
hlri ictitrr i f y o i i  IonL a l  a t n i ~ l ~  I iss t t r ,  il h s  filnrw, il 
11afi mitocl inn~lr ia, il IUIR l i l l l c  ~ l r ~ ~ o s i l s  nl' g l ~ w v ~ - n ,  awl  
, t  hafi t-nzyrnm, and o l lwr  ~ m d l  ~~~,IPIwIcs, antl III:BI is  

1 1 1 ~  fiort o f  8truclurr w r  can ;CI f rwu c l < ~ < ~ l r < ~ ~ ~ - t ~ ~ i < ~ r c ~ -  

-8mpy. Ybl I i  ifiri't p i n g  lo a~&~) r< ,a r l i  t l ial  iii ai\, way. 
1 1  riiiglit t r l l  un a l ~ m i l  Isiln 01' I lu i l  s l r ! ~< . t ! ~w  ,,>!I rari 

. w h  a l  walrr,  whirh i 6  what ,<,I, ,In w i l l ~  ItrcBtons, i ind 

-4, minr lh ing  a h i t  wa!rr , l i s l r i l ~ ~ ~ l i n n ,  ) d i : i I ~ s .  YOII 
<,a11 Iook a l  somr m o l r c ~ ~ ~ r s ,  as W? ( 1 8 ) .  wl t i rh arr i i ic l :~.  

hdical ly i i ivoivr i l  ond ihi lwrl,n(>s ).o11 viin sa! soriw- 

I h g  alioiit t l i r i r  inlrrorl iot ix wi l l i  soirir cot i i l~onci i is, 
1,111 ).oli arr no1 g n i n ~  l o  aly,roarli t l inl slr i i r l i i rr .  S<, ,vi, 















(b) 

Fig. 2. - Anifomy oi ihr upprr aWunwn. NMIL Ti ivtinpx oi (a) nonnal and (1)) pstieni with edsrgrd splrrn aaxo~iated wiih non- 
Hodgkin'. lyphoms. 



timue aeen in vivo. Some of these factora are already 
being covered in detail by other speakera and I will con- 
centrate on those which generally receive less attention. 
It is not my intention to prescnt an exhaustive revue, 
but to discusa one or two pointa of particular intereat. 

Factors affeetiq meiaired Ti 

Table l lista some of the factom which affect the T ,  
value obtained from a particular tieaue examined either 
in vivo or  in vitro. Some of these, auch as the handling 
technique or the time sfter death are essentially asso- 
ciated with in vitro examinations, whereas othera, e.g. 
yhysiological state are more related tu in vivo studieg. 
Table 

Tahle 1. - S o m ~  fnclorr ajjecting T1 value 

Extrinsic 
frrqueney 
lwnpemture in uirro 
mrchinr vnriability snd 
pulie srquence in vivo 

Intrinsic 
lincarity of plol 
panrnrgnetit: cunlenl in vifro 

walrr r.ontent snd 
piittiologieil  tul li: in vivo 

animal maturily 

in vivo 

Extrinsic factors 

Tlir e f fwt  of n~casurwient frequency has been rnen- 
Iiuiwd by other auntributors but dcservea a brief inrn- 
tiuri here. 

.\t ihe rnoiiient rnost iinqing systerns are operated 
b wurkers who know tlir importante of reporting their 
oln!rdiriig frequimcy. Ilnfortunately. however, there 
wist in the 1iti:rature quitr a number of in tritro NMR 
"udiea in which there is no msntion of spectrometer 
freqiiency. Tliis reduccs thc value of the studies almost 
tu ~ 4 ~ 0  siriw there ia no possibility of comparison uf 
thv r<:wults with those obtained Ly other groiips. In gene- 

il is true tu  aay "the highcr thc frequency, ihc lon- 
W the T i  ". This is ccriairily trua up Lo aboiii 40 MIla 
but ihcre rnay bi: a lewlling ofl. after that. Fmqiiency ef- 
fW.. howrvcr, are not i:onsiani. Wheri rabbii tieauea arr 
oharrwd in vitro at 24 and 2.5 MlIx (Table 2) ii is seen 

Table 2. - In  vitro TI vdues (rnbbit) 

grey brpin 644 332 2 .O0 
liver 31 1 141 2.22 
spleen 509 258 1.98 

hesrt ventriele 637 243 2.62 
thigh rnusde 554 182 3.05 

whitr brrin 469 264 1.77 
spina1 mrd 464 325 1.43 

that for most tissues the ratio of the TI  values a t  these 
frequencies is about 2: 1. For tissues high in membrane, 
especially the heavily myelinated white brain and spi- 
nal cord, the ratio is closer to 1.5:1, whereas for muscle 
it is about 3:l. This rather suggests that the ability to 
differentiate between certain tieaues is frequency-rela- 
ted and the question "should we image at higher fre- 
quency" may be dependent on what we hope to see. 

