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A review of normal tissue hydrogen NMR relaxation times and relaxation
mechanisms from 1-100 MHz: Dependence on tissue type, NMR frequency,

temperature, species, excision, and age
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The longitudinal (7,) and transverse (T,) hydrogen (‘H) nuclear magnetic resonance (NMR)
relaxation times of normal human and animal tissue in the frequency range 1-100 MHz are
compiled and reviewed as a function of tissue type, NMR frequency, temperature, species, in vivo
versus In vitro status, time after excision, and age. The dominant observed factors affecting T, are
tissue type and NMR frequency (v). All tissue frequency dispersions can be fitted to the simple
expression T; = Av” in the range 1-100 MHz, with A and B tissue-dependent constants. This
equation provides as good or better fit to the data as previous more complex formulas. 7, is found
to be multicomponent, essentially independent of NMR frequency, and dependent mainly on
tissue type. Mean and raw values of T, and T, for each tissue are tabulated and/or plotted versus
frequency and the fitting parameters 4, B and the standard deviations determined to establish the
normal range of relaxation times applicable to NMR imaging. The mechanisms for tissue NMR
relaxation are reviewed with reference to the fast exchange two state (FETS) model of water in
biological systems, and an overview of the dynamic state of water and macromolecular hydrogen
compatible with the frequency, temperature, and multicomponent data is postulated. This
suggests that 'H tissue 7, is determined predominantly by intermolecular (possibly rotational)
interactions between macromolecules and a single bound hydration layer, and the T, is governed
mainly by exchange diffusion of water between the bound layer and a free water phase.
Deficiencies in measurement techniques are identified as major sources of data irreproducibility.
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I. INTRODUCTION

Longitudinal (7',) and transverse (T,) nuclear magnetic reso-
nance (NMR) relaxation times play a pivotal role in the un-
derstanding of molecular level organization of biological
systems in general and in NMR imaging in particular. Dif-

ferences amongst hydrogen (‘H) NMR relaxation times of

normal and pathological tissue are key to NMR image con-
trast and the discrimination of disease,'~'®" a fact responsible
for their widespread use as diagnostic parameters in clinical
NMR imaging. They directly effect the selection of imaging
pulse sequence timing parameters,” and consequently, the
total image scan times and patient throughput. They also
influence the choice of the optimum magnetic field strength
for NMR imaging because of their significant variation with
NMR frequency.’>>>7*

Since the early 'H relaxation time studies on animal and
human tissue by Odelblad ez al. in the late 1950s,3%120-124 the
observation of elevated 7’s in cancer by Damadian in
1971,%° and the more general T, variations in pathologies
reported by Eggleston et.al. in 1975,%2 the literature has bur-
geoned with hundreds of investigations of relaxation time
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behavior in biological tissue. The majority of publications
that report tissue relaxation time measurements ignore or
make few attempts to interpret the physical mechanisms re-
sponsible for tissue relaxation or to compare them with simi-
lar published data, although the issues of species, frequency,
temperature, and in vivo/in vitro dependence offer mitigat-
ing reasons. Moreover, efforts to collate this vast body of
relaxation time information for the purpose of establishing
the range of normal values and their frequency dependence
are nonexistent.

This article reviews the published 'H relaxation time data
from normal human and animal tissues in an attempt to es-
tablish the normal range of T, and 7, values for NMR imag-
ing and their dependence on tissue type, NMR frequency,
species, temperature, time after excision, in vitro versus in
vivo measurement, and age. The data are presented graphi-
cally, to illustrate trends and deficiencies with the work to
date; in tabular form, for locating sources, providing addi-
tional information, and for future collation; and as param-
eters of best fit to a simple expression, to enable rapid com-
putation of the T, at any desired frequency. Since
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whole-body 'H NMR imaging systems currently operate
within the frequency range of 1 to 65 MHz, with even higher
frequencies imminent,”>** data extending over the frequen-
cy range 1-100 MHz are examined. Experimental results are
analyzed theoretically in terms of available fast exchange
two state (FETS) models involving water in essentially free
and bound phases in biological tissues, thereby providing a
cogent description of the spectrum of 'H T, and T, relaxa-
tion mechanisms and molecular motions. A similar study of
pathological tissue relaxation time data is underway.**

ll. METHODS

A current awareness subscription from the New England
Research Application Center was conducted from 1980 to
1983 to monitor the abstracting service data bases AGRIC-
OLA (agricultural literature), Biological Abstracts, the Con-
ference Papers Index, Energy Abstracts, the Engineering In-
dex, Index Medicus, INSPEC (physics, electronics and
computer abstracts), NTIS {government technical reports),
SPIN (physics information), and the US Government Patent
File. The search was keyed to tissue NMR relaxation time
measurements, NMR imaging, and authors publishing in
these research domains. Publications on tissue relaxation
times prior to 1980 were searched by cross referencing per-
sonal files of papers collected since 1975, in addition to pa-
pers cited in the abstracting subscription. This procedure
netted about 300 relevant articles by December 1983. One-
half of these were rejected either because they contained no
explicit relaxation time data for normal tissue; or because the
NMR frequency (or field strength) was not stated; or because
the relaxation times pertained only to isolated cell cultures,
blood serum, plasma, dehydrated or homogenized tissues; or
because measurements were performed below 0 °C; or be-
cause measurements were taken from tumor or pathology
bearing animals; or because T, values were calculated from
resonance linewidths. Of the remainder, results were pre-
sented in the text or in tables or in graphs. Where graphical
information was the sole source, relaxation time information
was read from the curves directly, thereby introducing some
reading error. Arithmetic means are assumed for data tabu-
lated as ranges. Data recorded in vivo, from fetal or imma-
ture tissue, or under other special circumstances are noted.
Finally, data were checked for duplication in publications by
the same authors, and in reviews.

