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Lunimary. - Somp ~ r i n r i p l e r  for deidoping contra- 
st agrnts for SlIR imagingaw ,first present~d and discus- 
sed. T h ~ y  shoiild in ro l i~e  local modi f icat ion~ ofan?, of 
the .\-IlR porompter.q rrcsponsible of the densi- of the 
imapr. e i t h ~ r  the spin d~nsi f? or r~ laxo t ion  times. Spin 
(lertsit?. modifirations require rathrr d i f f~ ren f  agpnts nnd 
techniqri~s dep~nd ing  upon the nature of t h ~  n ~ i c l ~ i  
r i n d ~ r  ohsen.ation. protoiis or Iess abundant nuc l~ i .  

Induced p a r a q n e f i c  relaration qffers the emiest 
u.0,. f o r  increaring f h ~  contrast hefueen diJf~rent wotw 
compartmenh. T h i ~  ma? be ob ta i n~d  b.v using porama- 
, m ~ f i c  metal ions. diwociated or complexed b? ap~ci f ic  
orpanic ligands. or rtable orpanic f r w  rrndicalr. mainlq 
nifroxidrr.  

The dei.~lopment arid the a s ~ r s m e n t  of suitable 
rontrasf apQrtt< is a thrw.sfpp DrOrP3.V: 
- the nh!.sicaI rrlaxation dficienc? on u3ater should 
f irst bc o n a l i w d  in h o m o p n ~ o u s  then in hetwogen~ous 
IIhnser. inr ludine living fissues and ~r~ganisms. in ordrr 
t o  rstimate t h ~  concentrafion limifations and the impor- 
tonw 0.f rrlaxation ~nhancemrnt  ph~nnmcno associatpd 
t o  f h ~  m o l ~ r u l a r  e n a m i c r  and chrmical e r chanp~  pro- 
cesses; 

fhr  ohartnacokinefirr o f  t h ~  npenfs rhould th rn  be 
inwsfipoted in animals. and r h ~  compounds havine spe- 
r i f ic  qifinitirs. mctnbolic or eliminarion p a t h w s  are 
w b r t d  for prprr imrnta l  imq ing .  Thesrc i W R  imqers 
in an ima l  can b~ also compored u,ith fhose ohtained 
f r i th  other t~chniyues ifruitrnblr mixed contrart ag~nts  
arp deueloped; 

acute and lon,e tprm toxicit,v coiild be rh. inost im- 
vortanf l ini i f ing factor for clinica1 opplicotions. If coirld 
d e p ~ n d  on f h ~  nature 0.f the poromagwtic cmter. 3d  or 
rare rar th ions o r  n i t r o x i d ~  fmp radicab, a< ulell as on 
rhe strutture of its chemical enrironment. 

Riassunto. - P'engono presmtoti e discussi alcun5 
principi per sci luppar~ agenti d i  contrasto per la tomo. 
v f i a  X l l R .  Tali agenti dotirebbero comportare m o d i .  
cazioni locali d i  qualcrrno dei parameiri i??MR responsa- 
bil i della d~ns i t è  ddl'immapine. cio; la densità d i  spin 

oppure i tempi d i  rilawamento. Modifiche nella densità 
di spin richiedono agenti d i t w ~ i  e tecniche che dipendo- 
no dalla natura dei nuclei ossert,ati (protoni o nuclei 
meno abbondanti). 

I l  rilossam~ntoparamagn~tico indotto offre i l  metodo 
più facile per aummtare il contrasto tra diversi comparti- 
menti acquosi. Ciò può essere ottenuto usando ioni me- 
tallici paromagnetici, sia dissociati sia complessati con 
lkandi  organici specifici, oppure radicali liberi organici 
stabili. soprattutto nitrossidi. 

1.0 wi luppo e la calutazione d i  agenti d i  contrasto op- 
portuni seguono un processo a tre fasi: 
- 6 necessario an i i tu t to  analizzare la capacitò dell' 
agente d i  alterar? il r i l a s .wwgo  dell 'acqi~a in fasi omo- 
p n ? e  P in .fasi etwogmee, compresi teasuti viventi e or- 
ganismi. per valutnre le limitazioni d i  concentrazione e 
il p a d o  di importania dei ,fenomeni d i  aumento del r i-  
lassamento ossocinti alla dinamica molecolare e ai pro- 
cessi discombio chimico; 
- si passa quindi allo studio della farmacocinctica in  
animali P si selezionano i composti che presentano affi- 
nità specifica oppure   articolari pathways d i  metaboli- 
smo o d i  eliminozionr. Le  immagini NMR in  animali 
possono essere anche confrantutr con quelle ottenute 
con altre tecniche, nei casi in cui si riesca a sviluppare 
mezzi d i  con trasto misti; 
- la tossiciti acuta e a lungo termine potrebbe essere 
i l  %iore fattore limitante per le applicazioni clini- 
che. Essa potrebbe dipendere sia dalla natum del centro 
paramagnetico (ioni della serie 3d  o terre rare, oppure 
radicali liberi quali i nitrossidi) sia dalla struttum del- 
l ' intorno chimico. 

The spectroscopic character o f  SMR imaging is re- 
sponsible for the selectivity o f  the method w i t h  respect 
t o  a given (isotopical) nucleus, generally the proton. 
Furtherrnore, the intensity o f  the signd is not  simply a 
function of the volumic densib of this nucleus, but  also 
of its relaxation properties. I n  pratice, the proton densi. 
ty, mainly that of water and fat,  varies l i t t ie among the 
vanous organs and f rom norma1 t o  pathological tiesues 





1. Steble free r i d i cds  

T l i r  must sldble urgaiiii. free r i d i r a h  are hindered 

nitro\ides o f  tetraii ivth)l suhstituted piperidinyl [II] 
ur p)rrul idinyl [I] t>pes, 

l'lirir aniino derivatives un: water soluble (R = N[fl) 
but  ihey do  n o i  present a well drf ined wlvat iu i i  shell 
aruuiid tlir: n i t rox idr  gruup wtiere inusi o f  the unpaired 
e l t i t run  apiil i~ Iu~.ated. Thr flui:tuatiuns uf  thr: iiiagiietii: 
f i dd  respunsibl* for tl ie relaxation o f  the protun u f  nei- 
glitwiir wnter iiiulei:ulas rrsult iriainly fruiti dipular iii- 
ti:rai:tioiis o f  tlie eli:ctron ~ p i n  S aiid tl ie iiuclear apiii L 
ri iodulatrd Ly thi: randuiii r~:lalivr traiialatioiial rnotiuii 
o f  tlie iiiole<:ulen in tlie watcr d v e i i t .  Such i i i u l i u i i ~  ari: 

i:liarai:tcrised l>> a correlatiun t i i i i r  for  traiialatioiial dif- 
f i i i u i i  T D of ttic o rd r r  o l  10~'' t o  IO-'' S. T D  = 11' , 
w l i m  d ia  t t i r  distani:* uf i:lusest approach o f  the auEint  
l ~ ~ d r u g m s  aud t h  f r w  radi#:al u n p i r c d  a:lwtron, a m .  
n i i ~ i g  a puit i t  dipolar iriudcl. U is Lhi: ri,.lativi: diffuxion 
rut;fficit,nt, 

w l w e  bo l l i  diffusiori i :o~!ff i i : i rr i t~ wn Li: eatiiriated frorn 
ilir Stokcs law, 

wliere q is the ?iolvriit visiwsity aiid as + al = d are 
i l w  radii o f  the par tn~rs.  

The siti iation o f  p i i r r  intcrart ion by translational dif-  
fusiun hss brcn trrated for  the relaxation i,nhanccrnent 
of bo th  T ,  aiid T, fur t h r  w l v rn t  protoiis. The psra- 
rnagn~ti,: contributiun is g iwn  b v  thc folluwing expres- 

eions. aemiiining q T D  1, 

I - -- h. T:$ hn 
50 n ,I 1'1 para 

] ( 3 4  

, , 
Ilir rii i i iwri~:al aiidysis ul' auch i.utnpli..r erpr iwiuns 

givw us l w o  in ipor t in l  ~~undus iu i i s :  

t l i c r i  nii isl L< sonii: rvla\ali i>n i ~n l i a i i i ~~ : i i i i ~n l  i ipun i i i i -  
~ i i u b i l i ~ a t i o n  u f  t lw  n i t r u d c  und tlic rvlaxatiun ratc.8 

ari. proporiional t u  und l /d3 ; 
LIic ral iu o l  Ti p,,, a l  Ii igli fri.qiii~iii:y (f(<cb rD)YO) 

t u  IUW fr+yt:nq (f(% 3 1) is 10:3 and is a good 
te.tit for  tliv ~iri>pusi.d rvlaxatio~i tiir~:liaiiiaiii. 

i ; r i i t ra l ly ,  t i i i a  ratio is Iiiphcr, diw LO t l iv i:oritri l~iit i ini 
ul' o r  h a i s n s  Whi:ri thc nitroxida. radica1 is 
bourid t u  a iria~:roiiioli~i:iili., ~:ithttr i:<ivali!iitly u r  Iii ad- 

norptiuii. t h e n  iiiay bv a i :ui i tr ib~it iur i  i i f  proton or wa- 
tar i~x~: I ia i ig~:  di#<: l o  thir prt:st!ni:#! «I gruiips hesriiig i :x-  

i:hatigi!alili: ~ i ru tu i i s  u r  uf  "boiind" watm inoli:<:iilcs at 
t l i r  aurgaw u f  the i~ ia~:ro i i iu l i i~ i i l i :  in t h  vii:iriity o f  thi: 
n i tmxide (Scheme I): 



Tlii: relevaiit i~orrelat ion timi. for t l i r  intramolrcii lar 

relaxatiori proi:rss {or thesr bound protons is th*n tlie 

rotatiunal tiiiir: o f  th r  rria<~roirioli.i:i~lr. Fo r  a inrdir i in 

s iwd  pro t r in  it i?; of  tl ie order o f  t u  lO-'s, a?; i:o111- 

pawd to  t o  10.' r for tl ic ~:orrelation tiiiie for r r -  

lat i \? diffi ision uE tlir isolatcd frcr radica1 i n  watrr. This 

provnss ,ma! ha\? a sigiiifii,ant i:ontriLutiori, s p r d l )  

a i  low freqiiriii:>. Thr imiiiobilieation o f  thr n i t rox idr  

I,) graftiiig u n  a Iiighl) Ii)droplii l i i : pol!nirr matrix ,:ari 

thur result i n  bigli r r l a u t i o n  enhanwmcnt for thi: Iiiilk 
walr r  prolons. 

Otl ier typr  o f  radicala iiiay interact directl! wi th ?l- 

vhaiigeabli: protoiie via a i:hriiiii:al rxcliange o f  th r  un- 

pairrd rlri:troii. Tli is i:Efei.t i:uuld Le vcry eff icirnt for 

thc relarai ion oi' water fur radi& of t l i r  phrnoxol o r  
srmiquinoiii: type. Evr i i  wlieii hindrred i:hernically suvh 

radi& arr lesii stable than thi. n i t rur ide radicals, biit 
this approarh has i io t  ? c t  bern e i p l o r ~ d  systematii:all). 

l r i  practicr. ni troi idr:  radi& i:ould br coupled t u  

spm,ifir: vwtors. This d iould iricreasr th r  water relala- 

t ion  effioary, as shown above. aiid t l i i a  could physio- 
logicall) w l w t  th i  affi i i it? fur suine biological wmpar -  

triient. noririal o r  pathologii:al. o r  fauor specific eliiiiiiia- 

t ion  patliwa! R. Coupling t u  <:lassii:al radiological coiitrast 

agcnts <:oiild providr inixcd contrast agmts iusrful for  

t l i r  wmparatiue evaluation o f  X-ra)a and URIK iiiiagca. 

Yi t rox id i :~ as iwritrast ageiitli for  NMR itriaging have a l r ~ a -  

d) been teated w i th  aiii.ce%s i n  aninials 12). Their ~ h o r t -  

teriti tor ic i t )  apprars luw, and nitroxides I i aw  alrrad) 

b r r n  imp lo )  ed i n  iiian asradiosensitizers at high i:otii:en- 

trntioiia. b u l  t l i r re is  tii il soin? doubt for the loiig-terii i 
toxici ty, sp*i:iall) &oi i t  thcir i:ani:rrogenicity. This 

point rcquirrs aii e ~ t c n s i v i ~  investipatiun beforr usr in 
Iiraltli! prople [ I O ] .  

11. Paramagnetic Metal Complexes 

Thi  aolvcnt relahatiun in thv p r cw i iw  o f  ti irtal io i i  
~:oiiipl~:ht.s caii liv silirniatii:ally surninarizrd as a two-  
strp iiicchaiiisiii, srparating thr re la~at io i i  o f  th* "liouiid" 
water n io l~c i i ler .  i r i  t l i ~  i i rst r:oordiiiation sph iw o r  t l i i  
i : o m p l r ~ ~ s .  arid thi. i ~on t r i l ~u t i u i i  u f  h. i r i ica l  rh i :ha t ig~  
o f  thvsr "liouiid" m<ilrri i lcs witt i  bulk water (Scheme 11). 

Thi  p a r a i n n e t i  contributiori for intrainolt.cular 
rr laxation for a wrnp l rx  tuinbling in soliit ioii ia giviw 
liy tliv B l o r r i i b r r g ~ n P o l o t ~ ~ o ~ i  rquations [ 9 ] ,  

l??; (4b 

wl i r r r  t h r  f i rsi  teriti rrprrsr i i ts the dipolar contribotiori 
d i i i  t u  tliroiigh-space interaction of tlir r:lwtruii npiii (as. 
suinrd loi:aliard at t t i e  i:rnter o f  tlir nietal ioii) aiid niiclrar 
spin iiiomenta (g2 p 2S(S + 1) = ~ . f ~ ~ ) . T h i ! s w : o n d  ti iriri 
reprrserits the scalar or w i i tac t  iiitcrai:tioii dite t u  dirci:( 
di:lo~ialisation of tlte elrctron spiri o l i  the niicleiia and 
i:orresponds tu  ihi. isotrupic h p x r f i n r  iiitrrai:tiori A .  