Although the rabbit tissues were obsemed in vitro, 
it is poeaible to see in vivo that tissues behave differen- 
tly at different frequencies. Fig. 3 graphs some TI  valiies 
obtained from NMR images of a norma1 individuai on 
the two Aberdeen proton imagers, Mk I operating at 
1.7 MHI and Mk I1 at  3.4 MHz. Fat and fatty tissiie 
like marrow changes very little with frequnncy whereas 
tissues like kidncy medulla and blood show a miich grea- 
ter effeii. Uiffrrenccs wen bctwcen in vitro and in vivo 
effects rnay be rclatcd tu different teniperatures of the 
tissue a8 wcll a8 tu the greater frequency rangr: in vitro. 

I iAniUon ot h viw T, with hcquncy 

Fig. 3. - Compariaon of TI relixatiim tirnc vulucr obtiined 
in uiuo rt 1.7 und 3.4 MHs (infurmition ubtiincd l'rum Ur. I.. 
Eistwood). 



There is a much greater spread of values a t  the hiiher 
frequencies and it is poeaible, therefore, that there will 
be an increaaed ability to discriminate between tieaues 
at this higher frequency. Comparable sectione a t  the 
moment, however, look very similar in their ability t o  
resolve abdomen sttucture. 

One very interesting obsewation is the very slight fre- 
quency-dependence of the TI  of white brain tissue. If 
thie holds tme over an even greater frequency range it 
suggests that high fields (within safety limits) would im- 
prove any aspect of brain imaging which involves white 
and grey tissue differentiation. On the other hand there 
may be little, if anything. to be gained by the use of 
high fields in genera1 body imaging. 

bl Measurement temperature 

Temperature affecta viscosity which in tum affects 
the correlation time. The correlation time of the water 
protons governs their NMR relaxation rate. Temperatu- 
re, therefore, is a vety important factor in determining 
the T I  value'obtained from a particular sample. Fig. 4 
shows a graph of T I  relaxation time of a mlution of 
manganese chloride meaaured a t  1.7 MHz at different 
ternperatures. There is a fairly linear trend over the ran- 
ge o b s e ~ e d ,  with a rise of approximately 2% in T, per 
dcgree centigrade. Samples of muscle or fat cooled to 
different temperature8 show very different relaxation 
characteristics in the imager. 

Temperature effects are, obviously, of major impor- 
tante to anyone undertaking relaxation studiee in vitro, 
and one of the things most commonly omitted from the 
description of niethod. I t  is, perhaps, of less importante 
to workem in vivo since the human body has remarkable 
horneostatic mechanisms and a vety narrow range of 
operatine: temperature. There exists however, the poeai- 
bility of examining hypothermic patienia and particu- 
larly patirnts with circulatory defects which affect teiri- 
pcratiire in a region of thr body such as a liinb. T I  
measurenieni in such a region could br  deceptive. 

MnCI SOLUTION (al 1.7MHz) 

Kig. 4. \'arialiun in  Ti n:luxaiiun tima: wiih  Iwnprir~luri: o l  

u uluiion ul manyancsi: <:liloride in wiitrr (iniurmation irum 
Dr. MeRobbie). 

C) Machine variability 

This is really a problem which haa to be faced indin- 
dually by each imaging and in vitro study group since 
the problems will be slightiy different for eich machine. 
Day-to-day variations will hnve to be checked, presu- 
mahly by use of aamples of materia1 which in much rim- 
pler than a body tissue. The absolute accuracy of the re- 
laxation times muat also be checked from time to time 
since al1 machines are caplible of drift from the initial 
tuning. 