lll. RESULTS
A. Tissue, species, and frequency dependence

'"H NMR 7, and T, data from normal liver, muscle (skel- -
etal and heart), kidney, spleen, brain (grey and white matter),
adipose, breast, lung, body fluids (blood, marrow, cerebral
spinal fluid, amniotic fluid, bile, urine) and other miscellan-
eous tissues are presented in Tables 2—-11, respectively. Table
1 summarizes the abbreviations used and the symbol legend
for the plotted data. The mean cited standard deviation for
each relaxation data point, expressed as a percentage of the
T, and T, values, is about (10 + 10)% for all tissues. T, re-
laxation is typically characterized by a single-component ex-
ponential on a timescale > 5 ms except in several reports of
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in vivo and in vitro measurements of mouse liver and em-
balmed human liver and muscle,’ in vivo newt tails,'*! in
vitro rat muscle,®® and in vitro human breast tissue?>!01:113
where dual, relatively long ( > 50 ms) T, components of com-
parable magnitude were measured.

The T, frequency dispersions of tissues with sufficient
data are plotted in Figs. 1-8. Where papers present data
recorded at several temperatures, only those closest to phy-
siological values are depicted. Fetal and immature tissue
data are excluded from the plots because of their vastly ele-
vated values. Different symbols denote human, rat, mouse,
chicken, cow, pig, dog, gerbil, hamster, rabbit, frog, and
newt contributions. Skeletal and heart muscle (Fig. 2), and
grey and white brain matter (Fig. 5) have different T’s and,
therefore, are differentiated where possible. Similarly, kid-
ney cortex and medulla have significantly different 7',’s, but
because few authors make such distinction, segregation of
the kidney plot is impractical. Thus Fig. 3 should be regard-
ed cautiously, as an organ average only. Note that for a given
tissue type, there is no detectable difference in correlation
between T, points and NMR frequency due to differences in
species (Fig. 1-9), despite individual observations of T dif-
ferences amongst species by some researchers (Tables 2—11).

Curves of the form

T, = AV?, (1)

where 4 and B are constants and v is the NMR frequency,
are fitted to liver, muscle, kidney, spleen, brain, adipose, and
lung T, dispersions combining all species, using the method
of minimizing the sum of the squares of the fractional differ-
ence of 7', data from the curve. Conventional fitting routines
that minimize the sum of the squares of the absolute differ-
ences between the curve and the data preferentially weight
the less numerous high-frequency points. This generates
curves that appear better, but have slightly higher fractional
errors. Power series expansions, and the dipolar expression
for T, with a single correlation time (see Sec. IV A) diverge
or are less successful at fitting data at extreme frequencies.
However, the Escanye et al. relation®*

T1—1=Alv—l/2+Bl, (2)

(4', B', constants) yields quite comparable results. A best fit
to the Escanye et al. expression is plotted in Figs. 1 and 4 for
comparison. Values of the fitting coefficients and the percen-
tage standard deviations (assuming random distributions) of
T, values from the curves for each tissue are tabulated in
Table 12. The curves are not weighted with the number of
samples averaged for each point because the scatter in T
values measured at the same frequency often greatly exceeds
the cited standard deviations. The concentration of disagree-
able data around 15 and 20 MHz attests to this. For breast
tissue (Fig. 7), where the scatter exceeds 400%, curves from
muscle and adipose plots [Figs. 2(a) and 6] are superimposed
on the data suggesting tissue heterogeneity as the main
cause: breast tissue is apparently a mixture of fibrous and
fatty components. The applicability of the curve-fitting algo-
rithm to individual 7', dispersion data is demonstrated in
Fig. 9 with measurements from Escanye et al.,>* and Koenig
et al®®

Tabulated tissue 7T, values appear essentially independent
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Table 1.
KEY TO SYMBOLS USED IN THE TABLES 2-11 AND FIGURES 1-10.
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A = Auricle P
B = Breast Pa
C = Cortex R
Cl = Clotted Ref
de = Day embryo RT
Di = Dead intact S
do = Day old Sh
F = Fetus SL
Freq = Frequency SS
Hp = Heparinised T
I = Immature v
Intc = Intercostal Ven
L = Liquid component Verte
Lac = Lactating Vgn
‘Lo = Long component w
M = Medium component —
Med = Medulla %
N = Number of samples
Species:

O —rat

X — chicken

A — dog

] — mouse

Y — gerbil

¢ — human

= Pregnant

= Parenchyma

= Red muscle

= Reference

= Room temperature

= Solid component

= Short component

= Semi liquid component

= Semi solid component

= Temperature at which measurements were made

= Vivo

= Ventricle

= Vertebral

= Virgin

= White muscle

= Not reported

= Percent of total proton population contribution
to this component

l — newt (Figure 1) or cow (Figure 5)

+ — hamster
b — frog

y —Pig

¢ — rabbit

Units:

T, and T2 are in ms, frequencies are in MHz, and temperatures are in degrees °C.

Note:

In Table 8 the 17, 65 and 75 which precede Lo and Sh indicate the percentage of tissue fat in the breast sample.

of frequency. Figure 10 illustrates the T, dispersion for liver.
T, data scatter is significantly greater than for T,. Many
researchers report multiple (<4) T, components that consti-
tute between 6% and 76% of the total observed tissue NMR
signal intensity (Tables 2—11). Only the single 7, component
values are used in Fig. 10 and in computing the average T,
values listed in Table 12.

