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2. WATER IN BIOIJOC4gAJL 6VCffiTAS
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2.3. RELAXATION TIMES

L----- ocrxeo LYMPHoSARIoMA {MousE)
l--'t- ELl LYMPHoSARcoMA lMousE)

1 9

Simplaceanu.28 Water contents were measured by weighing and drying the

tissues at 100'C for 24 hr. Their results for both T, and T, are shown tn

Fig.2.4a and b and show explicitly the observed relationship between Tt '

Ij and water content for a number ofrat tissues. A particularly clear illustt a-

ti6n of the linear dependence of Tr on water content is given in a study by

% Watcv
% W{TER

NoRI.IAL TISsuEs 8f NrllcHnrr rtssues

l-3921 A HEPAToMA
8i.5-Mca FIERosARcot'1A lMousE I

annln (uousEt - 8.0

SKELETAL I1USCLE -----d

f lO l tY- - ' - ' r '

I

SPLEEN

ERAIN (MOUSE)

SKELTTAL

?8OO HEPATOI'4A
?787 HEPATOMA

T
'"tr..)

Tl lsecl

I
0 . 8

]921 A HEPATOMA
MT3 FIBROSARCOMA II ' lOUSE)
6C]HED LYMPHOSARIOI,lA IT1OUSE]
tL4 LYMPHOSARt0I' '1A {l '40usE)

96]3F HEPATOMA
78OO HEPATOMA
R7 HEPATOMA
21 HEPATOMA
??87 HEPATOI1A

-L- 
9633 F HEPAToI'4A

I-..-- R7 HEPATOI4A
HEART -------+- 21 HEPATo|'IA

LIvER -----1
7 0

NORI ' IAL T ISSUES I'lALI6NANT TiSSUES

KIDNEY

LIVER

AOIPOSE

Frc. 2.3. (a) Water content of various normal rut t issues (except mouse blain), and malig-

nant tumors from mts (Monis hepatomas) and mice (b) Spin-lattice relaxdtion times Zr at

24 MHz for various normal rat tlssues (except mouse brain) and malignant tumors from rats

(Morris hepatomas) and mice. [Both figures iaken from D P Hollis, L A Saryan' and J C

Eggleston../. Nqtl. Cancer Inst.54, 1469 (1975).1

- -L ' , -
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0.1
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p

obtained from Fig. 2,44
tional water content.

iiiq4 {#' sffi& E$rdEs (celis), (5)
Ulse trsu€ m) &Er' (t) hefft, (3)

rFron [. O, kiitduta and V. Simpla-

g &tmg, (This wor'k was undertaken in
d iif.itutR itna@g merhods to detect

ftom systernic or direct l.rrng
sh,owow qxite strikingXy what one might

effect emrboclied.ir our empirical

p*0"65 +0.12671

f,1 is rreasured jn seconds and o is the frac-
f*Uitialfom \#,e ob&in

Sfi = 7.9a Ap r) {\

(2.4)

3f 
f. C. lauygrUrrr, J. A. Franlq @d U.t'r[&a, O*. Xar . Cot{. Med. phys.,r'rr, physics inCanads, 32, Jdbstract 33.9 (19@"

7 =- l^d t o
.FF-

2, ry4ffi mfl gilot ocrc.{L s'ysrgldf

showing that due to the of (1/f, )r,

o,tg3 ,l?a
=7.?v



2.3. RELAXATION TIMES

is the basis behind tbe desire to form NMR images which reflect a Tt dis-
tribution rathcl theo sinply spin density. It may be possible to enhance such
tissue discrigina*ion by the use of paramagnetio contrast agents such as
Mnz' 3* (tpe fiagtkm 2.3.4), allowing one to distinguish between normal,

infarctd, nryr* ipdndn regions of the heart, for example.
Wbm *p rffi cs[tent is generally a good gtride to tissue relaxation

rates, tb* tffS h48 dcp-endence should no,t be taken too'seriously. One
rnigh ru#.Wfkb{ss4trd hold in a single orgara" witbin narow physio-
logkal lfud#.t, M* tcffi ba,rdly reasonab.le to oxpsct {tc relaxation pro-
oessgs tp be ii*mtlcat ta k#in aod musele ffberr for iastanoe.! We would not,
thereforp,{ngeig wp@F-perrtent mqge6 out ef hand. trtihad, eurgigw is that
all the NMR ptlrasletsrl, even though tfuy ale to a ,varyhg #tent inter-
related, may have some eventual role to p:lay in tiso.tle typing and diagnosis
of disease states.

Figwe 2.2, which contains data frorn a number of difielent sources in the
literature, is intend.ed to give the reader a guide to the ran- ge and frequency
dependence of T1 values to be expected in healthy anilnal tissue. The vari-
ation in results at 24.3 MHz and at 60 MHz reflec-ts both normal sample
variability and the difference in preparative techniques employed by various
workers. A more exlensive ?r study of rabbit tissue at 24 MHz has recently
been published by Mallard er a/.35

It has been shown tha,t T1 values for a particular organ generally do not
show a gleat variation with the species ofanirnal.r6 Thus the data of Fig. 2.2
should give a good indica.tion of the values to be expected in humans. That
this is approrimately correct can be seen by comparing the rat tissue data at
100 MHz with Table 2.2, which lists fr values at 100 MHz for hurnan samples
(taken from the results of Damadian et a1.311.

With regard to the frequency dependence, in the simplest case of isotropic
motion characterized by a single correlation time rb, the relaxation rate
obeys the well-known rtodifted Bloembergen, Purcell, and Pound (BFP;tt'te
expression

2 l

(2.6)

ra P. C. Lauterbur, M. Helena Mendonca Dias, and A. M. Rudin, Private Communication
(1e78).