One of the major murees of e m r  in the measurement 
of TI  values, especially where single point measurement 
ia being made, is related to the accuracy of the 1.1. pul- 
ses. In T I  measurement, for example, any dight inaccu- 
racy in setting up the 180' pube will give a shorter TI  
relaxation time since the invemion will always be lese 
than the 180'. This is not important for a full plot T, 
if the error is constant for each measurement taken t o  
make the plot but it does affect Tnu11 values considera- 
bly. There are many problems which can lead to varia- 
tion in the pulse angle other than the simplest one of an 
inaccuracy in frequency or power of the r.f. pulse itself. 
Inhomogeneity in the magnet, if large, can mean that 
different pruta of the sample have different Larmor fre- 
quencies, hence the inversion angle can differ over the 
sample volume - this is very important in imaging. Any 
disturbance in the field during measurement, e.g. due to 
movement of metallic objecte in the vicinity of the ma. 
gnet, will have a considerable effect on the field and hen- 
ce the precession frequency. Changes can also occur due 
to field drift aeaociated with, for example, heating of the 
magnet. 

Drift effects will be reflected even in full plot T I  
measurement, although they can be reduced by colle- 
cting the values in a "nonlogical" order, e.g. tau intenials 
of 10 ms then 180 ins, then 70 me, etc. If there in drift 
il will be inuch closer t o  thc "tme" value than if the 
poinia had been taken consecutively. Another way of 
reducing this error, thc way in use in the Aberdeen i- 
inager, is by means of adiabatic fast passage t o  produce 
the spin inversion. A norma1 180' pulse is delivered at 
thr  Larinor frequency of thc protone. in a very ahort ti- 
me and at right anglcs to the spin orientation. It inverte 
thr spin orientation round its own axis. The adiabatic 
iast passagc pulse is delivered more slowly and in the si- 
rne plane a8 thii initial spin orientation. I t  sweeps from 
bdow to just above thr Larinor frequency and ae it does 
so il i:ffectivrly picks up the spin popiilation and pulls 
it over to 180'. 11 is a longcr pulsc of lowcr power and 
hmei: is much inore controllabli:, and also it covem n 
range of frequencies and so autoinatically compensate6 
for srriall field inhoinogencities or drifts. I t  is. therefote, 
a niiich inore "forgiving" piilee than thc atindard 180' 
rnilffl.. 

In discussing inachine variability and performance it 
is alao iinportant to considcr phantom design for imagers. 
This, however, ie thc subjcct of other papera in these 
Proceedinge, so 1 will not covcr it here. 











Fig. 9. - NMII Ti nlixition inli@ through Irgx of vulunircr (a) lriorv and (b) aftsr rxrreipr Iiy walking up atrps for 10 minutes. 

Meisured .t 1.7 Mllz. 

L 



the enormous variety in chemistq and stmcture of dif- they cause either oedema due to local inflammatory rea- 
ferent timues. These are, however, noticeable variations ctions, or  accumulation of fluid pools in or  around the 
from this genera1 pattem (Fig. E), for example adipose abnormal organ or joint. Similarly conditions which cau- 
tissue or mammary gland, both of which have a very se disturbances in the stmcture or in blood flow can be 
high free lipid content. The values shown here are al1 imaged by NMR. This topic is much too Iarge to attempt 
obtained from full plot, in uitro examinations of tissue to cover in one section of a.talk. 
from severa1 species. 

e) Ph~siological state 

Wktm in tisua reluation rate (R,) with water content 

1 2 1  

mammary %hwr 
I ,  
l0 i0 3'0 4'0 5'0 50 70 8b Sb 

watei content i%) 

Fi8. 8. Spin luttice relaxriion rate (R i )  uf vnrious tiasucs 
eomprri:d with wrter eontcnt. Samples exsmined by full plut 
mrthod a i  l .7 Mllr rnd roum temprstun (infurmation iruni 

I)r. I:. Rimmington). 

A point of intercst in NMR iiiiaging is the difference 
in value of tlie imagrs of proton density (reflecting wa- 
ter iiontent for most tissum) and T, relaxation time. Thr 
proton density images, sudi as Fig. 1, are excellent for 
bony structures but of little uae in the abdomen. Hcre 
the TI  imagc is much superior for tissue discrimination 
(Fig. 2). Providing that the imaging systein i:an drinon- 
strati: levels of difference in PD and TI  equally well, une 
rriiglii cxpixt io see the at~doriiiiial organs equally well 
on tlie PD iinagc if tlie proton density is a siiiiple refle- 
ctiuii of t i ~ m e  watcr content which, in turn, is the i:on- 
trolliiig factor for ttie T, value. Abdoiiiinal iniagi.8 
dearly d~:irionatrat<: that thia is noi the casi: and would 
apprar tu  iinply tliat either the T i  is not solely di:pi:n- 
dvnt ori th<: wati:r <:oritrnt o1 the orgaii, or tliat thi: pro- 
ioti dcnriity iniagr is heing affectrd by sotii~:O~irig oth<:r 
thari wakr. 