B. Temperature dependence

The vast majority of tabulated relaxation data were mea-
sured either at room temperature (~23 °C) for in vitro stud-
ies, or physiological temperature (~ 37 °C) for in vivo mea-
surements. The effect of temperature on 7T, was noted by
Frey et al.>® and Damadian et al.*> The former reported that
mice spleen T, depends “only mildly” on temperature from
5-40 °C, whereas the latter commented that “temperature
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control was found to be important” in the precise determina-
tion of 7'’s. Neither group presented data supporting these
assertions.

Quantitative investigations were undertaken by Barroil-
het and Moran,” Escanye et al.,>*> Finch and Homer,>’
Fung,®” Fung and McGaughy,* Fung et al.,%* Parker et
al.,'® Koenig et al.,*”® and Lewa and Majewska.'°? Barroil-
het and Moran concluded that “in general, relaxation times
are strongly temperature dependent,” although the princi-
pal effect of a temperature increase was an elevation in the
longer of the dual T; components observed in embalmed
human tissue, whereas the initial slope average T in two
samples increased less than 7% between 20 and 33 °C. Es-
canye et al. recorded mice T’s of muscle, spleen, liver, and
kidney at 20 (Ref. 54) and 24 °C>* and at NMR frequencies
between 10 and 90 MHz without significant difference. Over
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Table 2. Liver
T1 T2 Fregq N T Species Ref T1 T2 Freq N T Species Ref
100 - 1.0 1 35 dog 99 281 32 20.0 16 - rat 137
120 - 1.0 1 35 rabbit 99 320 - 20.0 1 30 rat 99
84 - 1.0 1 - rat 8s 250 40 20.0 54 23 rat 46
107 - 1.0 1 30 rat 99 205 63 20.0 6 40 rat 72
123 - 1.6 1 30 rat 99 271 38 22.5 5 - rat 68
155 - 1.7 20 V bhuman 90,147,148,149,150( 339 - 24.0 - ~ human 109
105 - 2.0 1 - rat 85 350 - 24.0 10 26 mouse 12,39
133 - 2.0 1 30 rat 99 283 - 24.0 1 RT mouse 84
141 - 2.5 3 20 rabbit 105 296 - 24,0 1 RT mouse 84
138 36 2,7 10 19 mouse 38 271 - 24,0 10 RT mouse 84
133 - 3.0 1 35 dog 99 263 - 24.0 1 RT mouse 12,84
182 - 3.0 1 35 rabbit 99 400 - 24,0 - ~ rabbit 109
154 - 3.0 1 30 rat 99 311 - 24.0 3 23 rabbit 105
194 - 4.3 - V rabbit 70 309 - 24.0 - - rabbit 109
215 37 4.3 - V rabbdit 70,71 324 -~ 24.0 ~ - rat 109
210 - 4.5 - 37 mouse 63 309 - 24.0 12 25 rat 50
190 - 4.5 - 28 mouse 63 296 - 24,0 72 - rat 106
186 49 5.0 50 RT rat 156 293 52 24.0 5 - rat 12,40
153 - 5.0 1 - rat 85 301 - 24.3 1 26 dog 39
200 - 5.0 1 30 rat 99 303 - 24.3 5 26 hamster 39
161 44 5.1 6 - dog 160,161 383 - 24.3 8 26 human 39
160 - 5.1 6 25 rabbit 160 280 - 24.3 10 23 mouse 142
250 - 6.5 10 V human 129 225 - 24.3 4 23 mouse 86
240 - 6.5 12 V human 49,154 - 51 24.3 2 26 mouse 39
392 - 6.7 - 20 mouse 54 353 - 24.3 4 26 rabbit 39
229 - 7.0 1 30 rat 99 205 - 24.3 32 23 rat 86
250 - 7.5 - 37 mouse 63 270 - 24.3 - 24 rat 87
215 - 7.5 - 28 mouse 63 721 - 25.0 1 23 human(F) 94
240 - 8.0 1 20 mouse 5 37s - 25.0 6 25 mouse 144
228 - 8.0 10 V mouse 5 370 - 25.0 - 20 mouse 54
251 - 8.0 11 - mouse(Di) 5 426 - 25.0 26 25 mouse 144
165 - 8.0 2 - rat 58 274 - 25.0 1 - rat 85
172 - 8.0 3 - rat 58 438 - 25.3 27 - mouse 134
163 - 8.0 2 - rat 58 273 - 25.3 3 RT rat 12,37
153 - 8.0 2 - rat 58 - 53 25.6 5 33 hamster 103
380 40 8.5 10 V human 139 - 48 25.6 5 33 hamster 103
171 - 10.0 1 35 dog 929 - 68 25.6 5 33 hamster 103
275 - 10.0 - 20 mouse 54 298 -~ 30.0 4 - human 92
275 - 10,0 20 24 mouse 55 385 - 30.0 - 20 mouse 54
267 - 10.0 1 35 rabdbit 99 341 - 30.0 25 ~ mouse 92
205 - 10.0 1 - rat 85 400 - 30.0 20 24 mouse 55
232 - 10.0 1 30 rat 99 386 - 30.0 7 25 mouse 59
225 - 10,7 2 RT rat 33 361 - 30.0 2 - mouse 92
235 - 10.7 4 - rat 18 382 - 30.0 1 25 mouse 59
- 47 10.7 8 - rat 18 356 - 30.0 1 30 rat 929
300 - 12,0 - 37 mouse 63 - 47 30.0 - - rat 34
275 - 12.0 - 28 mouse 63 412 33 30.3 6 25 mouse 12,176
238 - 13,6 4 - rat 17 438 33 30.3 6 25 mouse 12,76
- 49 15.0 11 V bhuman 158 208 - 32.0 6 25 <chicken 12,136
293 37 15.0 10 19 mouse 38 475 - 35.0 - 37 mouse 63
- 25 15.0 1 25 mouse 59 425 - 35.0 28 mouse 63
- 30 15.0 1 25 mouse 59 410 - 36.5 - 20 mouse 54
315 - 15.0 - 20 mouse 54 - 78 60.0 1 22 human(Lo) 146
267 - 15.0 1 30 rat 99 - 12 60.0 1 22 human(Sh) 146
418 37 15.0 16 V rat 152 520 - 60.0 20 24 mouse 55
520 40 15.0 - V rat 43,44,80 531 - 60.0 11 27 mouse 4
420 38 15.0 8 V rat 43,44,80 630 - 60.0 - 37 mouse 63
222 - 15.0 1 - rat 85 560 - 60.0 - 28 mouse 63
396 - 17.1 - 25 mouse 108 467 - 60.0 4 25 rat 12,26
285 - 17.1 - 25 rat 108 580 33 60.0 2 RT rat 95
182 - 20.0 1 35 dog 99 340 30 60.0 2 20 rat 96,97
397 96 20.0 3 40 human 72 527 43 60.0 2 20 rat(I) 96.97
350 - 20.0 - 20 mouse 54 640 - 90.0 20 24 mouse 55
375 - 20.0 20 24 mouse 55 635 - 90.0 - 20 mouse 54
411 - 20,0 20 RT mouse 112 570 - 100.0 14 26 human 12,41,42
325 - 20.0 - 37 mouse 63 420 37 100.0 -~ - mouse 12,91
300 - 20.0 - 28 mouse 63 550 30 100.0 5 - m=mouse 91
280 - 20,0 - 22 newt 141 637 - 100.0 4 - rat 17
182 41 20.0 8 40 pig 72 612 - 100.0 4 - rat 18
356 - 20.0 1 35 rabbit 99
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Table 3. MNuscle