Aquo- ion ( l  rst coordinat ion "Open" complex (q* = 2 ) - 
sphere, q = 6 t0 10) 



The correlation times chnracteristic for these hvo 
t) yes of interactions are different. They are respectively 

where T R .  TM and T~ are the comlation times for rota- 
tion of the whole complex, the reaidence time of the wa- 
ter rnolecules within the fitat coordination sphere and 
the electronic spin relaxation time. 

.\ luge  temperahire dependence is expected for the 
values of these parameters. Depending upon the nature 
and oxidation state of the metal ion, the relaxation of 
the bound water protons can be dominated by the con- 
tribution of the rotational diffuaion of the complex, TR 

2 10'1° to 10'" s (h.ln(II), Gd(III), Eu(lI), Cu(II), 
\'(II)), and the comsponding complexes exhibit large 
SMR line bmadening and ere referred as "relaxation pm- 
bes" or 117 C can be dominated by the electronic relaxa- 
tion. T 2 10." -10.' a (Co(II), Ni(II), Fe(II), Fe 
(119. most Ln(1II)) and the corres~onding complexes 
can be used as "shift probes" and are ex~ected to be 
leas efficient for the enhancement of water relaxation, 
as revealed by line broadening. 

The most efficient contrnst agents for NMR imaging 
rhould correspond t o  the first category. though this class 
contains inetal ione of the 3d series which are highly 
toxic. Gd (DI) appenrs therefore aa a good candidate. 

b )  Bulk irater relaxation in the preaence of chemical 
exchange 

Following the claasical treatment of Luz and Mei- 
boom and of Swift and Connick [9 ] .  the propagation of 
the intramolecular relaxation enhancement to the bulk 
water protons associated to water molecules exchange 
(or sometimes of diwciated protons) is given by the fol- 
lowing expresiions 

where PM q in the fraction of water molecules within 
the coordiiation sphere, q being the coordination num- 
ber. T, is thus de~enden t  on both the exchange rate and 
on the pnramagneticnlly induced chemical ahift 
oberved upon complexation. Other t e m  for d i i a g n e -  
tic contributiona and outer-aphen effects are generally 
n e g l i l e .  

C) Proton relaxation enhancement in large complexes 

The above treatment indicate8 clenrly that direct 
water coordination and exchange is required for an ef- 
ficient relaxation of the bulk water protons. Very large 
proton relaxation enhaneements could reault from the 
fixation of the metal ion to a macromolecule, due t o  a 
large change in the correlation tirne i for the dipolar 
interaction. 

Considering T, in the framework of the Bloember- 
genSolomon equations and neglecting outet-aphere ef- 
fects, the contribution of the "free" metal ione of equa- 
tion (6a) can be written 

i= Mt ( 
T ~ b u k  Np 

) 
Ti, + T M  

(7) 

where Np is the water concentration (SM), Mt the totai 
metal concentration and q the coordination number for 
the aquo-ion. 

When the metal is bound to a large molecule, but still 
in exchange with the solvent, 

where Mb and Mf are the concentrations of bound and 
free metal ions (Mt = Mb + Mi), and q* is the coordi- 
nation number for water molecules to the bound metal 

(n* < 9). 
The resulting proton relaxation enhancement upon 

binding t0  the macromolecuie, E* = Ti  bulk/T:bulk 

is then. 

where the fust  term is the enhancement contribution of 
the metal-macromolecule complex and the second that 
of the aquo-complex for which it hna been assumed that 
there were no changes in the microviscosity of its envi- 
mnment. 

In  Btable organic complexes, the second tetm is eli- 
minated and Mb = M,. Clewly, the decrease in water 
coordination number (q'/¶) decreases the relaxation ra- 
te of the bulk water, but T, M* and in the complex 
can be quite different from the corresponding psmme- 
ter for the free ion, resulting in a large uverdl relexation 
enhancement, due most pmbably to a 1arge change in 
i ,  upon binding. 

Similar relations hold for T, and T,. but the enhan- 
cement may be different for the two relaxation times. 
Let us consider hvo examples: 
1) the case of Mn(I1) ione bound to enzymatic proteins: 
7, in tbe free aquo-ion is determined by rR(rC 3 1F" B, 

q = 6); in the complex rC* in determined by the 
lectron spin relaxation time T and the residente time 

and no longer by the rotational correlation time 



T; . Then, if r ,  < l /wl  the enhahcement for T, will 
be less than that for T I  becauue l /T IM is much larger 
than l / T I M  since the scalar term doininatee for T, 
and masks the dipolar effect (T, is not  expected t o  

change ~ignif icantl~ uyon compleration of the Mn(I1) 
ions t o  the macrotnolecule). For complexes of  lower 
molecular weight, T R *  may still be the doniinant factor 
in the dipolar interactiori. T ,*. and the situation ma' 
be rather complex. requiring an experiinental arial!sis in 
a large range of temperature and frequenq . 
2) in the case of Gd(I1I) complexes. theri: is little 3ca- 
lar interaction since thr  unpaired electrons are deeply 
bumed within the iun. In pure water (q = 10. TM % 

10" s). l /T ,  M ". 1/TZM and the w n e  enhaiicrinrrit is 
eipected upon r:omplex formation for T,  and T,. 
as Ione as rC" < I / w I .  

The ideal complm for S \ IR contrart should therefo- 
re coinbinr a strong irnmabiliaatiun of  the irivtal ioil on 
a large molei:ule ( r R X )  with a frrc aixesr for watrr i:uor- 
dination (q") aird ~xchangr  ( rMX).  Kelaxation cnha i~w-  
mente of several orders of magnitude ma!. then br  obwr. 
"ed. evm at  luw <:oni:rntration. for Iioth T i  and T,. 
Their estimation ahuuld ; a h  intu awount the frrqueni:! 

of observation used for S\IR imaging (q) and a mani- 
mum of relaxation for T I .  which is not eipected for T*. 
should occur for t iC*  = l / q .  

There are alsu man) other rcasone for iising stable 
parainapetic rnetal campl~xes.  rather than d i i c i p b l e  
inorganic salh. amociatrd tu their biologicai properties: 

l o w ~ r  toxicity. though thr 3d ions reniain highl! 
qurstionablp for human use. r w n  if p t e c t e d  in a etable 
stmcturr: 

selrctivit? [or a targrt organ or ti-iie and for an eli- 
iniriation pathwa! : 
- pussibilit? of  prrparing radioactitr anaiogs with iso- 
tuper for comparative asrssrnent b' S\IR and gaiiiina- 
camera iniaging. 

The bnvf sune)  of thr principl~r of rela\atiun en- 
hanc~inimt b! parariiagnetic prturbatiuns thrrefow in- 
dicalve that tht: asrrwiiimt of t l i ~  C U I I I ~ I P ~ P Z  wvd as 
contrast agents requires an extensive investigation in ci- 
tru. in a l a r p  rangi uf fr~qiienc! and t pn ip~ ra t i i r~  and 
on both T ,  aiid T,. parallrl tu th* in i i io tuxiiioluyi~~al 
and yhysiulogi~.al studivs. b ~ f o r *  testinp in aniinal. 
then Inan. imaging. 
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' \ I  I think we are left with a lot of 
,i,tmtions ahoiit contrast a:entF. .\s Prnf. Lhoste men- 
t io r i~d .  we have a rery small hililiograph!- anrl I thinh 
tltrre are many more p u p e  iwrkiny on contract a p t s  
tii,ìay than we have Iiuhlicatione. It's clear that ninst 
pr,,ple are working in collaboration xi th Companies 
ariil the l>ihliography is no more than 2.5 or 30 [iapers 
tmlay, most of them being very yeneral, so tlie literatiire 
i n  tliis field is rather limited. .As \ve have been smin: 
since yesterdau,N1IRhas its own intrinsic contrast t ~ c h -  
,,i,-al means thanks t o  the varioiis reqiiences of pulses tie 
i d n  tise.f e have heen talking about off-resonance q i e r -  
inimts ve? much Iiere, but as !-oli know, with off-reso 
Iiance experiments we can induce relative vanations of 
i', and 'P2 contrast. So one of the qiiestions is .'i6 tliere 
vally a need for chemical contrast agents?": I think tliis 
i; a question wliich Iias not been rea& answered yet - 
iiiaybe in some pathological cases, but I think the ques- 
tion is ehll open, because contrar? t o  other imaging 
~tictliorls, N I R  offers a unique teclinical tool to adjust 
contrast with rather simpie tochniques.4nother problem 
wliich was not mentioned by Prof. Lhoste hecause he 
11311 too short a time is. of course, the role of paramag. 
netic oxygen which is ve? important and, as you hnow, 
a few experiments have heen done. R'e \roiild like to 
know more about this aspect. 
I.HO$TE -- I'd lihe t o  make a short comment on this 
prohlem of orygen. because it really hothers me. 
i'kygen is paramapetic (S  = 1 in its ground state) hiit 
once i t  is complexed t o  hemoglohin oxyhemoglohin 
or oxymyoglobin it gives diamagnetic complexes. 
.<o I think there is a lot of  worh t o  do to understand 
al1 these effects of oxygenation ani1 to separate the 
iw&ibutions coming from haemoglohin and from 
oxygen itself dissolved in water. 
<ERVOZ-GAVIN - 'Thankyon. Fo we can now open 
~ i p  the discusaion for any questions and comments 
on this v e n  interestine field. nhicti is complementag 
to eventhing we've heard up t o  now. Of coiirse we 
have not spoken aboiit contrast agcnts and their affects 
in NMR spectroscopy. which is another fiel~l. I don't 
think we can enter into that now. \Ve shall therefore 
keep onrselves confined t o  imaging contrast agents. 
11.4RAVIGLIA To $ve an idea of how miicli contrast 
one can ohtain in NX1R imaging without the use of  
contrast media, i t  is mifficient t o  rememher that the 
differente in T I  between grey and white matter is 
aronnd 20 %. 

L I  l'l'E\ - 1.~1 I i h  to  coniment un t t i ~  need for ronhact 
media. It is not tlir fact tliat in \ \ I R  iinasin: W? have 
a lack of contrast. It's actiiall? siirprisin: how much 
rontrast can he reaclwrl in \\l11 imaow. \ I l  radiolo@ts 
~roiild (lrpam o f  halino tlie contrast \re h a v ~  bere. 'The 
q~iertinn i i  .'is it p.silile ttiat Tre can <lo otlwr kinils of 
esaminatinns iiw cannot do with \ \ IR.  if. in a crrtain 
casr, tlie contrast is lacking?" l'm not ni~dirall!- piliira- 
ted. hiit one of tlie i rn~or tan t  prohl~ms is the i l i ff~rence 
hettiein turnoiirs and siirroiindiii; oedema. wich is ve? 
difficiilt to  s e .  ani1 Iiy iising \-rays in ronjunction with 
contrast media tliis caii t l i  swn.  50 there ~ O U  see wtiy 
it can't h+= e m  in \IlR. Inother  point is. il  you 
tiant tn look at. sa?. hiood streams and perfueion o1 
oqans,  niaylje you coiild think of a kind of an$oyaphy 
11y using fliiorides: one way o f  contrasting ir of course 
ia changin; thc properties of the Iiydropn. another \va!- 
is usin: another nucleus xvhich replaces tlie h y d r o p .  
You might sa? that to add tluorine in tliis system is 
not to iise a contrast medium. Okay. that's a matter 
of ilefinition of  coiirse. Yoii're talking again ahout 
injectin: somethin,o whicli gives yoii a rort of  contrast 
wliereas niaybe your proton contrast does not. 50  tlie 
point is to make some examinations possihle ivhich 
require a conirast not  readily arailalile in t h ~  present 
tecliniqii~s. I jiist remember tliere are a feti cases. aliere 
the conhast in \\IR was less than in CI'. 
W.Kl~O%.G.4II\ - I think w i  shoiild also sa!- that the 
lise of contrast a p n t s  in S\IR Iiails to a loss of  infor- 
mation. of smsitivity f in t .  tiiit also we lose thp intrinsic 
information of  relaxation which we Iiaw hren sprakin; 
ahout for t ~ v o  da?@. R'e al1 a p i  tliat we doi~ ' t  andrr-  
stani1 exactly what it is. hiit tliere i8 some intrinsic infor- 
mation ttiat \ve lose. 'l'he paramagwtic relaiation jost 
sliort-rircuits the niiclear one. \\'e shoiild intlecd lise 
contrast agents in a more speiific approach, for a wy\. 
definite pathological prohlem hiit not as a iiniwrsal 
contrast tool ar they are iised in other imagiiy teclini- 
ques. It  seems to me. from what we ean read and think. 
tliat contrast agents in S \ lR offer more a romplemen- 
t a n  approach to many other approarher we alreacly 
Iiave, mainly technical, to aiijiist and vary t h i  cnnwast 
of the image. 
CA.A\IBR(.l\ - \lost organs contain protons as water 
and fst. tiiit in the Iiing !\.e Iiaw air and in this rase for 
S\IR you need a coritrast agent lihe fliiorinated mole- 
cules. I've seen a lot of boohs on tlie iise of fluorinated 
gases. 
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Summary. - The paper outlincs the types of im- 
age thnt m k h t  be required in clinica1 imaging, p r i n c i p l l y  
signal amplitude and spin-lattice and spin-spin relaxation 
nnd investiqates the experimental parameters on  which 
they might depend. Sources of interfrrence, cruss-dc- 
pendence and experimcnlnl artefacts are discussed. l'he 
typea of testa that should be made ore reviewed and 
speci]ieations of idea1 standards derived. In  the fiml 

section some candidates are siqgrsted as sample matr- 
rials b u t  this list serves a8 n guide onìy and is incomplete. 