15 J. Mallard, J. M. S. Hutchison, W. A. Edelstein, C. R. Ling, M. A. Fostei, and G. Johnson,
Phil. Trans. R. Soc. London Ser. B ?f9.

36 G. L. Cottam, A. Vasek, and D. Lusted, Res. Commun. Chem. Pathol. Phormacol.4,495
(re72).

3t R. Damadian, K. Zaner, D. Hor, and R. DiMaio, Proc. Natl. Acad. Sci. U.S.A.7l, 14'11

0974).
38 N. Bloembergen, E. M. Purcell, and R. V. Pound, Plr7.r. Reu.73,679 (1948).
3e R. Kubo and K. Tomita, "/. Phys. Soc. Jpn.9, 88S (1954).

(+), = '{nh*. r.#r*l'
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z:2 2. WATER IN BIOLOGICAL SYSTEMS

TABLE 2,2
4 Rruaxa Tnnus er 100 MHz w Nonual ewp Mu,rcNANr HuueN Trssurso

Tissue

-F
tttw|/ov

4 ,u,no,

AarnC
4 rrornat

Probabiliry that
differenCIe in

means are not
significant

BrEast
s.kin
Muscle:

Malignant
B.eni

1E-s.ophagus
s-t"g ach
Intestinal tract

Liver
Spleen
L.uttg
Lvnphatic
Bone
Bladder
Thyroid
Nerve
Adipose
Ovary
Uterus:

Malignant
Benign

Cervix
Testes
Prostate
Adrenal
Peritoneum
Malignant

melanomas
Tongue
Pericardial layer

(mesothelioma)
Kidney
Brain
Pancreas
Heart

r.413 t 0.082 (7)
t.307 + 0.1535 (2)
1 .04  ( l )
1.238 + 0.109 (3)
1.122 + 0.04 (15)

0.832 + 0,012(2)
1 .113 ,+  0 .006  (2 )
1.110 t 0.as7 G2)
1.004 t 0.056 (1"4)
l,on * 0.1s2 (6)
1.241 + 0.16s (3)
1.A72 Q)
1.204 (1)
2,04:t (1)
t.282 + 0.11S (2)..

r.393 t 0.1 76 (2)
0.e73 (r)
1 .10t  ( r )
r,223 (t)
1 .1r ,0  ( l )
0,6g3 (1,)
1.s2:9 (1)

0.724 + 0.147 (6)
tJ8:8 (t)

0.758 (1)

0.3.5? t 0p79 (5)
0,516 + 0..s19 {9)

1.023 + a,o2g (17)

0.804 + 0.10s (5)
0-.765 + 0.075 (8)
0.64l t 0.080 (8)D
0.64J + a.043 (12)'
0.570 ! 0.029 (14)
0.70t *,0,045 (I7)
0.788 t 0.063 (5)
0.720 + 0.a76 6)
0.554 + 0.027 (10)
0.891 t 0.061 (4)
0.882 + 0.04s (7)
0.557 + 0.r58 (2)
0.27,9 + 0-00s (5)
0.989 + 0.047 (5)

0.924 t 0.038 (4)

0.827 t 0.026 (4)
1.200 t 0.048 (4)
0.803 t 0.014 (2)
0.608 t 0.020 (5)
0.476 (t)

r .080 +
r,047 +

0.08 (13)
o r&&"(4) 0.52 x l0-a

0.55 x 10-a

0 .50  x  10-s

0.40 x I0-2
0.27 x l}-s

0 . 2 5  x  t 0 - 2
0.52 x l0-2
0.74 x l0-2
0 . 3 6  x  1 0 - 1

0.862 t 0.033 (13)
0.e98 + 0.016 (8)
0.605 + 0.036 (t0)
0.906 t 0.046 (e)

,Probabilityvaluesarereportedforserjeswiths�a:rrp1esize=,.r,,offi
error of the mean (sEM)' Number gf lses *-iv*e are indicarJ i" parerthesis. fFrom R.",lllllllllllllll�ftHffit 
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2.3. RELAXATION TIMES 23
w'here 8 is a nileasure of the (usually dipolar) interaction strength and aro isthe Lar*m,o,r' fn'equency. For a,rszu ) I , (uT, io ,noutJ uury roughry as ao zan'd K'ruqpeil et al'24 obset've this ioit oio.prndence in mouse tissues over the17'-45'[v{F'il2 region' Note that on the uurl, of this moJel, the divergence of?"' vahles i.ra Fig' 2'2 at high frequenry *outd seem to indic ate avariation inzo between the different otgunr, leniing some weight to the view that thet''iss"trre T' vatiation is not simply a mattJr of water Jontent. This divergencea'ilso carlitrs into question the often-made assumption that tissue T, discrimina-tio'ra fuaaproves at lower Larmor fi equen.i.s, being optimal at about 2 MHz.aoiln order to fit adequately the i, temperature and frequency variationsurany workers have found it necessary to introduce a distribution of corre-
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Ftc' 2'5' Proton spin-lattice (t"r) and spin-spin (f) relaxation times in frog muscre as afunction of frequency. (a) Rana escu-lenta; a, r, urzs"C; L, Ttui o.c ; O, Tzat 25"C ; A,_7,at 0'C' (b) Ranapipiens; 1, Tr at 2^S"C; V, f, atO.C; I, T, atO and ZS"C.(c) Curves aretheoret ical  f i ts  to^Eqs. (3a)- f :c)  of  Reference 4l  wi th zo:- i . t  x l0_ro sec,  a:0.15, and
IlT;IZ'i';l !r'.rL\ri'sec' 

'rFrom 
G. Herd, F. Noatk, v. pouak, and B. Merto n, Z.

ooJ'  G'  Diegel  and M. M. pintar,J.  Natr .  cancer Inst .55,72s(r975).
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