T1 T2 Fregq N T Species Ret T1 T2 Freq N T Species Ref

(s.) Skeletal Muacle
230 s6 1.0 - 25 frog 78 538 55 24.0 H - rat 12,40
118 - 1.0 1 -  rat 85 596 - 24,0 18 25 rat 107
151 - 1.1 - 25 mouse 62 807 - 24.3 2 26 buman 39
130 - 1.7 - V  human 150 475 - 24.3 4 23 mouse 142
180 - 1.7 - YV human 90 465 - 24.3 4 23 mouse 86
130 - 1.7 - Y bhuman 148 525 - 24.3 - 24 rat 87
184 - 1.7 1 V rabbit 104 641 - 25.0 - 20 mouse 54
163 - 1.7 1 - rabbit(Di) 104 449 - 25.0 1 - rat 85
150 - 2.0 1 - rat 85 - 195 25.0 - 24 rat(Lo,10%) 75
175 - 2.3 - 25 mouse 62 - 45 25.0 - 24 rat(M,82%) 75
182 - 2.5 3 20 rabbit 105 - 5 25.0 - 24 rat(Sh,8%) 15
183 - 2.5 3 20 rabbit(Abd) 105 3175 - 25.6 10 25 rat,cow 102
191 - 2.5 3 20 rabbit(Intc) 105 588 - 26.0 - 25 mouse 98
181 42 2.5 36 20 rat 104 450 46 26.5 - 14 frog 57
185 49 7.7 10 19 mouse 38 700 44 27.5 - 23 frog 57
270 - 3.5 - 25 mouse 62 574 - 30.0 7 - luman 92
290 64 4.0 - 25 frog 78 635 ~ 30.0 1 25 mouse 59
312 - 4.0 - 25 wmouse 62 563 - 30.0 3 - mouse 92
250 40 4.3 - - frog 28 660 ~ 30.0 20 24 mouse 55
241 - 4.3 - V rabbit 70 590 - 30.0 25 - mouse 92
264 - 4.3 - ¥V rabbit 70 690 - 30.0 - 20 wmouse 54

- 21 4.3 - ¥V rabbit 70 680 - 30.0 - 25 mouse 61
259 28 4.3 - V  rabbit 70,71 615 - 30.0 & 25 mouse 59
165 - 4.3 - -~ rabbit 10 625 - 30.0 - 25 mouse 62
228 - 4.3 = - rabbit(Di) 70 637 - 30.0 - 25 mouse 98
323 - 4.5 - 37 wmouse 62 586 - 30,0 4 - mouse(P) 92
294 - 4.5 - 28 mouse 62 608 - 30.0 - 25 rat 8
310 - 4.5 2 30 rat 64 642 - 32,0 6 25 chicken(R) 136

- 65 5.0 - 25 frog 18 598 - 32,0 6 25 chicken(W) 136
310 - 5.0 - 25 mouse 61 700 - 33.5 2 30 rat 64
333 - 5.0 - 25 mouse 62 800 60 33.8 - 21 mouse 140
240 - 5.0 1 - rat 85 - 143 33.8 - 20 wmouso(L,7%) 128
270 64 5.1 5 25 dog 160,161 - 2 33.8 - 20 mouse(§,11%) 128
245 - 5.1 6 25 =rabdbit 160 - 41 33.8 - 20 mouse(SL,76% 128
333 - 6.0 - 25 mouse 62 - 503 33.8 - 20 mouse(SS,6%) 128
360 - 6.7 - 20 wmouse 54 800 58 35.0 - 25 frog 78
420 63 7.0 - 25 frog 78 684 - 35.0 - 25 mouse 98
385 - 1.5 37 mouse 62 667 - 35.¢0 - 37 mouse 62
345 - 7.5 - 28 mouse 62 589 - 35.0 - 28 mouse 62
400 - 1.5 2 30 rat 64 730 - 36.5 - 20 mouse 54
345 - 8.0 - 25 mouse 62 T41 - 41.0 - 25 mouse 98
480 64 8.5 - 25 frog 18 7258 - 43.5 5 37 human 21
400 50 8.6 10 V bhuman 139 762 - 45.0 - 25 mouse 98
460 - 10.0 20 24 mouse 55 - 168 60.0 30 20 frog(lo,15%) 14
461 - 10.0 - 20 mouse 54 - 38 60.0 30 20 frog(M,67%) 14
525 - 10.0 10 -  rat 130 - 10 60.0 30 20 frog(Sh,18%) 14
301 - 10.0 1 - rat 85 740 - 60,0 11 27 mouse 4
450 - 10.5 2 30 rat 64 875 - 60.0 20 24 mouse 55
376 - 10.7 2 RT rat 33 667 - 60.0 - 25 mouse 62
404 - 13.6 4 - rat 17 1111 - 60.0 - 37 mouse 62
400 - 14.0 - 25 mouse 62 769 - 60.0 - 28 mouse 62
541 35 15.0 13 V human 116 1000 - 60.0 2 - rat 64
476 51 15.0 10 20 mouss 38 850 - 60.0 6 25 rat 12,26