Riassunto. - I n  qiirsta relarione vengono discusse 
le carnfteristiche pr inc ipd i  dell'immngine iVMR, in rcia- 
r ione soprattutto all'ampicrza del segwlc ed a i  tempi 
di riloriamento spin-reticolo c spin-spin P alla loro dipen- 
denza dai  parnmctr i  sperimeniali. Sono inol t r r  passati 
in rassegno i diversi tesh da esrgiiire pcr il control lo drlla 
strumenlnzione e disciissc le spccijiclie di siaridarils 
ideal i  Nell 'uitima parte s i  ~>ropone I ' i rw~ di alcuni mn- 
teriali por la progcttazionr di rnmpioni  stnnilord; i. 
q u i  proposto u n  r l rnco  di tal i  malr r ia l i  a l  solo se«po 
di offrire alcune linec-guida, scnra pernrguirr intenti  di 
compk  terza. 

Introduction 

Wit l i  t l ie advrnt <,i NMN iiiiagitig i r d i i i i t l i i i ~ ~  a t ~ l  
tl ie potential reailv availaliiliiy <il' i ~ ~ l i i i l ~ ~ i ~ v n i  1mdii<.i~I 
by ùiffemnl n ~ a n ~ a r t ~ i r ~ r ,  siig$:iiliiig aii iiivri.a*iiig 
clinica1 tine, 1111. i l ~% i ra l t i I i l ~  of ~ t i i ~ i ~ l a r d i w ~ l  ~ ~ l ~ a n l o ~ ~ i ~  
being also availal>lv iii ~ w r i i i i i  a rvail! vo i i tpar is ,~~~ 01' 
i m a p  and rw1111m o l~ l~ i i t i v t l  l,y d i r l 'ww l  o1wr:ittm il, 
di f lerc i i i  ~ ~ ~ t a l ~ l i s l ~ i i i ~ ~ ~ i i ~  iisitig ,lil'l'crwi1 v q u i ~ m c i ~ t  i 6  

readily apparviit. I n  pritwildv NMI t  i i i ~ag i i ~g  ~ ~ ~ l i ~ i ~ ~ ~ ~ w ~ ~ l  
cali 1% iis<.il ti1 ~ t r i > d i i w  I I i ~ ~ l N  giviiig n nliaIiol r iw,l i i t ioi i  
in i i p  t o  t l i r c i  iliinriiuioiia, or ai)! ol' IIii I,uriiiiivtvr>i 
r e c o r d ~ d  i n  non imaging NMIt r x ~ w r i ~ r w ~ i ~ ~  OH a y  or 
severa1 o r  t l i r  availalilv i i i a ~ i v l i v  iiii&. ~ I i ~ r ~ i ~ t i v ~ ~ I y ,  
a region wit l i i i i  i Iw  olbjwl iiiitli.r i ~ i v w l i ~ a l i ~ m  IUII 11, 
localiscd aml IrihlH i>irai i i rr i i iv i i i r ;  m;iili- 1 t 1 w r n  11m1. 
lnterinciliati: oiiiiatioiis ewriir wlwrv a ~~IIIIIC ur  l i iw 



datine t o  one part A measurement r t  >f the sample 

should n o t  exhibit  an instrumental dependence upon 
the properties o f  any other region, alttiough such a rela. 
tionsliip may exist, because o f  the properties o f  the 
sample itself. i n  which case it shoiild be recorded iait l i -  

iul ly. Measurements on  "pixels" that are IVX11'i eqiiiva- 
lent sliould give the same valiie irrespective o f  their po- 
sition within tl ie object under investigation. As migl i t  

Iiave been anticipated tliese ideals aie not attained in 

practice. 
Otlier complications are tl iat t l i r  N11R rneasiire- 

ments ma? no t  be simple. .4s an example, tl ie NS1R 

rr laxation o f  biological tissiie genetally exlii l i i ts mult i-  

exponmtial relaxation giving probìems i n  representatioii 
and i n  tlie interpretati011 o f  w in i lo r ing  obser- 

vations. Fiirthermore, Y h l l l  measurements depetid i ipon 
exteriial iactors sucli as temperature ani1 tl ie streiigth o f  
tl ie applied magnetic field. Well estatilislied tlieories 

exist wliicli permit rneasurenients niade on simple s p  
stenis, piire liquids anrl sol i~t ions o i  small moleciilar 
weight soliites. at one teinperatiire and i ield t u  be trans- 
formeil t o  otlier fiehls and temperatiires. l'hese tlieories 
are no t  applicable to tl ie more complex systems t l iat 
wi l l  I,e stii<lied h!. imaginp techniqiies. 

The qiiality o l  tl ie iniage and the accuracy o i  any 
nieasiirement wi l l  depend upon the measiirenient time, 
tl ie natiire o f  tlie experiment, and tl ie qiiality o f  the 
eqiiipment. I n  tl i is paper attention wil l  he directeil 
towards imaging o f  tl ie proton spin density and tl ie 
spin-lattice anrl spin-spin relaxation properties, and i n  
tl ie caiises o f  non-idrality. I nforti inately tl ie paper wi l l  
Iie stronger un tlie caiises tlian un tl ie ciires or even 
coinpeneations or corrections o l  tl ie non-ideality. 

I t  soon hacomes readily apparent tl iat a singlr plian- 
tom will no t  tic adcqiiate ior cumplete cliaracterisatioii. 
\\'liilst man? pliantorn geoinetries can hc envisageil, a 
versatile arrangement coiild compri% a standard niag- 
neticall? inert object, e.g. a li lock coniposcd o f  tcf lon 
or som? plastic wlioec protons Iiavf, YMI t  relaxatioii 
rate6 uiilsii l i i  ilir effeciive n,indow rangr o l  t l ie instrii- 
rririito. 'l'lirr<, itiiglit wcll Ibc some ri i rr i t  i n  i it i l isii ig a 

irat~spar~.ni Idock. 'I'hr KMI{  a i i ivc eaiii l~lv coirld 
eoi~i)~ri+v laniilics o( tiil,rs of d i f f ? r ~ n t  d ia i i i t r t~m i:w- 
taiiiitip i l i f f r .r<vi matc r ia l~  wIiii:li ~ x n ~ l d  h ii is<~rlvd in 
tliv I,lock. .'I'lw YI\II{ p ro l~v r t iw  ol t l i ~  ntatcrials v, i i l i i i i  
thwv I I I ~  r ~ u l d  Iw rworh-,l sc.paraicly iisitig a c w -  
v ~ n t i ~ m a ~  v t l l l  q m t r m i c t w .  'l'li? parallrl p r w i s i m  
u f  s i i d i  n x l ~ ~ ~ l r o i i i i ~ t i ~  q,i.ratiiig a l  l l i v  sairic f n y i i w r !  
al i i l  rapal i l i  o i  ai.r.i*pting t l ~ ~  sai~iplv t i i l r s  n w ~ t i a l l ~  
i nw r t r d  i n  111~ i nw t  l ~ l < ~ h  woiild aplwar IO lw  <IvsiralJc. 

i 
effectively suitable for a planar projection image. Fo r  : 
measurements on  a selected plane the lengtli o f  the i 
NMK active materia1 within the tubes could be l imited 
and the position controlled. The position o f  the plane i 
could be changed by a translation o i  tlie block perpen- - 

dicular t o  tl ie plane, or by ari eqnivalent movement of 
'' 

the sample tubis. Kotat ion o f  ttie block woii l i l  serve 
t« clian,4: tlie plane under trst. This test coiild be iised 
for  'H signal amplitude, or eitlier of t l i ~  t w o  common 

relaxations. I t  will also serve t u  test t l i r  spatial line- 

arit) anii f i de i ih  o f  tlie imagc and t o  detect any <le- 
penileiice o f  t h ~  measurril valile o f  sigrial ampli t i idr 

or r i laxatioi i  rate iipon position. 
, . I h e  spatial resoliitioii ma! depend upon software 

or Iiardwarr considrrations, prominent amoiigst t l i r  

latter is tl ie rat io o f  the applieil field gradients t o  tl ie 
T\11{ l inrar wiiltlis (tlie spin-spin relaxation rate 1/T2). 

Ot l i r r  factors u f  iniportance are tl ie liiiearity o f  tlir 
i ie ld gradiriit in tlie speciiied dirrct ion antl t l ie m a p i -  
tudr  o f  any ortliogonal i ield gradients. The depenileiice 
o i  tl ie recorrled signal amplitude i ipon position wi th in 
tl ie o l~ j j rc t  ilepends upon tliree factors. The first is 
tl iat tl ie r.f. field prorl~iced b? a t ransmi t t~ r  coi1 wi l l  
no t  be homogerioiis wit l i in tl ie sample voliiine. l'he 
resiilt is tl iat nomina1 90°and/or lIIOopiilses do not  
Iiave tiiese valiics ev~rywl iere wit l i in tl ie sample volume, 
and hence tl ie n i ickar  excitatiun is no t  equivaìent. TIie 
second related ieatiire is tl iat tlie voltage sigiial indi icr i l  
i n  a receiver coi1 I,y tlie precessing disturbed nuclei wi l l  
bp a f i inct ion o f  tlieir position with respect t o  t l i i  
receiver cuil. Wtiilst Liotli o i  tl iew iactors are drpenileiit 
upon t l i ~  coi1 geoiiietry arid dimensious, a tl~iril factor is 
sainplr deprndrnt. Skiri d rp t l i  considerations l im i t  tlir 

penetration o l  tlir r.f. field i i i to  tlir sample ani1 tlie 
iletection o f  ali' precrssing n i ic l r i  by an extrrnal coil. 
4s tlir coliseqiience o f  skin depth consideratiims an r.f. 
l ield is sulijrct t o  attrni iat ion and pfiase sliilts. 'i'lie skin 
i l i p t l i  i a  dependriit i ipon tlie bi i lh ~ l e c t r o r n a ~ n ~ t i r  pro),- 
erties o f  t l i r  saniple and tlir applied radio frequcticy, 

i r l ~ i c e l  a i g  f r e r i c i s .  l'hr pliantom 
ol i j rc t  pruposrd earlicr woiil i l no t  proviilr a trst n i u i l ~ I  
s i i i i a l h  for inves t iga t i i~~  skin dr l i t l i  dfects. 

BiiIk niovcinrnt u i  prolot i  contaiiiirig niati,rial witl! it i 
Ilir sainplv will liavi. ~ i runo i in i i v l  r l f w t s  i ~ l ~ u n  iinagv 
qiialil! and rrsuhitiuii, d ~ ~ ~ ~ ~ r i ~ l m t  iipon thv particiilar 

ty1w o f  2'211{ ~ x p i ~ r i r n i w t  ani1 l I i < s  r i i r t l iod o l  < I<~ lwt ion .  
~lt<.rr i l ! ts t o  i l i t w t  niicìei tìiat Iiavr hsi i  ?ncitc,l a l  oiir 

~ ~ o s i t i o i i  tila! Iai l  il thr! I I I W I .  o111 < > f a  rli~t<.cti<m svnsi- 
t i w  rcgion. aiid nt&i wit l i in this r c g i o ~ ~  wl1i,41 havc 

n i s  l w i ~ i  vxc i t id  will also Iail t u  p r o d t ~ w  
oipala. 'h. i,lii.ct o l  l l o w  cali Ir si ir i i i lal<~i l  I,! ~iarisiiig 
l i q i i i ~ l  tl~rcmgh thv satrq~lv t ~ i l ~ s ,  and il i s  jwss i lh  [o  
i.iivisagc iiwasiirvnwnW t h r i  will IN, ,li.ivriininainr! in  
f avw~r  u i  l l,>wiiig c o r n ~ ~ ~ r i ~ ~ ~ ~ t ~  and allow i lw i r  ral+. 01' 
lI<i\i tu  I,#. iIi~1~~rii i i i i i .d. 

Iii t h  i i v a n t  i l i~ t i~rr i i ina l io i i  o f  s(iatial nwi- 

t i  i l i ìa l t iw  aiii l spiri spiu rdara t i im i i i i -  
agca l h i  tvsi o i i j w l  i o i i l i i  ioii iprisv a i i ialrix u fa l l i ~ rnn t -  
i i ig  sa t t~p lw  'I'IIPw al~ ,ma l ing  mmples w ~ d d  I ~ ~ w  t lw 
fa i i i r  p r o t m  ~ h s i t ?  an0 spiri spiri (or q ~ i n  l a t l iw )  m -  



laxation but different spin-lattice (or spin-spin) relax- 
ation rates. Aa before the dimensions of the holdera of 
the two different samples would be reduced until resolu- 
tion of the separate samples was no longer possible. The 
spatial resolution obtained will obvioudy depend upon 
the values of the relaxation times, especially the spin- 
spin, involved. No particular difficulty will be encoun- 
tered in obtaining samples of different relaxation time 
hut the aame proton density. However, great difiiculty 
will be experienced when attempts are made to change 
one relaxation time whilst proton density and the other 
r~laxation time are maintained coatant. 

