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» WATER IN BIOLGGICAL SYSTEMS

qualitative indication of this correlation oam be soen by comparing the
rmm_=w of Fig. 2.2 (at, say, 100 Mg w e tissue-water CORtENLs
of T%ELFW instance, liver has a oW Wit cloNm aml a short Ty {h;gh
relaxaﬁgm m‘m:ﬂm to the relatively largs § 3
braw 25 gede have igh water conSents, B8
are iRt . A more quantitative SXay
shows the data of Hollis et al. 32 both for WEKT
(Fig. 2.3b); in various normal and mahgwmm% vt
a referonoe table of Ty and water - _
plicable to huaman imaging, the valoes are close &
guide. Similar work on rat tissue has been *#

1.2 t
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FiG.2.2. The freguency dependence of s;nnaéla'tﬁ@e telaxation times for varioys T8t tissues:
A, brain; A, kidney; @, liver; 3, vawsee; £, spleen -Wﬁmﬁsn&m‘mm@ﬁﬁmm
IR.E. moekmmrmma.mgﬁm {9y TR i ' 1

1151 (1971); *D. 2. m%&-ﬁﬂmlﬂ ¢ mﬁ‘

Inst. 54, 1469 (1975); *W. Bovee, P. Huisniat, mﬂi

S1.4C. anrmmh mﬁV Binplacesna, Canuer Reo ﬁ, ltﬁﬁ (19*?5)

2. P, Hollis, L. A. Saryan, J. C. Eggleston, and #. P. Mortis, J. Natl. Cencer Inst. 54,1469
(1975).




2.3. RELAXATION TIMES 19

Simplaceanu.>® 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 In
Fig. 2.4a and b and show explicitly the observed relationship between T,
T,, and water content for a number of rat tissues. A particularly clear tllustra-
tion of the linear dependence of T, on water content 1s given in a study by

L Watey

% WATER

NORMAL TISSUES 85 MALIGNANT TISSUES

3924 A HEPATOMA
B2.5——MC3 FIBROSARCOMA (MOUSE)

’< 6C3IHED LYMPHOSARCOMA [MOUSE)
0

EL4 LYMPHOSARCOMA [MOUSE)

| __—9633F HEPATOMA
[ R7 HEPATOMA

BRAIN (MOUSE) —— 8

HEART p = 21 HEPATOMA
SPLEEN 7800 HEPATOMA
SKELETAL MUSELE ———— 7787 HEPATOMA
KIDNEY
725
LIVER
70
(q& )
Ty (sec)
NORMAL TISSUES | MALIGNANT TISSUES
0.8

| —3924 A HEPATOMA
+———— MC3 FIBROSARCOMA [MCUSE)

. 6C3HED LYMPHOSARCOMA [MOUSE]
BRAIN (MOUSE1~_ ;6 - EL& LYMPHOSARCOMA (MOUSE}
HEART E;l
SKELETAL MUSCLE ——tg—— 9633F HEPATOMA
SPLEEN — '~ 7800 HEPATOMA
=" R7 HEPATOMA

- —
KIDREY = 21 HEPATOMA
[T~ 7787 HEPATOMA

0.3
LIVER ——I

0.2
ADIPOSE ———I

01

(b)

Fig. 2.3. (a) Water content of various normal rat tissues (except mouse brain), and malig-
nant tumeors from rats (Morris hepatomas) and mice. (b) Spin-lattice relaxation times 7, at
24 MHz for various normal rat tissues (¢xcept mouse brain) and malignant tumnors from rats
(Morris hepatomas) and mice. [Both figures taken from D. P. Hollis, L. A. Satyan, and J. C.
Eggleston. J. Natl. Cancer Inst. 54, 1469 (1975)]
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ilting from n systemic or direct lang
4 i ! show quite strikingly what one might
ﬁtﬁm‘be asa re‘laxa’tm:h i tion effect embodied in our empirical

relationship
=065 + 01267, (2.4)

s Tg 15 measured in seconds and p is the frac-
ential form we obtain

| *@fag = 7.94 A_,p (2.5)

showing that due to the & ”
teat, typically of 2 fow pensem

obtained from Fig. 2du, wh
tional water content. in

32 p. C. Lauterbur, J. A. Frank., sl W8 5. Jusbwon. Dig. inr. Conf. Med. Phys., 4th, Physics in
Canada, 32, Abstract 33.9 {1978,