- 36 15.0 2 25 mouse 59 950 63 63.0 - 25 frog 78
529 - 15.0 - 20 mouse 54 1053 - 90.0 - 20 mouse 54
744 30 1s5.0 5 V rxat 11§ 1050 - 90.0 20 24 mouse 55
isé 33 15.0 3 ¥V rat 81 1023 - 100.0 17 26 human 11,12,41,42
620 29 15.0 11 Vv  rat 81 1100 -~ 100.0 - 25 mouse 61
596 33 15.0 11 ¥V rat 81 950 45 100.0 5 - mouse 91
355 - 15.0 1 - rat 85 850 $7 100.0 H 20 mouse 12,91
725 32 15.0 21 ¥ rat 44 1138 ~ 100.0 4 - rat 17
700 28 15.0 5 ¥ rat 45
310 - 16.5 2 30 rat 64 (v. Hoart MNuscle
488 - 17.0 - 25 mouse 98
610 - 17.1 - 25 mouse 108 187 - 1.0 1 30 rat 99
1246 - 20.0 H] 36 chicken(ldo) 114 250 - 1.7 - V human 90,148
146 - 20.0 5 36 chicken(8do) 114 298 - 2.5 3 20 rabbit(A) 105
647 20.0 E] 36 chickn(16do) 114 243 - 2.5 3 20 rabbit(Ven) 105
1234 20.0 ] 36 chickn(18de) 114 333 70 5.1 6 25 dog 160,161
1244 - 20.0 ] 36 chickn(20de) 114 263 - 5.1 6 25 rabbit 160
390 47 20.0 - 14 frog 57 434 - 10.7 2 RT rat 33
650 63 20.0 - 25 frog 78 650 42 15.0 [ ~ dog 82
629 45 20.0 3 40 human 72 - 35 15.0 1 25 mouse 59
528 - 20.0 20 RT wmouse 112 - 45 15.0 1 25 mouse 59
523 - 20.0 20 RT mouse i12 630 - 17.1 - 25 mouse 108
500 - 20.0 - 25 mouse 62 644 75 20.0 3 40 human 72
399 - 20.0 - 20 wmouse 54 576 - 20.0 20 - mouse 112
600 - 20.0 20 24 wmouse 55 688 71 20.0 8 40 pig 72
556 - 20.0 - 37 wmouse 62 654 70 20.0 6 40 rat 72
488 - 20.0 - 28 mwmouse 62 590 43 20.0 - 37 rat{Lo) 20
605 58 20.0 8 40 pig 72 - 13 20.0 - 37 rat(Sh) 20
400 - 20.0 1 - rat 85 480 - 23.3 6 23 mouse 142
576 61 20.0 6 40 rat 72 486 - 24,0 1 RT mouse 84
581 - 22.0 - 25 wmouse 98 490 - 24.0 1 RT wmouse 84
517 50 22.58 5 - rat 68 476 - 24.0 1 RT mouse 84
536 51 22.5% 5 - rat 68 706 - 24.0 3 23 rabbit(A) 105,109
400 40 24.0 - - frog 28 637 -~ 24,0 3 23 rabbit(Ven) 105
578 - 24.0 5 -  Thuman 109 700 - 24,0 - - rabbit(Ven) 109
415 - 24.0 1 RT amouse 84 481 - 24,0 - 25 rat 50
372 - 24.0 1 RT wouse 84 873 - 24.3 5 26 human 39
411 - 24.0 10 RT wmouse 84 550 - 24.3 - 24 rat 87
471 - 24.0 1 RT wmomnse 12,84 518 - 25.3 3 RT rat 37
554 - 24.0 3 23 rabbit 105 620 - 25.6 10 25 rat,cow 102
300 - 24.0 - - rabbit 109 664 - 30.0 1 25 mouse 59
534 - 24,0 3 23 rabbit{Abd) 103 650 - 30.0 7 25 mouse 59
600 - 24.0 - -~ rabbit(Abd) 109 936 69 60.0 2 20 mouse(l) 96,97
519 - 24.0 3 23 rabbit(Intc) 105 873 46 60.0 3 20 rat 96.97
600 - 24.0 - - rabbit(Intec) 109 906 - 100.0 9 26 human 41,42
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a wider temperature range of 4 to 25 °C, Finch and Homer
reported increases in frog muscle 7', from 0.4 t0 0.53 s mea-
sured at 23.3 MHz: the dependence was linear with recipro-