Dependence of ai@ unplitude upon proton density 

A series of tiibes containing rneasured stepped 
amounts of proton containing material of the same re- 
laxation properties could be inserted into the block and 
the linearity of response determined. To maintain the 
same overall eample volume it will be necessary to dia. 
perse the proton containing material in a magnetically 
inert host medium. To avoid any possible dependence of 
signal amplitude upon the relaxation properties the rela- 
xations shoiild remain constant. As both i n t r a  and 
inter- molecular interactions contribiite to the NMR 
relaxations, this rnight be difficult to achieve if dispersa1 
is made on a molecular scale, e.g. bv utilising mixture of 
H 1 0  and D1O. Hence the heterogeneity of the dia. 
pemion shoiild be on a scale somewhat larger than mo- 
lecular, birt significantly lese than the spatial resolution 
of the equipment. It will be necessary to establish that 
siirface effects are not signiiicant within the eample. A 
pomible mechanism for achieving a suitable dispersiun 
is to lise a very large niimber of glass tiibes of dizmeter 
significantly less than the spatial resoliition. Whilst some 
would contain inert material otliers would contain pro- 
tons. In addition tliere is the possibility of a cross-elfect 
where the calibration might ilepenii iipon position with- 
in tlie ,aample. 'l'o test tliis a combination of the two 
tests will Le necessarv. 

The equivalent relixition measurementa 

'I'o ondertake measiircments o l  tlie lincaritv of. and 
to calibratc. a relaxation expcriment. samplcs slioiilil he 
)mepareil tiaving identical proton spiri ilrnsilics ani1 an 
identical relaxation wliilst tlic otlicr rrlaxalion (tlie one 
iindcr stiidy) is cliatigcd in a controllril stqiwisr maiinrr. 
I'reparation <il ~iicti samliles will I K  vwv ~lifliciilt and 
oni: siispects tliat a t  t l h  p i n t  W C  do nut have tlic skills 
tu do this on otlier tlian ae ad hoc ranilom hasis. 

Independence of +il unplitude m d  re lu i t ion  
r 

, . I h? signal arnplitiiilv iricvital>lv Iiasboiw ilcpcndence 
upon the rrlaxation propertirs o l  tlie sarnple, somc of 
thcsr ilependrnces arr inlierent in t l i ~  cqiiilment ani1 

othem in its operation. To select an example of i n  equip- 
ment dependence it is impoesible to record nn NMR sig- 
nal a t  zero time immeditely after a nuclear excitation. 
The reasons are two fold, fimtly an r.f. pulee must +ve 
a finite duration and some evolution of the nucleu 
magnetization due to relaxation will occur during the 
r.f. pulse itself. Secondly, the application of such a pulse 
results in receiver saturation, and hence some signal de- 
cay ha8 already occurred when obaewation commencea. 
Various expedients are adopted to attempt to derive the 
original aignal but their effectiveness and appropriateneae 
are dependent upon the relaxation processes involved. 
An example of an operation dependence is that the re- 
sonant nuclear magnetic moments will not have recover- 
ed from one experiment before another is undertaken 
unless a waiting time of several spin- lattice relaxation 
times is allowed between successive experiments. The 
consequence of a failure to comply with this condition 
is that the signal amplitude is changed and usually reduc- 
ed. In this manner the equipment and the operation ef- 
fectively impose a relaxation window only between 
which are measurements possible. To test these effects 
a family of aamples should be prepared having the aame 
proton density but a wide range of relaxation properties. 
The production of standardised aamples becomes criticai 
if window type measurements are contemplated. In prin- 
ciple any combination of our three variables signal am- 
plitude and the two relaxation rates is possible, but in 
the near future measurements will probably involve sig- 
nal amplitiide measurements and relaxation windows. 

Independence of the iwo d a x i t i o n  ntes 

As intimated earlier, whilst care would be needed it 
woiild appear feasible to select samples having the =me 
relaxation time hiit different proton densities. In con- 
trast the corrisponding task of preparing a family of 
samples, where one relaxation time is constant, whilat 
the oìher is changed over very wide limits, is very 
onerous. 

Effect of temperature and frequency on the signd 
amplitude 

, % l emperatiir~ is prohably not too important a varia- 
Ille, as musì clinical suhjecls will be examined at body 
tcmperatiire. In general, however, tlie signal amplitiide 
Iias a ilirwt ile~~endence tipon temperature via the Boltz- 
iiiann lactor ani1 indircct ones tliroiigh a possible tem. 
pcratiire dependence of thp electromagnetic properties 
ol tlie coi1 systrm, and a teinperatiire dependence of the 
IVMR relaxations wliich rniglit allect tlie effectiveness of 
the relaxation windows. A change in operating freqiien- 
cy haa a comparable eflect, changing the Boltzmann 
lactor, the electroniagnetic properties of the coi1 and the 
relaxation properties and Iience the window effective- 
ne%. 



Factors inflnencing the relaxation properties 

As this topic has been reviewed alread! in this meet- 

ing the discuasion wil l  be brief. Fo r  pure liquids and sim- 

ple solutions o f  l o a  molecular weight solutes, relaxation 

is reasonablv well understood and is describable in terms 

o f  the theory originallv developed by Bloemberg*~~ 

Purcell and Pound. Kelaxation is indiiced by the oscilla- 

t ing magnetic field experienced l' a niiclt=iis as tl ie resiilt 

o f  the movement, rotat ion ani1 translation. o f  mol~ci i les.  

The spin-lattice relaxation depmds upon tlir cumpo- 

nents o f  motions at and at twicr  thr. resonancr freqiirn- 

C". whereas the spin-spin relaxation tias an ailditional 

dependence i ipon tlie l o t i  frequrncy compiitwnts o f  

motion. 4 t  Iiigh temperatiires wllerv tlie corrrlation 
frequency o f  tliose motions exreeds the rrsonance 

frequency, the twn  relaxation rates ari. q i i a l .  indrprnd-  

ent o f  operating freqiiency anrl inversely proportional t i> 

the correlation freqiiencv. Hence. a knotileilge o f  tlir 
relaxation rate at one temprrature permits a dediiction 

o f  t l ie rate at another teniperatur* i f  thr activation 

e n e r e  o f  the moleciilar mot ion is known. .iUternativrl!, 

a deduction can br made on  the basis o f  the viscosih. o r  

more correctly tlie mirroiiscosity o f  tlie liqiiirl or sd i i -  

tion. Spin la t t ice relaxation is at its most effrctive wlien 

tlie correlation frequency is comparalik to thc rfsonancr 

frequency. A t  lower temperatures t l i r  dependence o f  t lw 

spin-lattice relaxation rate upon the correlation f r r -  
quencv is reversed and proportional t o  i t ,  wliereas tlie 

spin-spin relaxation maintains the inverse proportionali- 

ty down t o  lower temperatures. In this region tlie spin- 

lattice relaxation rate is inversely proportional t o  tlie 

q i i a re  o f  tl ie resonatice frequency, so again prediction 

o f  relaxation at a different temperature anrl mrasiire- 

ment  freqiiency is possible. Clearlv by selection o f  an ap- 

propriate teniperature or viscositv, it shoiild be possil~le 
t o  obtain anv rat io o f  'l'i to  T?. In practicv limitations 

oceur bccaiise more than one tvpe of molecular mution 

Can occur and the spin-spin relaxation attains a l imi t ing 

value termed thr solid line widtli. I n  general, li! adjiist- 

nient of temperature or viscosi. it is onl! possihle 

t o  obtain a TI value. a 'rz valiie or a 1'1/'1'2 ratio. but  
n o t  al1 tliree simiiltaneously. unless we are ver' fort i i -  

nate. The presencr of anisotropic mot ion ani l ior a pre- 

ferential molecular alignmrnt results in ailditional contri- 

butions t o  tlir spin-spin relaxation. 
Biologica1 s!steiiis are generally more complex. 4 t  

room temperature tliey mav l e  t o  tl ie higli temppratiirp 

side o f  any TI minimiini h u t  exceeils T2. anrl is fre- 
qiiencv dependent. At  tlie TI ni inimuii i  t l i r  T, t o  T I  
rat io  vastlv exceeda t l i r  1.6 value obtainrd wit l i  tlie 
simpler ys tem.  Thr freqiiency ani1 temperatiirr i i rprnd-  

ences serve t o  exclude anisotropic motion or prefermtial 

alignment as a sole factor. The iisual explanation is that 

tl ie presence o f  surfares or slowly monng macromolr- 

cules has an inhibitorv effect on  tlie motions o f  adjacent 

solvent molecules enhancing their intrinsic relaxation 

rates. However, above tl ie bi i lk freeiinp point exc l ianp 

between adjacent or l ~ o u n d  and free or more distant 

molecules is rapid and popiilation weighted averaged 

relaxation rates dominated b! the bound component are 

observed. The observed averaged relaxation rates depend 

upon the relative proportions o f  t l i ~  bound and fr i* 
phases and thp m o b i l i e  o f  the bound phase. The ex- 

change rate itself is not  usually o f  signiticance. T o  

explain the observed temperature and frequenc! de- 

pendrnces i t  is usiially necessa? t o  assume that tliv 

hoi ind phasr is complex and tl iat a distri lmtion o f  l m i n d  

sitrs exists t op t l i e r  with a distri l i i i t inn o f  bound pliase 

corrdation f r e q i ~ r n c i ~ s  anrl intrinsic relaxation rates. 

Excliange hetwrrn thpw s i t ~ s  is stil l rapid. IIO~PVP~. l ' o  

rxpiain rnhancri i  spin-spin rdaxat ion rates i t  is conven- 

ient to i n v o k ~  t lw occiirrrncr o f  a prrferrnt ial  alignmrnt 

relativr t o  t h  surfac? and/or anisotropic motiori. I n  

p e r a l .  tl ie relationsliipi are so coniplex that i t  iz no t  

poiisihle t o  makp realistic qi iant i tat iw estimates o f  d a -  

xation rates at a different trmprrat i i rp andlor frrqiiene! . 
Yon-exponential relaxation is vxplained li! assiimin: 

t l i r  occiirrencr o f  ilifferent rrgions rontai i i ing d i f f r r rn t  

proportions o f  boiind and free tiater or bound watrr 

witìi d i f fe rmt  mo i i i i i h .  I t  is also n?cPsiar! t o  assiimp 

tliat tlipse regions are ph!sicall! srparated I,! a mrrn- 

brane o r  b! a distance siifficiently gea t  tl iat e x c l i a n ~  

kietwren the regions is slow. The moliilit! o f  t l i r  I ~ound  

phase has two componrnts. one relative t o  t l i*  su1,strate 

and t h ~  ot l i r r  due t u  t l i r  siil,stratr itsrlf. \\itli srnall 

molecular weiplit siibstratrs t l i r  latter dominates b i i t  

abow a certain sisz becomes insignificant. This can li? 
iisrd t o  explaiii the observation that i n  som? aqiieoos 

protein gels t l i ~  water proton relaxation is indepvndrnt 

o f  tlir state o f  gelation. 

n o t l i e r  contribiit ing factor is a possilde exclian;e 

wit l i  go i ips  on  t l i ~  suhstrate itself. especiall! t ihen this 

is effectivvl! rigid, ?.g. lockrd in to  a pl. Thr l o t i  siil>- 

Ptrat* m o b i l i e  gives (UII, \H3 goups. r tc .  a Ii igli in- 

trinsir relaxation rate. and tiill allow them to iloniinate 
tl ie so l rmt  r~ l axa t i on  rate i f  vxchang~ becomes s i p i -  

ficant. 

Selection o f  suitable materials for standards 

As niost clinica1 \\1R iniagrrs %vili ~ l r t ~ c t  water pro- 

tons, i t  w»ul<l k~e conwn im t  i f  tlie staniiards also con- 

t a i n d  water. 1'11~ preparatiun o f  standards will not  I>? 
trivial and I i r n c ~  th r  standarils slioiilrl LP diirahle ani1 

tlieir materials inert. l'his ~xr l i i< les  most hiolo:ical sys- 
tri i is. Thv materials shoiild be reaùil! a ra i la t i l~  and 

pr~ fe rab ly  invxpmsive. I n  o r h  to rivi. sliort rdaxation 

tinies i t  slioidd LP possilil? t o  sr lect a r~asonali ly rigiil 
s i ~ l ~ s t r a t ~  and t u  rary tlie proportions o f  hoiind and free 

watrr l -  clianging composition. P are effectirely 

assii~nin; that the equipment relaxation ti intiowsare srt 

t o  excliide any siilistrate protons. I f  f i irt l ier rd i i c t io r i s  

i n  thv spin--spiri rdaxation ratr arr required i t  tiill bz 
necessar? t o  introdiic? e x c l i a n ~  t i i t l i  t l ie substratr pro- 

tons thernselves. The materia1 coiilrl IIP selxted t o  Iiavr a 

s i i i t ah l~  numher and, if necessar!.. th r  e x c l i a n ~  ratr cali 

be varied L! adjustment o f  tl ie pH  valiic. 
I n  contrast, if i t  is necessari t o  p r o d i i c ~  standarrls 



with reduced Ti and TI values together with a relatively 
small TIIT2 ratio nscous solutions can be employed. If 
intermediate situations are required, gels containing solu- 
tions instead of pure solvent can he utilised. Muscle tis- 
sue injected with sugar solutions displays such proper- 
ties. 

All the systems listed helow posaess al1 or most of 
these features and can be considered as candidates. Most 
have already been suhjected to  some form of  NMR in- 
vestigation and al1 show promise: 

1) gels of svnthetic polymers, e.g. polyacrylamides; 
2) systems incorporating cellulose derivatives; 
3) porous glasses, e.g. Vycora where the pore size dis- 

trihution can he changed; 
4) z ~ o l i t e s  where i t  is posaible t o  change the c a n e  di- 

mensions and the numher and e p e  of exchanging spe- 
cies; 

5) clays. 