” 7 = ek = 7.9Y
:‘d-.-‘_L = 0124 A [ =72
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is the basis behind the desire to form NMR images which reflect a T, dis-
tribution rather than simply spin density. It may be possible to enhance such
tissue disctimim!;ion by the use of paramagnetic contrast agents such as
Mn2* %% {see Section 2.3.4), allowing one to distinguish between normal,
infarcted, and tu- regions of the heart, for example.

hercas the wator content is generally a good guide to tissue relaxation
rates, thelr Shrigh m d&pendence should not be taken too seriously. One
might g3t taat titis would hold in a single organ, within narrow physio-
logical Huts, hﬁﬂ segms hardly reasonable to ¢xpect the relaxation pro-
cesses to be ienticat in brain and muscle fiber, for instance! We would not,

therefore, dismiss water-content images out of hand. Indesd, our view is that
all the NMR parameters, even though they are to a varying extent inter-
related, may have some eventual role to play in tissue typing and diagnosis
of disease states.

Figure 2.2, which contains data from a number of differ cnt sources i the
literature, is intended to give the reader a guide to the range and frequency
dependence of T, values to be expected in healthy animal tissne. The vari-
ation in results at 24.3 MHz and at 60 MHz reflects both normal sample
variability and the difference in preparative techniques employed by various
workers. A more extensive T, study of rabbit tissue at 24 MHz has recently
been published by Maflard et al.*®

It has been shown that T, values for a particular organ generally do not
show a great variation with the species of animal.*® Thus the data of Fig. 2.2
should give a good indication of the values to be expected in humans. That
this is approximately correct can be seen by comparing the rat tissue data at
100 MHz with Table 2.2, which lists T, values at 100 MHz for human samples
(taken from the results of Damadian et al.®”).

With regard to the frequency dependence, in the simplest case of isotropic
motion characterized by a single correlation time 17, the relaxation rate
obeys the well-known modified Bloembergen, Purcell, and Pound (BPP)*%*°

— omiiin——

i ——
expression
1 Tp 41y,
—\ ~B + ) (2.6)
(Tl)b {1 -+ wOZrbz 1 - 40)021‘-132
34 P. C. Lauterbur, M. Helena Mendonca Dias, and A. M. Rudin, Private Cotnmunication
(1978).

5 J. Mallard, J. M. S. Hutchison, W. A. Edelstein, C. R. Ling, M. A. Foster, and G. Johnson,
Phil. Trans. R. Soc, London Ser. B 289.

% G. L. Cottam, A. Vasek, and D. Lusted, Res. Commun. Chem. Pathol. Pharmacol. 4, 495
{1972).

*7 R. Damadian, K. Zaner, D. Hor, and R. DiMaio, Proc. Natl. Acad. Sci. U.S.A. 71, 1471
(1974).

*® N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev. 73, 679 (1948).