Table 4. Kidney

TL T2 Freq N T Species Rof cal of absolute temperature (1/7°). Fung and colleagues stud-
160 - 1.0 130 e ::.147,143.150.151 ied mouse muscle and liver T,’s from 0.01 to 100 MHz over a
200 - 2.0 1 30 rat 99 temperature range of about — 70 to 40 °C: increases in T,
B D33 3 30 rammit (ahay os (linear in 1/T) of approximately 20%, 30%, and 40%
e 5 3110 5 momee 3 between 17and 37 °Cat 7.5, 35, and 60 MHz were measured,
3.0 43 D e S respectively. Parker ef al. observed an essentially linear in-
9 - 43 - rabie 70,71 crease in blood T between 0 and 50 °C with the increase
419 39 4.3 -V rabbit 70 between 20 and 37 °C being about 30% at 15 MHz. The T}
s - o¢3 I lnmieh 1 values also varied linearly with 1/7.. Similarly, Koenig et al.
350 s 1 gg Iapvitlhea) 70 measured 7', increases of 23% at 1 MHz to 85% at 20 MHz
o 1 1 e Do o h as aresult of increasing the temperature of rabbit blood from
26 o 516 25 sabbit(O) 160 5to 35 °C. Lewa and Majewska presented a comprehensive
319 - 6.7 - 20 mouse 54 study of rat and cow liver, muscle, heart, spleen, and lung
2-‘;3 50 58 10V esen igg tissue T';’s over a 10 to 70 °C temperature range at 15.6 MHz.
360 - 1000 20 34 momss e Their data (Fig. 11) indicate T, increases of about 10%
DHH S - i between room and physiological temperatures, also linear in
410 - 13.6 - - rat 17 1/T. -

56 1 150 233 v demaire 53 Few investigations of the temperature dependence of tis-
sy 2 3be 135 aouse o sue T,’s above freezing point were found. Finch and
B0 50 M 33 memee 4 Homer®’ reported no change in frog muscle 7, between 4
8Ty wd 130w b4 and 25 °C at 23.3 MHz, within experimental error. Belton et
524 - 17.1 - 25 mouse 108 al."* reported a decrease in frog muscle 75’s with increasing
765 124 20.0 3 40 human 72 temp.erature from 0 to 25 °C. The widespread observation of
381 - 20,0 20 BT mouse 112 multiple 7, components and large 7T, scatter (Fig. 10)
s 95 2000 8 4o nouee o renders dubious the value of analyzing the tabulated T, data
383 4 .01 A0 et it for temperature dependence.
459 - 24.0 - 25 human 12,84
370 - 24,0 1 RT nmouse 84
314 - 24.0 1 RT mouse 84
206 - 2400 1 BT mouss o
00 © geo MY FT memse $os C. Time after excision
201 - 2430 3 33 sevbiciNes) 103 Tabulated in vitro data were recorded up to 12 h following
o Z 340 3 I 106 excision or death. Therefore the dependence of tissue relaxa-
398 - 143 & 3 e b tion on time after excision is another potential source of vari-
I WY e e human bt ation amongst in vitro data. It has been extensively stud-
330 - 24 : 3 10 23 mouse 142 ied.5’8'35'37’39_42'45’59’68’84’99’126'127'141'156
322 5; 23 g z Eé EESEE‘ §§ Frey et al® and Hollis et al.* noted no appreciable
390 - 24.3 - 24 rat 87 change in mouse and human tissue 7’s kept at room tem-
233 - 350 1 23 lemsatm 54 perature in air-tight tubes 12 to 24 h after excision. Dama-
I 30 15 33 memse 1ia dian*® measured decreases in T of less than 10% from hu-
490 - 250 - 20 mouse 54 man liver, kidney, and brain. Cottam et al.?° also measured
26 C 3000 1 20 mewee 3 T, changes of less than 10% in mouse liver, spleen, kidney,
445 - 30,0 3 - mouse 92 lymph node, and lymph sarcoma tissues kept at room tem-
Y2 Z 300 15 ! nouse o perature for 24 h. Damadian measured more marked de-
Y19 1 d0 DB momse 3 creases of 36% and 11% for human stomach and small intes-
503 47 30.3 6 25 moumss 12,13.76 tine. Pearson ez al.'*’ observed no significant change in
403 o 32.0 6 25 chicken 136 porcine muscle 7', and in the dominant {short) 7, component
565 - 36.5 - 20 mouse 54 at 1.75 and 24 h postmortem. Similarly, Thickman ez al.!>®
oI s 11 27 mosse : reported constant 7'’s of untreated rat liver and spleen tissue
760 27 600 2 2T mar 3 kept at room temperature for 6 h after excision, and declines
685 36 0.0 2 20 er? in T, of only 12% and 18% in liver and spleen, respectively,
g60 - 90.0 20 24 mouse 5s after 24 h. They observed essentially no change in the 7, of
862 - 100.0 13 26 humen 41,42 both rat liver and spleen samples over 48 h following exci-
: sion. In apparent contrast, Small ez al.'*’ reported dual com-

ponent T, measurements of human breast tissue which *“de-
cline significantly as a function of time”” when stored at room
temperature. Examination of the data, however, indicates