Conciusions 

The estahlishment of suitahle standards will he dif- 
ficult, hut present indications are encouraging. Clearlv 

their establishment is not of utmost priori-, as useful 
clinica1 information can he derived in their absence. 
However, if the C1IR imaging techniquesare to  hecome 
quantitative thr  development of standards will hecome 
neCeSsaN and it  is in this context that  development 
work might usefully be iindertaken. 4 t  that stage inter- 
est will move inevitablu towards the properties o f  the 
materials of the standards. 

I would like to acknowledge mnny useful diaewsiona with my 
colleagues at the Cniversity of Notthgham, Profesmrs Andrcw. 
Msnsfield and Worthiiton and Dm. AUen, \lorris. Pvkett. 
Hinshaw snd Moore (a poup that unfomuiately has been 

dispersed), tagcthcr with their shldents. ConcidernMe help 
hm been 6ven by my m-workers in thr Cnilever Reserrch 
Laboratories, DI. Lillfad nnd Mrs. Ablett. Advice on thc 
selection af s u i t d e  materida hui been pronded by DI. Gi 
and Mr. liutchinaan i t  Sundedand Polvtcchnic. 
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SYNTHETIC POLYMERS: A POSSIBLE SOURCE OF PHANTOMS FOR NMR IMAGING 

A.L. SEGRE 

Ist i tu to d i  Strutturistico Chimico "G. G incomdo ' :  C.,V,R.. . l lontelibrrtti. Roma, I t o b  

Sumrnary. - The preporation of standard calibrotrd 
samplrs for  NMR imaging requires inert moteriols, eosi- 

avnilable, ond noi s u b j d  t o  mognelir h w t m &  nor 
to  degrodation for  long periods o/ t imr.  Svnthetir  p o k -  
mers, either in fhe solid stole or in solution or in o gcl 
furm, are o possiblr source for fhem. I n  facf in  mon? 

po1,ymers i l  is porsibk to  haiw T I  ondlor T1 salurr in 
thr  samr rnngr os those o/ biologico1 tissues. Morr stu- 
dies on s,ynthctic p0.mer.s hotic been houmer  pcrfor- 
med n t  tempcrotures wltich are r i lher  very loul or v w y  
h i ~ h .  Moreo tw verv ,few studies hnve been performcd n[ 
uorioble frequrncv. I l  wi l l  therrfore bc necessary to  re- 
peat moat mroruremenls. 

A Rreot odvantage of synthetic pr11,vm~rs is thr  fact 
thot i l  is pos.siblr to  preporr snmples o/ diJJcrrnt rnulr- 
cular weighi or tocticify. Therr sompler eaii have T I  
and TI c o u e r i n ~  un olmost con t in i i r~~ is  rnngr o,J vnlurr. 
Somr po1,vmrr.t con ,Jorm mixible blri idr in which. sim- 
ply b,y uar ,y in~  fhr  cornposition. i /  i." porriblr i o  chungr 
thr  rrloxntion tvdurr. A sprr iol  cnution it dur to  the ,Jmt 
thot in must s,vnlliclic pol?rnrr.v rnorr thnn onr rclnra- 
t ion compunrnl  is orrsrnt;  /or inr tonw, in ihe .solida, 
thr  cristollinr nnd thr  nmorphoirr ,Jrortionr hriirr qrritp 
di[Jrrrnf. rrlaxafions. Finallv anoi l i r r  <idiumt<igr o,Jqyn- 
thr t ic  po1,vnirrs i.7 the extrrme1.y Iiigh prolol i  (or Jiriori- 
ne) conrrnlrat ion. 

Riamutito. 1.o prrpurtizionr d i  rnutrriuli p<>r la ru. 
l ibrozionr degli a p p a r ~ w h i  ( : h p  dnnno immagini NZ1H r i -  
r h i ~ d r  mafcrioli inrrf i .  f o r i i m r n t ~  of l rn ib i l i ,  noli roggct. 
t i  od i.sfrreri mopwtivu n6 o drgrnd~ir io i i r  p r r  liriighi p r -  
r iodi d i  trrnpo. I p d i i n w i  r in f r l ic i .  riu ollo rtutu solido 
ehr in roluzionc o r o i f o  ,Jnriiia d ig r l i .  imatiluixcono una 
poasibilr ,Jo~,ntr; i,i,fufli p r r  mol t i  pol i inrr i  6 l i i r i l r  mwrr 
volori d i  T i  c / o  T, simili o qr ir l l i  d r i  icsriif i bi1ilogir.i. 
Lo m a g ~ i o r  porfr dr,& studi .sui polimr-ri s i t i t ~ t i v i  6 rtotu 
lu t ln t~ ia ,ffi?lliluln a tr inprrr i l i l r r  troppo rdlfs ri l ropl lo 
bosrr: inoltro porbisrimi pol imrr i  sono r ! r ~ f i  r t r r d i ~ ~ t i  n 
frcqrirnzo tinriabilr. /)i ronnrgicriiz<i rnolfr rnisurr d<!iiu. 
no rsr r r r  r ip r lu l r .  

Il riia,q+or i,orttoggio d r i  ~ ~ r d i i n c r i  r i i i t r t i ~ i  6 r h r  rlii<*rti 
possono rswrv prr-poroli o ~ ~ ~ J W P I I I P  prxo molr ru lnrr  

c / o  a diffrrente tolticitu. Questi campioni possono avere 
valori d i  T I  e T ,  chr ricoprono un  intemollo d i  valori 
continuo. Inoltre alcuni pol imrr ipossonofor~nare leghe 
miseibili in cui. semplicemrntr variando In composizio- 
nr ,  i! possibilr ttariurr i valori dei rilossomrnti. 

Va prrstuta nttenzionr al fatto che nella maggiorpar- 
tc dei pol imrr i  sinlr l ic i ,  n r l  rilassumrnlo presente p iù  
d i  uno componente: p r r  rsempio, nei solidi, lo fruzionr 
cristalliito r qurl la amorfo hanno rilussomrnti mo l to  dif 
f r r rn l i .  

Infinr un u l i r r ior r  vantaggio dei polimeri sintetici E 
chr  qiicsti prrsrntuno una concrntrozionc mol tu ol io d i  
protuni ( o  d i  atomi diJiuoro). 

lntroduction 

Synt l i r t i i :  polyinirrs, bol l i  in t lw solid stati! as ~ 1 . 1 1  as 
in soli it ion or iii a g~: l  forrn, m: a possihlr muri:,! o f  
phantoinn. I n  i a d  in inany polymi:rs, it is possibli. t o  
Iiavr T I  andlor 'l'2 valurs in thr  satne rangc as tliosi. o f  
tiiologii.al tiasws. I n  t l i i !  Iiaat ycars a largc niinibcr of  
po l y i r iw~  Iiavc bi.i:ii e t~ id ivd by NMI{  twhniqucs.  i i iostl) 
in u rdw  i o  i: l iarwtcriai: inoli i:ular tiiotions. 

Tht: iriain soitrw of  l i twati i r i .  can b r  foitnd in t w o  r1.- 
vii.wa. ,>n* di:vott:d t o  ri:laxation stiidivs in  s i i l i~ t io i i  
[l] and the other t o  relaxation studies i n  solid poly- 
mers [2]. 

I .  N M B  rclaxation in  salution 

. , I t i , .  iloiniriunt i i i i~~~hunistnx o i  iiiagnctiv rdaxat ion in  
~ d y i i i i ~ r s  ari, loi.al xigirti~nlal itii>tiona. no1 involving Iar- 
gvxa l t .  i i i i>tiuii u f  tlti: i:liain. I l l i i l i  c :<md i i~ ion  WULI a<:hi#.- 
wd t h r w $ ~  i t i vas t~ re~~wnt  oi 'l', as a iunt; t ion uf m o l ~ c # ~ -  
lur w e i ~ h t  (M.W.) utid ron<:rnfrotion. I n  fact aliovi. a 

iairly Iow critii,aI inoltxii lar wciplit T I  is indi:~icndi.rit o i  
cliain lvngtli. h l o w  thi* crilic,al t i ~o l~ : t : ~ i I n r  wvigl i t  'TI 
iricrcaxea wi l l i  i l i .<mx4iig M.W., tliiia indicating t l ia l  11- 

vi.raIl i i io l i im irif l i i ivii. i t l i i .  r c la~a t io r i .  Siic:Ii n t i i~l iavioi i r  

Iiaa I rwn  ol>si:rvt:d for inont syntlivti<. poly t i i iw (SI:(: 'l'a- 



Table 1. - Studiei of TI  of vnrious polymers W a function of M.W. D.P. ia the approximate degree of polymerization 
above iuhich TI  becomer independent of chain lenght 