** R. Kubo and K. Tomita, J. Phys. Soc. Jpn. 9, 888 (1954).




‘ Probability that
P difference in
7&N°v MN"’ means are not
Tissue T} tumor T} normal significant
Breast 1.080 + 0.08 (13) 0.367 1 0.0 (5) 0.52 x 1074
Skin 1.047 + 0.1%&&4) 0.616 + 0.019 (9) 0.55 x 1074
Muscle: i
Malignant 1.413 + 0.082 (7) 1.023 + 0.029 (17) 0.50 x 10-5
Benign 1.307 £ 0.1535 (2)
Esophagus 1.04 (1) 0.804 + 0.108 (5)
Stomach 1.238 + 0.109 3 0.765 + 0.075 8) 0.40 x 1072
Intestinal tract 1.122 4 0.04 (1 5) 0.641 + 0.080 (8)® 0.27 x 1073
j 0.641 + 0.043 (12)
| Liver - 10.832 + 0.012 (2) 0.570 + 0.029 (14)
Spleen 1.113 + 0.006 (2) 0.701 + 0.045 (17)
: Lung 1110 % 0.057 (12) 0.788 + 0.063 (5) 0.25 x 102
; Lymphatic 1.004 + 0.056 (14) 0.720 + 0.076 (6) 0.52 x 1072
. Bone 1.027 + 0.152 6) 0.554 i‘0.027 (10) 0.74 x 10™2
. Bladder 1.241 + 0.165 (3) 0.891 + 0.061 (4) 0.36 x 10!
i Thyroid 1.072(1) 0.882 + 0.045 (7)
’ Nerve 1.204 (1). 0.557 + 0.158 (2)
| Adipose 2.047 (1) 0.279 + 0.008 (5)
Ovary 1.282 + 0.118 (2 0.989 + 0.047 (5)
Uterus:-
i Malignant 1.393 + 0.176 (2) 0.924 + 0.038 (4)
: Benign 0.973 (1)
Cervix 1101 (D) 0.827 + 0.026 (4)
Testes 1.223 (1) 1.200 + 0.048.(4)
Prostate L110(D) 0.803 + 0.014 2)
Adrenal 0.683 (1) 0.608 + 0.020 (5)
Peritoneum 1.529 (1) 0.476 (1)
Malignant
melanomas 0.724 + 0.147 (6)
Tongue 1.288 (1)
Pericardial layer
(mesothelioma) 0.758 (1)
Kidney 0.862 + 0.033 (13)
Brain 0.998 + 0.016 (8)
Pancreas 0.605 + 0.036 (10)
Heart

22
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TABLE 2.2

XATION TiMEs AT 100 MHz IN NORMAL AND MALIGNANT HuMAN Tissugs”

0.906 + 0.046 (9)

“ Probability values are reported for series with sample size > 3. Errors reported are standard
error of the mean (SEM). Number of cases analyzed are indicated in patenthesis. [From R.
Damadian ez al., Proc. Natl. dcad Sci. U.S.A. 1, 1471 (1974).)

mall bowel. —
¢ Colon.
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where B is a measure of the (usually dipolar) interaction strength and w,, is
the Larmor frequency. For @oTy R 1, (1/T ), should vary roughly as w; 2
and Kmispel et al.?* observe this sort of dependence in mouse tissues over the
17-45 MHz region. Note that on the basis of this model, the divergence of
T, values in Fig. 2.2 at high frequency would seem to indicate a variation in
T, between the different organs, lending some weight to the view that the
tisswe T, variation is not simply a matter of water content. This divergence
also calls into question the often-made assumption that tissue T, discrimina-
tion improves at lower Larmor frequencies, being optimal at about 2 MHz.4°

In order to fit adequately the T, temperature and frequency variations
many workers have found it hecessary to introduce a distribution of corre-

DT, —
0”2 1070 1078 06
T I 7 I T ] T

R
3
o

—

T2 [sec] —n
~

)

IIVTIII

\\
.\
%
N2(0ty)/ T3 (0) —a\

10°

)’p[/"’Z’ —_—

F1G. 2.5. Proton spin-lattice (7;) and spin-spin (7;) relaxation times in frog muscle as a

function of frequency. (a) Rana esculenta: @, T, at 25°C; A, T, at 0°C; O, T; at 25°C; AT,

‘ at 0°C. (b) Rana Pipiens: W, T, at 25°C; v, T, at 0°C; O, T, at 0 and 25°C. (c) Curves are

| theoretical fits to Egs. (3a)-(3c) of Reference 4] with 7o = 1.1 x 107 1% sec, o = 0.15, and

: T1(0) = T,(0) = 1.8 x 10-2 sec. [From G. Held, F. Noack, V. Pollak, and B. Melton, Z.
I Naturforsch. 28c, 59 ( 1973).]

“°J. G. Diegel and M. M. Pintar, J. Natl. Cancer Inst. 55, 725 (1975).
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