Medical Physics, Vol. 11, No. 4, Jul/Aug 1984



431

Review Article: Bottomley et a/.: NMR relaxation in tissue

431

rs asnom 1y T 0" vz - 66¢
TY'IVTITIT usmny 97 LT o0°00T - 10L v8 esnom Iy 1 0°vz - cEP
S§ osuom §7 0z 0°06 - 056 60T gsmay -~ - o°vz - SES
| 44 asnom Q7 - 0°06 - 086 86 Jsmow ¢7 - 6°tc - 00§
(X4 osnow §7 0z 0°09 - o¥s8 TL vz 0¥ 9 0°0T ¥6 TEY
¥ ssnom L7 9 0°09 - Z9L 66 31 O¢ I o‘oz - 008
66 Isx  0¢ T 0°sv - 008 S8 3vx - T 0°0z - §8¢
86 osnowm ¢7 - 0°'sy -~ sy9 66 itqqex  ¢c¢ T 0°07 - 008
86 9snow ¢7 - o'ty - $T9 TL 3rd oy 8 0°0T ¥9 LOS
143 Isnom Q7 - §$°9¢ - TsL $S Isnom p7 0T 0°0T - 009
86 osuom ¢ - 0°Sg - 8LS 147 ésmom Q7 - 0'o0z - 909
oFrT ssnom 17 - 8°€EE OF 00L TIT ssnowm IL¥ 10T 0°0Z - 99¢
Ly esnom ¢g 0T L°EE ¢£¢ - L usway Q¢ € 0°0T OvT 09L
9ET’CT UIYOFYd 67T 9 0°t¢ -~ 96§ 80T Ivx g7 - LS S I9¢
9L ssuom g7 9 £€°0€ S¢S LEL 80T 9snom g7 - 'L - 1344
9L osnom ¢Z 9 €°0E S°¥ IL9 86 Isnom 7 - o°LT - 9Ty
97 ES F SIS 4 ZT 0°0¢ - 78$ 1 47 esnom (7 - 0°stT - 6%
SS osnow §7 0Z 0°0f - 089 8¢ osnom §Y 0T O0°ST OL E6¥
¥s ssnow Q7 - 0°0 -~ 9L9 6¢ ssnom ¢7 T 0°ST S¢€ -
86 ssnom ¢7 - 00 - I¥s 6§ Jsnom ¢7 T 0°ST ¢V -
6¢ ssnow ¢7 T 0°0¢ S€ €9¢ 8ST uswny A IT O0°ST 1I9 -
6S asnom ¢7 6 0°0¢ S¢¥ ILS €€ 3ex  1d 4 Lor - 1 A4
Z6 osnom - Iz o0°0¢ - €TS8 ¢8 Ivx - T 0°0tr - 90¢
8y esnowm - - 0°0¢ - 00§ 66 3vx  O¢ T o°o0T - €ES
86 Jsnom  ¢7 - 0°9¢ - [ £ 4 66 11qqex  g¢¢g I o‘or - €ES
01 A0d°381 g7 0T 9°sT - 08¢ L& osnom Q7 - D 1324
€0T I2)swey ¢¢ S 9°§T 69 - SS ssnom §z 0z 0°0T - Y12
€0T Ioyswey ¢¢ S 9°§7 8L - 6ET ugsway A - $°8 0z ozy
€0T X33suwsy ¢¢ S 9°¢€T TL - 8¢ Iex - [4 0°8 - 8LT
LE i3s3 1¥ € €'sT - LSy 8¢ ER 2 S ¥ 0°8 - €LY
S8 3wy - I 0'sz - 90¥% 8¢ vy - T 0°8 - L8T
s ssnow (g - 0°Sz - LEY 66 3vx 0O¢ T o°L - LSt
12" esmom ¢7 ¥t o0°'ST - TTL 143 esaom Q¢ - L9 - so¥
1449 uvsway §g 0T 0°Sz - 8S9 PST6TTI6¥ uswng A - §°9 - 0TS
LS Ivx p7T - €'y - 0TS 091 3tqqexr  g¢ 9 1°¢ - €€E
6¢ 1Tqqex 97 € £ v - y19 191 fop o¢ 9 ) LOT #¥E
6€ esnom 97 6 £y - TLS 66 1% Q¢ I 0°§ - 00¥
6¢ ssnom 97 4 €°¥T 19 - 9T izx L4 0§ 0°§ €9 197
ThI ssnom g7 S £E'vz - [\ 44 66 vz 0¢ T 0'¢ - I67
6¢ usmny 97 0T €°'vT - 089 66 irtqqexr  g¢ T 0°€ - 1k4)
L9 uswng €7 T €' vz - 61§ 8¢ ssnom GY 0T L°T 99 €97
L9 uswny ¢€g T €' ¥ - L9S SOT 1rqqex 07 € §°T - 8sT
6€ x9)smey 97 T € v - 009 ¢8 exr - T 0°T - T61
6€ Sop 97 ) § €T - 6ES 66 Ivx o¢ T 0°7 - 9¥T
60T Iex -~ - 0"vz - 15:14 8¥ Jsnom - - o't - sT1
901 }sx - ZL o0°'¥T - S0S§ 0OST‘6VT ‘8PTL°06 gsway A 0T L°T - oLT
60T 0T 1Tqqer €z £  0'¥T - 60§ 66 igr 0 T §'T - ove
601 1tqqex - - o°'vz - 6TS <8 Ivx - T 0°'T - 0sT
s ssnow Iy¥ 1 o°vz -~ 8S¥ 66 1exr  0O¢ T 0°T - 61¢C
8 asnow 1Y 6 0°¥z - 99¢ 66 1tqqexs  ¢¢ T 0°T - ore
3oy sayoadg 1 N Bexzg 1z 11 3oy sopoedg L N bBeag zi 11
uasrdg ¢ a1qe}L

Medical Physics, Vol. 11, No. 4, Jul/Aug 1984



432

Review Article: Bottomiey et a/. : NMR relaxation in tissue

432

LST I931318W 21TqA gswnyg A 4 8°ZT 08 08¢

og - (opg)rrqIres - r 0°0§T - OBLT | LST suod semny A y 8°?1 S§L (444

0g - (opZ)Trqxef - S 0°0ST - 0T8T | LST sj[npom usmay A 14 8°TT 00T SL¥

[13:1 - (OPTZ)T¥qxe% - 9 0°0ST - 097TT | LST I933%w - Lo1%¥ sewmay A T 8°ZT 00T 009

(135 - (oPTZ)T1T¥qx08 - (4 0°08T - 0EET | LST wnsoyy®ss-sudrod us@mny A R4 8°TT 08 08¢