Polymer Solvent 

Ettiylene oxide Da 0 

Dimettiyl ailoxane C1 Clr 

Styrene CDC13 

m-and-p-fluorosty rene CDC13 

Methyl-metha<:r).late CDC13 

2-6-dimethyl-l, 4-phenylene CDC13 
oxide 

Nucleus D.P. Frequency Reference 

(MH4 

'H 30 60 131 

' H  400 60 (4.1 

I H  100 300 [SI 

I 9 F  120 56 i61 

I H  300 60 171 

' H 85 60-30 181 

hle 1). Ttiis means also that it is poesihle to use low mo- 
lecular weight synthetic polymern in order to achieve 
longer T ,  in phantoma. when desired. A synthetic poly- 
mer whose relaxation parameter show extended molecu- 
lar weight dependence is the poly (7-henril-L-glutamate) 
[9-101. 

~~~~l~~ polypeptides may adopt in mlutions two con- 
formations, helical or random coil, depending on the 
wlvent and the iemperature. The hydrogen honds in- 
volved in tbe helix are responsihle for the elimination 
of segmentnl motion; thus overall turnhling prevaile and 
itu i:onaequeni:e is an almost linear dependence of ''C 
T1 relaxation on molacular weighi. For mo8t synthetic 
poly mern T i  a t  rooni temperature (K.T.) i8 independent 
of roncrntmtion up <o 15%inolar, in spite of large chan- 
ges in inai:ros<:opic viseosity. For very flexihle macrorrio- 
lei:ules 141, such uu puly-dimethyl siloxane, whieh is a 
viawus liquid ai  K.T., TI may be independerit of  
~:i,n<:rntration up io  50% solutions. As the polymer con- 
<:entratiori increases, the relaxation times dwrease. indi- 
i:ating thai ~:giricntsl niotions arr. hindered hy entan- 
glerrimt effecls. 

Kelatively few studies of T, haw hren rnadc, coiripa- 
red with ~ I I O P X  for T I .  For poly (ethylsneoxide) (PEO) 
in 1120 and polydiin~:thylsiloxi~nr in CCli ,  the ' H  
T, i~ likr T i .  independent of niolei:ular weight up Lo a 
concentration of 100 mglriil, hut abovr this rather low 
lirriit, T, ia a dw:rr,aeing function of molewlar weiglii. 
T l i ~  rate of drcreasi: incrrascs with increasing concen- 
tratioli. IL gennrally appearn that T, is more heneitivt! 
tlian TI  to botti nioli:<:ular weight aiid i:oii~ntration. 
Ttie di1fereiii:c in behaviour uf T i  and T, tm been at- 
tril~uted Lo the pmscnci: o i  alower lorig-rarige inotions 
affectiiig tlie J(0) spei:tral density in the expressiun for 
T,. Again, ctiain entariglernentn iniist he avoked. 

For aoiiii: poly tnera ' 11 relaxation times show a mar- 
kad di:pi:ndenw: oli solimi;  seti ior irista~i~x polysty rerit: 
in CDCI,, CC14. C6UI 2 ,  CUI C b U S  and Iiexa~:lilorohu- 
tadienr 151. The rc~:ipro~:al '11 T I  of PEO in a aerirw of 

halogenated methanea and ethanes linearly increases 
with mlvent viscosity. There me however examples indi- 
cating that the sitiiation is rather complex; in fact PEO 
shows the sarne ' H  relaxations in water, CIHCI, and a- 
chloro naphtalene. 

Finally, specific mlvent effectu occiir for block co- 
polymers in solventn sclective for one cornponent 1121. 
The most studied synthetic homopolymer up to now is 
PEO, hoth in mlution as wcll in thr eolid state and in 
the melt. At K.T. and 60 MHs its 'H relaxation values 
are shown in Tahle 2 .  

Tablr 2. - Spin-latiire and spin-spin rrlaxalion timcs (8 )  

of PEO in solution, a t  2S°C 

C grumi ui )>olymcr per pillililw of wlv<:nl 

M molt:rulir weighi 
T1 determined by mturutiun-n:t:uvery 
' l '  ( )  deii:rminml by line widili mri~*ur<:niimi 
' l '  deiermined I>y 90.1110 pulxt: u:qurnw 

PIKJ ha* I>c<:ii also studird au r functioii of t h i  frc- 
qurni:). at diffwent ti:iiiperaturi:s [13]; T I  varie8 frolli 
50 io 300 in8 going froiri 10' Hs  to 10' Hx.  The s;tiii+' 

polynier, PICO, MII iorin mix.ilh poIyin~:ric blends, i11 

w l d i .  sinipl) by vuryiiig ~III:  i:oiripositioii, ii in possibli. 
to diangc the relaxatioii values (141. Se* TahIi: 3 ri4aliw 
tu 'V  rrelaxatioii valurs of thi: yoly(rttiyleiii: oxidr)/ 



Table 3. - Linewidth, refnxntion time (TI) nnd NOEF for PEO in its blenda with PMWA n t  different tempernturer 

% PEO l inewidth T ~ ( S  x 1u3) NOEF 

(+ sharp signal due t u  C = O o f  PhIMA) 
(+ sharp signal diie t o  C = O o f  PMMA) 

(+ obsemablr solid PhlhlA) 

I . i t i r  width duin f 5% or Icss 

'Tl dala S%(ulitained from lincrr regrrssion uf st Ieurl 11 ~xpcrimrntal points) 

YOKFI: i 20% (nui:lwr Overhousix enliani:cmrnt faclar) 
/ 

Il. NMR of  solid polymere 

NMR studies i n  sulid polymers Iiavr b e m  developcd 

signifii:antly in rewr i t  yeam 12, 15-17]. This is rrio- 
atly due: t o  tht: intr«dui:tiori o f  thc rotating frame expi:. 

ri inziit. I n  fa~:t TI irieasiireirients rx tend t o  the ultra- 

&>W regiim, tl ie dynarnic rangi. o f  iiiule<:ular i i iotions 

sensitivi: t o  NMR. I n  solid polymi:ni the translation o f  
raw NMIt data in to  moli:irular inforinatiun is n o t  i inaiii- 

biguous. lh i i ] , i i~ :at io~is prin<:ipally arine froni t h e  non- 

exlwneiitial i:harai:ti:r o f  Lhr variiius iiiagnetisation dt:- 

<:ayn, inolitly a l  Iow teniperatiirea. Nhlll rr laxation data 
i:orrelate sxtri:mi:ly wcll with dieli:i:tric m d  dynamii:al 

riiei.lianii:al iiii:;tsoreirii:iita. Thi: satiaiai:lory agreriniml 

tictwi:t:n thi: various ini:asureinents is lypical o f  ttiost 

polyii i~:rs. 

I n  iiiost pulyirwrs two  and sorri<:times three diiferent 

wriiporienla o f  the iriagnelisation are usually obscmed. 

F o r  instarici. i i ude i  i n  thr arnorphoiis rzgion o f  a semi- 
c r y t a l l i  polymer (abovi. ita p l n ~  t r an~ i l i on  tempr- 

ratiire, Ty) havr ratlier luicg TI values (-10.) s), whill: 

t l ie i:rystallini: region niay havr TI 1 10.' S. Fo r  ttie m- 
i n r  pulyinvr only onl: value o i  Ti irr usiially observrd 

(tipical values 100 ins -1s). These data refer t o  polypro- 

pilimt: [ la], biit are rather usiial for  inany polyniers abo- 

ve the T,. By blending non cornpatible polymers, il i8 

posaible t o  have more than one TI coinponent, and as 

many as foi ir  Ti componente [19]. Fo r  solid poly(ethy- 
lenoxidt:) (M.W. 30.000) a i:omplete study o f  TI as a 

function o f  the frequrncy has bren rcportcd [13], bet- 
wprn 10' 1lz and 10' Hs; T, valiies vary between 100 
and 300 ins. 

Caiition is always rixpiired i n  thc iise o f so l i d  synthe- 

tii. po lymim. For  i.xainpli Tcf lon exhibits spccialired 

inotions in  thi, crystallini: phasr [20]; tbc two transitions 

occiir at 293'K and 308'K. 
I n  any casti, in solid polyinws, T, <Tl ; tipical valuee 

arc TI -10'" and TI - 100ms-1s; wlien the glass tran- 
sitioil owi i rs  a i  tcrripi:ratures h ighrr  than K.T. the rela- 

xation valuix arc those tipica1 o f  thc cryetalline phase, 
i.e. TI - 10.' s nnd TI - 1s. I t  ii i i ist b4: notcd that the 
usi: o f  plasticiscra i:an l o w w  the glass transitiun, as ob- 

s<:mi:d i n  poly (diiri~thylsiluxan~:) plasticired b y  nitrogen 

or argon 12 l]. 
I n  any case br fo r r  <:onsidcring solid polyincrs as a 

p o ~ i b l r  s o i i n : ~  for  phantoins, riiore accurate etudies a t  

1t.T. aiid an a fi inction o f  frcquimcy are required, since 

most stiidics havi: been perforii icd at tcinpcratures ex- 

tri:ini:l) low o r  high, and iiit:asureinents have almost al- 

ways bron perforined at rathcr too  high ireqiiencies. 
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my, a kilogram of this kind of gel (it's like marmalade). 
Of coume the use of agarose is certainly better w i h  
respect t o  &e problem of reproducihility, but the price 
of agarose a limiting factor. 
ORR - Could we ask Dr. Segre about the costs or the 
poseible costs of polymers that we might lise. 
SEGRE - Polyethyleneoxide is sold by manvcompanies, 
in l kg bottles.1 don't know the cost because it's a mate- 
rial like acetone or distilled water - 1 mean. the price 
will be of that arder. Molecular weight spans from 200 
t o  some million. I would suggest some caution in using 
the really high molecular weights because it is not very 
easy io  dissolve them, it reqiiires a month or so. You can 
increase the concenhation in water, biit it takes a long 
time far kinetic reasons. Dimethylsiloxane is not v e n  
cheap but I think you can find it in every hospital under 
the nume of silicon riibber. .4 lot of otlier materials seem 
t o  me to be more interesting than these two, but I 
haven't done enough measurements, so I really don't 
know. But generally speaking, polymers are extremrly 
cheap materials. 
ORR - Would anyone like tocommenton the choice of 
groupings of NMR properties that they woiild like in the 
substancee? Would they want a range of suhstances with 
a fixed T2 and different T, relaxations, for example? 
STYLES - The only t h i n ~  I'd like to say is that to try 
and design one phantom that we're going t o  carry aboiit, 
put in a machine and expect to get measurementn of 
some ten parametors i8 Iiidicrous. We cannot even do 
that far high resoliition spectrometers wliere we still 
need a packet of samples. Perliaps wliat we shoiil<l do i8 
look a t  the various parametera and find out a way of 
measuring one parameter at a time - perliaps we ran 

produce a phantom which will actually be u d u l  £or 
measuring more than one of those parameters, but to try 
and look at al1 aspects of performance in one phantom i8 
not realistic. Talking about cosa, I think people have got 
in mind that they are going to come up with some huge 
bodv-size phantom, and therefore we are discuesing 
how we would produce that phantom and whether it 
would be cost-effective. Let's split the problem down 
into much smaller segments and decide how we can 
attack each of those separately, because we've got vastlv 
different problema to solve.. 
ORR - l'hat suggests to me thst later on when we have 
looked at the test objects themselves and there has been 
discussion, not at this meeting but in the future. on the 
actiial design and details of each kind of test object to 
measure each particular property. the groupings of pro- 
perties that would be require far the suhstances will be 
clear. 
STYLES - I think that if you want to measure, far ex- 
amplo, simply the spatial resolution or the purity of 
geometry, vou just take a bucket with a few partitions in 
it. and yoii can fill it up with water or whatever. We 
attack that problem in one way and attack the prohlems 
of resolution of T , ,  or T1, or a mixture of these para- 
meters in a completely different way, perhaps on a much 
smaller scale. 
SIXl{I> - 1 think that by using tlie fact that there is a 
higli spin diffusion in polymers, you can just take a large 
piecr of polymrr and fil l  it witli other polymcra in ttie 
space having tlie proper 'Ti and Tl (far proton density 
that i8 not so easy), and aimiilatr a pliantom which Iias a 
spatial distrilnition and rrlaxation properties which are, 
mayl~r,  of mme intorasl. 
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PRELIMINARY RESULTS FROM PHANTOMS FOR SPATIAL AND 

CONTRAST RESOLUTION, STANDARDISATION AND 

CALIBRATION, WITHIN NMR IMAGES 

J.S. ORR, R.A. LERSKI and K. STRAUGHAN 

Drportmeni of Medica1 Physicr, Ro.val Postgraduote .Medica1 School, Hamrnersmith Hospital, London, U.K. 

Summary. - .4 wries o.f p r o l o v p e  phantoms or test 
ohjects for assessing image quality are described and 
pre1iminar.v rerults presented. Aspects mentioned in-  
clude t h r  uniforrnil,v, geometrica1 distortion, spatial 
rrsolufion, and contrast o f  proton denaity, T, and T2 
images. F o r  assessing marhine performance in the pro- 
duction o/ compirte iinages il is appropriafe t o  assump 
mono-rxponrntial  relaxation. 

F u r  ralibrution, standardisation ond charocterisalion, 
on t h r  oiher Iiand, non-exponential rdaxation should b r  
considrr~d.  Rrsults from imaging equipment showing 
lhe linear r r la l ion b c i w ~ r n  proton den8ii.v and Ti relax- 
ation image i~ialiier und 1aborator.v iialues, and thechang~s 
i n  contrast toith chanps i n  Ti sequcnce arc preseiited. 
I t  is rcconrmcnùrd lhot ieslr /or image assessment nnd 
calibraiion ,for li,wur characlerisation should l e  l inked 
bu i  not  umalgamot~d. 

Riansunto. - Virne qu i  dcscritia una .serie di p ro to t ip i  
di fantocci o di campioni standard per i control l i  di quu- 
l i ià  drll ' immaginr NMR, insirrne con alcuni risultati 
prrlimin<iri. G l i  aspr l t i  considerali includono uniformi- 
là. i l islorsionr geomrtricu. risoluzirrnc spuziale, contra- 
rrr> nrl la i l rnr i lù  prolonicn, immagini Ti r T=. Prr ron-  
trollarr lc prrslazioni alrumrntul i  d i  un upporuto per 
produziorii di immagini complrte, 6 opportuno araumrrc 
clic il rilursumrnlo niagrirlico nuclearc sia mono-crpo- 
n rnz io l~ .  

D i i l f ra  purfr, l'rsisfriiza di rilarsamrnti non-espo- - 
nr i iz iul i  d r i v  rsrr r r  prrsa i n  <:oirsiùrra:ionr n r l l r  procr- 
i lur r  di rulibrnzionr. rtandurdirrazionc P curatterizzu- 
ziorir. Vrrigono prrsrn la l i  r isul lol i  r i t tci iut i  da opparuli 
d i  "imaging" 1 . h ~  i l imosl ru~io lu relui ionr liricare Ira la 
dcnsir i  protorii<:u r ,  i iialori 1 l d  rilurramento TI nrll ' im- 
magiiir r i iialori di porarnrlri sp~r i in rn tu l i  pnrli<:oluri, 
nonrli6 lr iiariurioni di coiifrunlo arsocinfi o rambiainrn- 
li nr l l r  rrqupi izr di irnpirlsi. 
S i  rsprimc lu rwcomunhz ionc  chc Ir prove di corrtrollo 
di funiioriulilò slrumrir lnlr  r i rrilrri di calibrorionr 
nrl la r ~ i r a l l r r i i z u z i o ~ ~ o  li.vrulalr siano tra loro ro r r r la l i  
ma non unifirali. 

Introduction 

N%IK images are extrernely dependent u n  the details 
o f  the techniques iised t o  forni tlioin. They reprcsrnt 
maps o f  signal amplitudes determined by coriibination 
o f  the three basir: properties, proton density, spin-lattice 
relaxation and spin-spin relaration. Diffi:rent piilsr 
sequences can produce iinages ~IIOBP principal depeii- 
dence is u n  only une o f  these propertics, biit il is no1 
possible to remove the infliiencc o1 the otlier coiiiplctel) 
except by compiitation froiii thi: results o f  sevcral 