A wida varii:ty o l  pathologii:al i:onditioiis can lead tu 
changcs iii both watcr coniani and NMK relaration <:ha- 
rai:teriati<:s of ti~sucs. Tumoura arr: being dealt witli 
in anotlier paper of tliesr Proceedings, ao 1 will noi dr-  
Lail nialignant ~:liangi!s ottier thari tu say that it was rcal- 
ly h: posihility ofearly <:an<rr dricction Lg Nhllt rela- 
xation iiii:thods wliicli gavv thr iiripetiis tu thc wholv of 
tlii proton iiriaging fidd.  It is ~ t i l l  to tuni<iurs wi: tiirn 
for tlir moat draiiiatic illustrations of  disease di:irionstra- 
tion by WMIt. 

Many otlirr wnditionri an: v i d e  un T I  itiiagvs, ran- 
giiig frorii rrnal lailiirr tu  ariliriti* in thi: knevs, siiiw 

As well as changes in relaxation characteristics rela- 
ted to pathological changes, it is worth noting that so- 
me changes can be associated with normal variations of 
the individual. NMR imaging can be used to monitor 
such variations as regremion and then mgmwth of mam- 
mary tissue in a goat which passes through lactation into 
a urcond pregnancy, or the changes in leg muscle subje- 
cted to exercise (Fig. 9). In this latter experiment 
voluntecn were iniaged thmugh the thigh region after a 
30 minute rest period. They were then asked to under- 
takt* a bout of fairly heavy cxercise either continuously 
walking up and down stairs or operating an exerciae 
bicycle for 10 miniites, followed iminediately by iiiiag- 
ing ihe thighs again. Excrcising on the staira involvcs a 
lot of work for the iniiscle at the fmnt of the thigh, 
clearly shown on the NMK iinage. The exercise bicycle, 
however, fatigiies al1 the miisclr and whon the image is 
analysed the total shift in TI  valiie of thr pixels over thc 
mus:lc arca can be seen tu displacc tlie histograiii after 
exercisc (Fig. 10). Thc fat. however, reinains unchanged 
dernonstratiny that this is unlikcly tu h r  a temperaturr 
,!ffp.Ct. 

W I T E R  

l i .  O Histugrmn oi numbvr o l  piwlr of a putieular 'Ti valiti. 

i n  iinrgcs of legs bt><:fow rnd ul1i.r exerciae. 

, , I hi:re art: many wiiri:i:s of possibl~: noriiial variation 
wliich should bc iiivi:stigatr:d. For i:xaiiiplc: iiiii<:Ii of tliv 
Lody's cli<.iiiistry exhibits diurna1 variati<iii - is this 1-4.- 

flected in timue Ti? Ttic fr:irialc cs<:Ic: is known tu t><. as- 
8oi:iati:d witli c h a n p  in watix rctcntion - ari: thi:si: dv- 
tictablr hy Nhllt iniaging? Thiw and othar possibiliticw 
arr iindvr cxaniiiiation ai  Abi:rdii:n. 

Conclusion 

The NMIt rclaxation charai:tvristi~:s or a tissiii. i:an bi, 
vari+:d by a gwai iiiaii) iiitimul and cxtwnal facioro. Too 



much o€ the exiating litenture in inadequate as far aa ex- 
perimentnl d e t d  in concemed, which leade to difficulties 
in d e c i d i  how much we doactually know already about 
the field in which we work. Many aspecta of the range of 
nonna1 v h t i o n  have been ignored in favour of the. 
perhaps motc glamorous, study of pethologies. 

To redise the full potentiai of this vematile medical 
and experimental technique it is necessary to approach 
the studies in an orderly and informed manner. This 
involves a full knowledge o€ the limitations, which can 
only be gained by exhaustbe study of the techniques 

and instmmentation. Adequate clinicd triala, eapecidy 
crolui-comparisona with other techniques. should be uaed 
to establish the medicai mle. The fullest use should be 
made of the types of information which are unique pm- 
ducta of NMR studies rather than limiting its applica- 
tions to fields such as anatomica1 studies where it over- 
laps with other available imaging techniques. 

YMR imaging is almost certainly the road ahead in 
medicai imaging. It is the role of research workers in 
this field t o  ensure that al1 u%rs are fully aware of the 
tme width and direction of this road. 