different pulse sequences or, i n  soiiii: circiiinstances. by 
maintaining thn other propertics constant. Althoi igl i  
proton deiisity, p, is in genera1 no t  very iisi:fiil clinically 
il affecis al1 the signal produced. Thereforc. cvrn thoiigli 
une may n o i  wish t u  image p dircctly: it is i inportant 
that the ability of t:qiiipinrnt t u  iniagc p be knuwri, 

i n  order that the cuntribiit ion o f  p t u  any o t l i i ~  i i i iagi 
rnay hc well iindnrstood. 

Thc analogy hiitww:n NhllL aiid X-ray CT iiiiaging 
s i igmts  that tht: obviuus way t u  start is b y  iiriing phan- 

tunis based ori CT ~:onci:pts. Exaiiipli:s o f  rvaiilts ik- 
taiiicd in t l ie iiriagirig modi: are pri:scnt<:d and disi~iissid 
brlow, t o  forin a basis o f  actiial i.rpi:ritiwntal trials u n  
wliich proposals for improvi~nir~nts can bi. fuundi:d. 

Kvsiilts o f  i:rpi:riini:ntal studics o f  ratlicr prinii i i ie. 
inrtl iuds for staridardisation, calibraiion and <:liarai~ti.r- 
isatioii o f  siiiglii rcgions ari: thvn p r iwn t cd  and d is< : i iwd  
t u  il l i istratr thr ~~robIi : i i is tha l  will bi. f awd  li) mori. 

~:oziiI~li:s approai:hes. 

Phantoms for  aasessing iinage quality 

Fo r  ssw:ssiiig i i i a i : lh :  ~,i:rfurinaiii:i: iii tlii: ~ , rodiwt ion 
o f  wtriplelt: iiiiagcs il is ntxcssar). Lo assiiiiiv that o d y  
sirripli. inimiircs of rclaxation arr i:orisidir~td. That is. atiy 
substanci: wi l l  bc aasiiinrd LO h a w  r<:lawiion propi:ri~i:s 
that can bi: sprcified by singli valiics o f  TI and l'*. 

Thr iirripli:st pliantuiri is a tank uf wa iw  d<ipcd i o  
prodi iw repn:si.ntativi valiii!s o f  T, arid T*. and pi!rlial!s 



Fig. 1 - Imagc of a phantom for assessing geometry or distortion in the image field. Thr centra1 tank snd the m a U  outer 
pots can br filled with solutionr of any desired relaxstion pmperties. 

Fig. 2 - Imsgr taken with an inversion reeovery pulse nequenee showing spin-lattice rel~xation or T pmperties. The 
1 

phantom c m  be used for estimating spatisl remlution and sliee pmfile. 



diluted to produce required vaiues of p. With such a 
phantom the "flat field"uniformity can be measured by 
standard CT methods and the signal to noise can be 
evaluated at different parta of the images. Lack of uni- 
formity. which may atise from main field inhomogeneity , 
gradient field non-linearity, or RF  inhomogeneity. 
appears t o  detract little from clinical usefulnes. An 
image of the next simplest phantom ia illuskated in Fig. 1 
by which the geometry or  distortion in the image field 
can be aeseesed. The main centra1 tank and the outer 
pots can be filled with solutions of any desired rclax- 
ation properties. The artefact near ttie top of the imagr 
is due to a very small metalli<: wire that waa accidentally 
included. A more complex phantom isillustrated in Fig. 2 
whicli is a TI image. This phantom can be used for 
estimating spatial remlution acrosa the image from the 
bar pattern; spatial resolution at different orientations in 
the image from the inner ends of the radial spokes; and 
dice profile from the outer nng of small cirrular areas 
which are thin flat pots arranged in a double helix. For 
this particular image the water was Mn doped to give a 
TI  of 200 ms. The purpose of having two helices is to 
check if the phantom is parallel to the slice. 

Fig. 3. - Madulation trznsfcr funetion for proton denaity imagc 
tpken with a saturatiun recovery pulse aequenee. 

Figs. 3 and 4 present modulation tranefer function 
(MTF) data obtained for saturation recovery and for 
computed T, images from the har patterns of the phan- 
tom in Fig. 2. The saturation mcovery image exhibits 
appreciable modulation right up to the pixel siae limit 
(h = lmm-l) whereas the computed T I  image does 
not. perhaps partly due to thr reduction in signal to 
noise introduced by the computation. although other 
effecte discussed later also contribute. 

Fig. 5 illustrates an image from a phantom with 
which both contrast and spatial resolution could be 
determined. The image shown is a saturation recovery 
image. and the pots in the phantom can be filled with 
solution of any relaxation properties. In this image the 
pots are al1 the same. so only spatial resolution is demon- 
strated. If solutions of progressively differing relaxation 

Fig. 4.  - \luduliition trrnsirr fiinctiun for i cumputed Ti imaa~. 

properties were filled into ~ a c h  radial row of  pots. con- 
trast rrsoliition a t  differingohjcct size could theor~tical- 
1) be found. However, this approach is totall! depcndent 
on the cstablishment and maintenanc~ of a high d ~ y r e ~  
of field uniformity. Such uniforrnit? is difficult to oh- 
tain and in any case is not vital far clinical inlaging. I t  is 
therefore not entirely reamnable to enforce a condition 
of uniformity piirel!. for the purpose of a test on con- 
trast resolution when t h ~  condition is not essential for 
uscful iinaging. Some o t h ~ r  inethod of determining 
contrast resolution should therefore be sought. 

Thesp phantoms and thv resiilts obtained and illus- 
trated in the figures ari- regarded as se? preliminari. 
Man: Iessons can be Iearned from the results. F u r t h ~ r  
Iessons rrlevant to phantom desipn can also he Iearned 
from the experiments relatinS to calibration, standard- 
isation and characterisation descrihed below-. 

Calibration. standardisation and characterisation 

For t h ~ s e  experiments a s in~le  rcgion was stiidipd 
in the form of  a smdl polYth~n.- bottk placed alwa! 9 
in thr sarne place in the imaging f i~ld .  Effects from lack 
of complete field uniforniit! werp the r~hy  eliminated. 

al Proton d~nsi -  

Solutions of variabl~ proton densit! biit fix*d T i  
and T, may bc pr~parrd  b" diluting doped H10 with 
its isotopr DlO. deut~riurn o x i d ~ .  The doping is neces- 
sary to rnsurr a fixed TI  in the clinical rangc and tias 
performed with MnCI, .-IH20 (which giws pararnagn~tic 
ions in solution). Constancy of T i  values was checked 
with a Bruker Minispec PC8 h~nch-top spectroineter. 
and ivas adjusted to 210 ms for al1 the solutions usrd. 

Saturation recovery scans were perionned for each 
niixture prepared. the mixtiire beinp contained in a 
polythene bottle in the same part of the mapetic 
field. Pirel values obtainrd in such a scan are given in 
the ideal case hy the eqiiation 



Fig. 5 - I m g c  of phantom with both spatial m d  contnst resolution could be detemined 



where k is a constant, p ia the proton density, t~ ia the 
repetition time of the sequence and T I  in the spin-lattice 
relaxation time. Hence for mixturee of constant T \  
the pixel value is directly proportiunal to the proton 
density p. 

Average pixel values were extracted from the images 
using software and the image display facilities present 
on the computer of the prototype scanner. Valuea are 
corrected for changcs in the input gain of the RF receiv- 
er which owur automatically during data collection. 

is'ig. 6. - 'Tesi 01 e&lmiion md lintarity uf prulon densiiy 
vaiui:x in ii f i x d  rcgion of rn imrpe. 

Fig. 6 shows a plot of average pixel values agninat 
p t o n  d~11s i l~  (r:al<:itlatt?d as l minus thi: fraction of 
U20).  T l i ~  rrsiilt obtaiiied shows tliat proton density 
as ineaaured with ' thr  NMK scanner exhibits a linear 
dependcn~r: witli actual proton density over the range 
of i:linii:al interest. This i:onfirrris thr: simple tlieory used 
tu derive the above equation. 

Measurcrnents to iiivrstigate tlir T I  acale arr. nrmssar- 
ily i i i i m  irivolv~:d diir Lo tlic fact tliat vnliies may only 
I><: drrivcd throiigti wiriputation bawd on thr: pixel 
valui:s of a aaturation riwuviiry scan arid ali inversiori 
r r c o v q  a:an. This allows onr to rcrriovr dir influancc 
of proion iIi:nsity and i:J<:iilatt: ttic valile of a function 

II<:n: T is tlis time betwncn 180' and 900 piilsca in thit 
invt:niuri recovvry s a n  and tR and TI  the seqiirnce 
rcpctitiori rates and spin-laiti~ir relaxation iinic as hefure. 
Fig. 7 plots S ior iominorily urrd T of 400 iiis and te  
of 1400 ma. An ini<!r~:sting leaiure of tliis c:iirvc is that 
it panqes ttiroiigh srru al  T i  aruiind 700 111s becausr ttie 

inversion recovery pixel vdue goes tu zero. Objects of 
Ti = 700 ms will thus be invisible using M inversion 
recovery sequence of ,r and tR vdiies as above. Xegative 
valuea should be obtained for Ti greater than 700 ms. 

Measurernents have been performed using a series of 
H 1 0  solutions of variable TI (adjusted through doping) 
measured un the Bruker Minispec. Again average pixel 

Fig. 7. --  Caleulatcd vulurr of thc aignals ubtainrblr undrr idral 

wnditiona fram r c r i a  of iubstinees of diffrrrnt TI subjiclcd 
io inveraion rimvrry pulrr sequcnces wiih i = 400 ms and 

tR = 1400 ma. 

valucs wire m~asumd and Oie function S coinpoted 
for eacli T,. Fig. 8 shows thr rcailts. Experiincntal 
points tcnd to lie a b o v ~  the theoretical cuwr bui follow 
its forin quite well. TIic discripan<:y tnay be ~indcrstood 
in terms of the diffrrent NMR frequcncies at which thi: 
Brukcr spectrometer and tbc iinaging inaehinr operatr, 
8 MI18 and 6.5 MHz rrspwtivi~l~.  If r u k w  TI  and 
iinagor T I  are plutti:d diri:ctly (Fig. 9) then a goud lincar 
rclationship ia foiind, with TI  (irnager) < Ti  (Bnikcr) 
as would hr expci:ted iroiri tlie fr<:qiiency diff<:n!n<:c. 
1)t:viatiuns an: foiind at low T, whim il is siispi,vtrd ttiat 
Tz effects iiiay h,: wining inlu pia). 
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Fig. 9. - The same experimental rcsults nn shown in Fig. 8 but 
plotted as aprctrometer Ti valueo ugainnt imiigr Ti vslues. 

Ae mentioned above the signal amplitude in an inver- 
don recovery image is strongly dependent on Ti m d  in 
fact paeses through zero far a particular Ti  value deter- 
mined hy the sequence timinge. This means that con- 
trast behaves strangely and care must be taken to avoid 
losing diagnostic information through incorrect sequence 
~election. 

Preliminary illustrative work haa been performed 
where the variable T, solutions used above have been 
scanned and contrast defined as the ratio of signal 
amplitude in the bottle t o  thal in the image field back- 
ground. Fig. 10 shows the experimental data together 
with a theoretical curve calculated by fitting to the firat 
experimental point. Agreement is reasonable and it can 
be seen that contraet falle from about 30 dB st short 
Ti to leea than 10 dB near 700 ms. 

Conclusion 

It  can be seen that information relevant to clinica1 
imagcs can be ohtained from these trials relating to cali- 
bration, standardisation and characterisation. Only 
simple measures of relaxation properties have been 
considered. I t  is suggested that every effort should be 
made to study the two kinds of reqiiirement together in 
a coherent manner, 80 that three groups of tests can be 
envisaged. The firet group would be those tests common 
to both imaging and characterisation. The second would 
be those specific only to irnaging. The third would be 
those s~ecific tu characterisation and capable of hand- 
ling a fuller study of relaxation properties than those 
dealt with here. 
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Diseu~ion on specification of desim of phantoms and protocols of use for performance assessment - 

with reapect t o  spatial and eontrast diserimiiation 
.kfoderntor: J. S. Orr 

ORR - Has anyone got any questions or commcnts? 
Prof. Sauzade, you were talking about the problem of 
differences in data frequencv absorption, which i8 a ve? 
real problem that we haven't given sufficient considera- 
tion to. 
FOSTER - I would just like to ask. al1 the phantoms 
that you showed are based on a radial type of drsign, 
and of course the method that vou use is a 
reconsmiction-projection method, whic.h is a radial 
method of producing the image. Do you think that 
type of phantom would be equally suitable to a 
line-based method, or would it perhaps be a good 
idea to have at least a part of the image area with, 
say, a reversed fan system or lines radiating outwards 
t o  test the overall area? 
ORR - There is indeed a need to consider the different 
ways of creating the image. That is sometbing that we 
have not yet considered sufficiently. 
LUITEN - I think we should also take into account that 
tbere are various ways of reconstmction in Y-rays. 
There is always filtered back projection, and in the 2D 
Founer transform imaging, the artifacta showing up 
from the same courses are quite different. We al1 know 
that, for instance, a lack of sharpness or  inhomogeneity 
in the field produce, say, a lack of sharpness in projec- 
tion-reconsmiction - it can be corrected for in a 
sophisticated way, but if you do it in 2-dimensional 
Fourier imaging it works out a lack of sharpness in one 
direction only. I t  does not give any distortion in the 
prefacing direction. That means that the same unit, 
just by using another technique. shows up different 
artifacts. I think there is one advantage in NMR, i.e. 
there is actuallg no difference of a point being measured 
a t  the edge or in the centre, apart from the fact that 
there is, of course, the difference in sensitivity of the 
detection coil, but in CT there is a difference in recon- 
struction of particles at the edge and at the centre, and 
here the detector does not know where the signal is 
coming from, as a matter of fact it is coming from 
everywhere. That means I think that the sharpness or 
some of the image quality aspects like resolution in 
X-rav systems have to be checked in the various dire- 
ctions (and in that case sometime a star patte,rn has an 
advantage). I don't think this is of great importante for 
NMR because in NMR there is mainly distortion, and to 
check distortion I think a square or grid pattern is more 
illustrative than a star pattern. Besides that. you could 
applv tbe g i d  pattem as a calibration test and vou could 
do some kind of performal mapping of compensating of 
the picture. So in NMR it is actually more tlie inherent 
qualities of imaging a point or lines, so I think in NMR 
the point span function would be the most illustrative, 
perhaps even more than the resolution between the 
lines, but thatS only a provisional idea. We have made 
test objecte (I haven't got them with me) built out of 

a bor of  water with an array of pleriglass plates which 
have a thickiicss of 1.2 and 3 mm spac; and 1.2 and 
3 mm apart, so we had a numher of line patterns. n'e 
could put them in different situations and --e could have 
different compartments with the same phantom, even 
al1 containing water at a different rvlaxation time, just to 
see whether that makes any inlluence on the image. Ke 
didn't notice that. So I tliink that in S \ I R  it is easily 
possihle to separate out the sliarpness properties as far 
as this makes the sharpness of the image oohvious. and 
the resolution of course, apart from the measurement 
and the calihration of factors of  analytical value. I-ou 
might of course look at the relaxation time as a contrast 
medium and then you want to Iiave a nice scale of 
contrasta, or you want to have the numher bvcause 
variationa of that number by itself, like Hounsfield's 
numbers, will give you information on other diagnosis. 
I d o n t  think it is very- Iielpful to combine things in one 
phantom, so you stiould make imaging test-objects 
just to calibrate variations between contrast of the 
T i  values in a numerica1 way. I think it is v e -  important 
to separate these properties, although they ma? be done 
in the same machine. 
FOSTER - Yes, I agree with you on that. Our nomal  
test object is a simple grid, but it is ve- important to t? 
to see how small a difference in Ti  you can distinguish 
when it is as close together as possible- ve- tliin 
membrane3 hetween different pools of fairly similar T i .  
I think that tells vou a e e a t  dea1 about the resolution 
of your machine. 
SAUZADE - A main source of noise is also due to the 
sample. You might need to design the test object in an 
appropriate way, in order to have a high conductivity, 
path inside. 
LUTEY - I think vou are bringing iip an interesting 
point, but I don't know exactly wliat the sihiation is. 
Do we consider a measurinp object or a tissue as bein: 
ve? inhomogeneous from the electrical point of view? 
I always t- to see them as a Iiomogeneous mass of ma- 
terial with certain electromagnetic and electrical prop- 
erties. Because when the noise comes from the objrit.  
tliat is tlie noise you can do without, you cannot cool 
t h ~  object of course. I tltink a good dea1 of the noise is 
still coming from the system, and that's to do with the 
resistance of the detector coils and the resistance of the 
pre-amplifiers and so on. 
S411ZADE - David Hoult calculated the noise of the 
coil, and he proved that wlien the size of the coil is ve? 
large, the main contribution is from the sample, not 
from the coil. 
LI-ITEN - From m- own experience I think that a t  
least half of the noise comes out of the detector, even if 
you made the detector v q  thick (copper, and so on). 
SACZADE - The limit of the noise in the sample is this 
kind of size, surely. 







f ield strength B,. duration T and repetition rate T given 

as t ime between pulses 

-+ -+ 
B = B, exp (jwt) z (1) 

If an inf ini tely long cylinder of radius r, o f  a conducting 

materia1 co-axia ia exposed t o  the field given by equation 

(1). the field inside the cyl indermay be found using the 

wave equation 

wi th E = permittivity, /.i = perineahility and 

p = resistivity o f  the medium. 

The aolution can be writ ten as 

-+ 
= BU m e x  t z (3) I I o  (Kr,) I 

Thr. attenuation o f  the magneti<: field a m p l i t u d ~  is 

descrihed hy the rat io I I, (Kr) I / I  I, (Kr,) I 
where I, is a modified Bessel function o f  the first 

k ind  o f  order zero and I, (Kr,) is an integration con- 

stant. The timevurying magnetic field w i l l  induce an 

elwtrii. f ield E afi dediiced from Faraday 'a law 

(In a tiwsue w i i l i  conductivity o given as o = I/p thc 

current I ia pivim hy I = E.o. I n  these derivations w r  

sci: t l ia i  tlir uulsed inamctic field. elei:tromotivr. f o r a  
and induced current are related through simple equa- 

tionfi containing a and E. I f  a and E are known E and I 
vari lie < :a lda ted  frurri tlie nieasiireinrnt »I B.  

, , I Iii: frq i iency dcliendenry o f  p and E Iias beirn 

ineanuri:d liy Uuttoinley and Andrew [4] for rat lung, 

Imiii, liwr. kidni:y, Iieart, r n u d r  aiid liver hcpatorria. 
Uotl i  p arid E cliaiigt: ~:onsideralil) froiri tissiie t o  tisxiir 

ani1 wi t l i  fr~:qiii:iii:y. An exnmple is shown in Figs. I 
aiid 2. I.iing ariil Iirain Iwr Iiigb rraistivitiei i.e. low wii- 

diii.tiiitii:x. 'I'lie alisurliwJ p o w w  or SAI1 (sp:i:ifiv al~aorli- 
t ion ratv) i* g i w n  I,y P = '1, . o I E I ' or if tlii: yiilse 

Iciigtli is T and 'i' tlie yulrie rep:titiori period, P iiiay bi: 
foiind as P = O .T-. I E I '. A n  iinportant po in l  is t l iat 
l' i s  priqwwtii,iial Lo <j aa itiay Le si:an i n  tlii: ar1,ression 

I > r  l i .  l'l,<! d f w t i  o f  tlii: tim<:-varyiiig magnrt i i  grailiixit 

ficl4ls i iwd  10 uh ta i t~  $l~atial i ~ i f u r i n a t i ~ ~ n  may br ca l~ :~ i la t -  

ed from Varailay's law hu t  t l i r y  are normally r n w h  

lowtrr tl ian elf~:i.ts o f  tl ic piilsi:d field. 

'l'lir p r w ~ m t  1'Iì.Z (12i>od ani1 Ori ig Adiniiiiatratiiin. 
lJS4) q i idv l inw f<>r waluuting eI~:~~truir~ag,ieli,: t:xpmirt: 

rirkr I;>r triels of&iii:al N1\111 n p t m i s  an: tl ic loll<,wing: 

Power ahsorption : SAR< 0.4 W/kg average over 

I body and peak SAR< 2WIKg 

for any g o f  timue. 

Fig. 1. - Kelatiw rrsistivity uf rat musclc (curve l )  and rat brain 

tifisua (curve 2) rs a functiun of frequeney. Bolh curves src 

nurrnahd lo 1.0 at 10 MIIz. Caleulations are based ondata of 

Bottomley nnd Andrew 141. 

Fig. 2. Relalire p<,rmitlivity uf  rat mus<:lv (wrvi: I )  and n t  
1 .  . .  irain l i%-ui (curve 2) sr: il funetiun uf  fn:qucn<:y. Uutli i:ura!n 

ari. norrnalircd lo  1.0 r l  10 Mlls. Cal<:ulaiiuns m: bawd un dala 

of Bot1omli:y and Andrew [4]. 

TIii: equations for E, I, SAI1 and indi i ixd tiiagnvtii. 

f iald d iow ihaf ~ii<:asiirt:tir~:iits niust be iiisda in a plian- 
toi i i  w i i l i  E and o valurs ii l imtical i o  tissut:. Guy 1.51 l i s i  

dwircd pharitom mati:rials. t:unil,oa:d o f  yolyi:atcr rcsiii. 

ai : i iy lvi i i .  L I w k  anil alutniniuiii powdi:r siiiiulating fai 
anil Iioii<: and a niuist j d l i cd  plaativ iiin<lv from salini. 

soliition, powdi.ri:d u I t 1 1 l 1 n 1  n a jidling agiwi 

siiiiiilatiiig iiiusi~li:. U) varying ~Iii: w n t c n t  u f  yo ly~ : t l i y l  

rrii. p d v r  ani1 tlii: salinity t lw  dii:l<:i.tric constani iirid 

~:orii l i i i .t ivity can Iw i:ontr<rllt:d for niiin:Ic wliili: fur fai 

tlir, w n t c n t  o r  alumi,iiiiiii I io~ 'd i . r  arid awty l i :n i  b1ai.L 

,.otitr<ils t lw  ilivl<:i:tric wnstant  and i:ondui.tivity rcspiv 

t iw l ) .  Fruiii Figs. I and 2 i t  is w:r i  t l iat t l i v  wni l i i i : t i i i t !  
varim w i l l i  f requvi iq  ani1 t issw. 'l'his &o guvs for tIu 
pvrrii itt iuity wl i ic l i  varics L) a factor o f  10-20 uvcr tlii. 

fraqiii:rii.y rangr 1-50 M l l x .  wliilt! thi: wr id iw t i r i i y  onl) 
diangcs lty A fac,lur t*Stwu w c r  t lw  samc f rcqucnq rangt, 

, , 1 1 1 ~  fa11 i n  E UL Iiiglicr frwpeni:irs di:criwsw t lw 

A i t i  dcl,tl~ 10 IO-20 C I B I  i,,,. a l  tliis dcptl i  tli,.. r,f. f i dd  
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Diseussion on safety asairance in NIIR imaging pmcedures 
Modemtor: J. S. Orr 

RADDA - Could I first of all, just for t h i  rrcord. put 
i t  right that Dr. Olsen made a statimrnt that field 
strengths below I Trsla should be d e .  and thrn h i  men- 
tioned that at  10-20 Tesla onr rould rxpect rffects. 
The 1 Tesla is entirelv taken out of the hat. and if you 
look at  the British and American standards the) now 
talk about 2 Tesla or below, and wen that I think is 
taken out of a hat. So I think it would he usifril tosa? 
that certainiy 2 Tesla in no different from 1 Tesla in this 
context. 
CHAMBRON - Patient motion in t h i  magnetir field 
can induce electric current. I suggest tlie patiint should 
be introduced vety dowlv into the magnet. Ariother 
cause of risk is the hreak of t h i  magnetic power supplv, 
and in the case of superconductivity thrre are quenching 
effects. Some people claim that it is not dangerous. What 
is Dr. Olsen's opinion? 
OLSEN - You are talkinp about t h i  treakdown in t h i  
superconductivity s y t e m ?  I wouldn't think that woulil 
be unsafe, hecause i t  would take some time t o  hreak this 
magnetic field down. I don't think thc dB/dt would he 
ve? high. 
STYLES - It is not  known exactly how a magnet 
quenches, hut when vou consider the currents induced 
in the surrounding metalwork. I think you wouldn't 
expect the field t o  die awav in time scales of Iess than 
about a second, and that's no  different from pushing 
somebody into the magnet on the samc time scale. So  I 
think you can do a veN reievant practiral experiment. 
Evetyhodv worries about il  becausr it is an rxciting 
event, hut  I'm fairly happy that i t  is not likelv t o  be 
dangerous. 
FOSTER - Could I just make one more commrnt that 
we aro discussing the effects of  the magnetic fidd. and 
I think the genera1 conaensus is going towards the feding 
that moat of what we are doing in SMR imaging is 
working within very safe Icvels. But theri  ifi, h o w ~ p r ,  
another inherent danger working with magnetic fields 
that I don't think shoiild be overlooked in any imaging 
laboratory. and that's the possibility of small flying 
objects attraeted t o  the magncts. Things like scissors 
from a nurse's pocket could bc actually I ~ t h a l  to the 
patient and this is probabl? far more important than 
the actual field effects on the patiint. So we ought 
t o  contro1 the people going into the laboratory, and 
we also have t o  look for things like this as well as the 
effect of the field on the patient's tissue. For example 
a patient with a metallic prosthesis which can actually 
be twisted by the magnetic field, and if this is a suture 
in the brain (and this is where commoniv steel sutures 
are used), then again you can have extremely dangerous 
effects. S o  it's the effects of the magnetic fields on these 
other factors which in the long mn are probahly going 
t o  be more important than on the actuai tissue itself. 
ORR - Could Dr. Radda, who h- perhaps had most ex- 

perimce of thp Iiiohzit f i ~ l d i  in rn~rl icir i~ trll iis $ 8  h p t h ~ r  
hp has ma+ arrangrmrnt* to get non-mapetir  r i s w r s  
ani1 othir  eqiiipmint? li it posil>le to isork with t o d s  
and small objicts whirh would lw quiti safi'? 
RAJ)D.\ - WP harr  iiv stririgmt i a f i h  riquiriments 
which we havr laid ilown alriail- in our sniall~r clinica1 
I a h o r a t o ~  and wrtainly cven more itringent onis in our 
larpr new huil<lin,o. l ' l i~se  inrliiih. first of  all.  nolmly 
enterinp thr  tiuilding tiithout being qiiestioned ahout 
pare-makers. al1 patimts heine ashed a serirs of gues- 
tions and screenid on the I&s of thpir noti5 far  whith- 
er t h ~ ?  have had opwations or  nnt and nhpthrr thwe is 
likel? t o  he a m ~ t a l  implant, in which earr thry roiild 
be automatically excliiil~d or L r a y e d .  Evenliod? ?n- 
terinp the n i a p e t  rooni will enter throii:h only o t i ~  
iloor, ani1 thrre i; only on i  mtranw that gow inuards - 
~ O U  ran Pscape from the lab li? iliffermt intrancis p i n g  
throiich an extremel? smsitive mptal rlitertor. Thir i i  
ifter tlie peopli wlio haw entcrrd Iiaw Iiwn qupstionerl 
and asked to get rid of al1 tlirir niital nbjects. Iiiit evin 
then we have a mital di t ictor .  %P 110 not allow slisitors 
into thr lahorato? at  any time whm t h w  is anyhody in 
t h i  rnagnrt, and tlwy haw to otiservr it from thr  out- 
sidr, whrther thry a r r  qualilied or not. Therp are a num- 
ber of other reqiiirmnents liki that. and we always haw 
onr or two clinicians prrsrnt who question iarh indirid- 
ual at  Iength before any ~xamination.  
OKR - This leads us to t h ~  possihilih of an agrwmrnt 
on somi siich c o d ~  that we m i ~ h t  ash al1 departmmts 
with TVR or with W R  ima$ng machines to uorh to. I t  
certainl? woulil he ve. disappointino i( one or two itri- 
pid acridints took p l a c ~  throiigh flying olijerte or 
mital rlips and got t h i  wh j i r t  into disrrputi.  
J,I ITES - I v e  just got on i  other quzstion, cominp 
back to Dr. Olsen's talk. It  sermrd that \.arioiis ratw of 
c h a n i  havi bem recommrndid as thr~sholds. namely 
1 l'rsla or  2 Tisla/s: Biiilingrr ilaimiil years a p  :$ l'esla. 
and he has morr ricintl? r r leas~d his rondition somi- 
what. Rhat  I d idn t  exad!- follow was this: was thr  1 
l e d a  per second rdatcd to the I p..4/cm2 in induied 
current? 
0LFF.A - Yes. tliis is what Biidingrr hai ralculatiil fora  
radius of about 10 cm. 
L I ITE\  - 1s there any reason why. sav. I &.Alcm2 per 
sq. m .  Iias any significancr in rdation to damaging rf- 
fects or not? h l i ~ h t  it not Iie tlie same with 10 f i / r m 2 ?  
0LSF.N - I think that. as I'rof. Orr demonstratrd in his 
I P C ~ I I ~ P  held in this Institute a few days a:o, to produci 
an effrct  you have to go ahout 10-100 times highir in 
the induced current. so that 1 p:\lcm2 isreall!- r r ry  low. 
LI'ITES - That means that the p r e s ~ n t  requirrments 
far  safety are morr hasid on individua1 feelinp far heink 
careful, rather than having an idea of when it hicorneo 
dangerous? 
OLSEN - Yes. 4 s  Prof. Radda pointed out. t h i  I Teda 