133 - (opr)rvqIa® - 9 0°0ST - 0€8T | LST (9Av)mniqazed csEny A ¥ 8°ZT 00T 009

TI€°0¢ - 1¥Fqie8 - 8T 0°0ST LS 087T | LST WRIqIIVD usmay A 14 8°ZT 06 o6?¥

8IT Id33%W IIFYMN Ivx  ¢T S 0°00T 9L 8LOT | LST wNIQITID usmny A 14 8°TT STT 009

8TI I933vm-£ax%¥ ivx g7 S 0°00T 9L IF¥IT | LST wnIqQexed gemny A 14 8°TT 00T OTIL

LT - 3ex - ¥ 0°00T - vLIT LST WNJI9qax9d gsmuy A 14 8°TT 06 $8§

19 paziwofomoy dsnom ¢ € 0°00T -~ 0€0T €€ - 3ex 134 T Lot - sov

96°‘T6°21 - ssnom (g S 0°00T 88 (114 99 I3JIvWM IITUA sutA0q - - L°0T 08 IT¢
16 - ssnow - - 0°00T - 088 € I9313IvW I F A seany A 9 $°9 soT -~

TY'IY - usmny 9 8 0°00T - 866 TE Jum: sdoxy-o3rqa uswny A 0T §°9 - $8T

L6°96 - I®x 07 € 0°09 TL 998 7€ 3fuw-sdoxg-olrya us@ay A 0T §°9 - $67
L6°96 - (I)ssnom o7 [4 0°09 6%T T9ET € I933vm L0138 uswuy A 9 $'9 oTtT -~

9ZT I9313%W 91T Ya gsmny z¢ L 0°09 9 - T€ sawsIey3-—£Lax8 asway A 0T $°9 - SLE

971 I913ew-A9a8 sswny 7¢ 0T 0°09 SOT SEP TE -ouu-ojuor-4Ao13 usway A 0T ¢€°9 - (114 4

97T Ia)jem- L2183 fop zg¢ ST 0°09 88 - TE€ x3300°xysuj-Laad us®ay A 0T §s°9 - ors

€6 LA R AL A RR2 P 3vx  1¥ 0T 0°%7¢ - 09¢ TE X3309°'11q30-La218 gsmay A 0T §°9 - 1 X4

€6 z93)em-Loxg 3®x 13 0T 0°'Z¢ - 099 7§ onu-toivpuesr—_Loxs usway A 0T $°'9 - STS

19 pazruosomoy esnom ¢z ¢ 0°'0f - 003 67 - AL LY S T €9 - 66¢€

6§ - ssnom ¢ 9 0°o0g - 9¥9 91 I33138m I3F A fop - IT I°§ €ET  T9T

6$ - esnom ¢z T 0'0f - £69 19T snwwyvyl fop - T TI'S 86 OSE

LE - R E S # | € €°sT - TLY 91 L3w3ru3xd fop - £ I°¢ PIT  S¥E

(443 WnI1qaI9o esnom g7 S £°vT - S6L 19T I93)em- L9338 fop - €T T°S  S8TIT LI

L8 - esuow 7 - £V - 06§ 19T waI19qIx90 fop - € T°¢ SIT 67¥

of - ez - S 0¥z - $6S 191 ma3s ureIq sop - T TS 00T 06T

SOT I9339W-03TIYA 3rqq®xr ¢z £ 0°¥T - 69¢% 19 pazyusfomoy esusom ¢z ¢ 0°§ - oty

SOT pioo-yvuyds 1199%x g7 £ 0°'¥T - Yoy 8¢ - osmom 6T 6 L'T SL S8T

60T°S0T s3vduoiqo-pom Irqqesx ¢ € 0°vz - €6¥ SOT pIoo-[surds jrqqer ¢ € [ 4 - STE

60T 1933vm- L2383 1rqqsx - - 0¥z - 00L SOT s3v8uorqo pom 1tqqer g7 € $°T - 80¢

SOT z9338m° £o3% 11qqe3x g7 € 0°v¥z - 2% SOT wny[9qoaxed 1Ttqqex g7 € [ 4 - 9Z¢

60T WRI1eqexed 1tqqex - - 0°¥T - 00L $9 IS ELLEPEL R O cs@aygy A LZ 8°'1 - Lee

SOT wnyiaqazaed 1tqqexr g7 € 0" »T - oLS 124 uot8ex-ourjuod usmay A LT 8°1 - 0s?

14 - esmom 1§ € 0'¥T - LIS $9 Iv3imory-Losd usway A Lz 81T - 887

14 - esnom 1§ 0T O0°'¥T - £8¥ $9 IpoOm-19qaI9o ssung A Lz 81t - 8rT

L - vz oy 9 0°0Z oL 68¢S $9 X933025°[9qa19 aswayg A LT 8°'t1 - ELT

TL  WaIqex95-231Tqa 8td oy 8 0°0Z L8 9L9 8PT I9339m a3 Tqa (I)usung 4 - LT - ot¥

TL pioo-[surds 8yd oy 8 0°0Z 6 141/ SFI I93jem- L2183 (I)uvamng 4 S A S oty

TL suod ird oy 8 0°0Z ZIT 9IS 8¥T I313%W 91T QA asany A - LI - LET

L LLELEEL ERS TS | 3rd oy 8 0°0Z $0T 0§8 06 I933VW -IITYA uswny A - L't - TET

TL X33300°19Gax939o 8td  of 8 0°0Z ZTT 918 9T Te3otxed_2a3yya usway A TT L°T - 3 44

L - 81d oy 8 0°0Z 0T €IL 9T 1Tvitdrodso-2317qa usmay A TT L1 - 0s?

T11 poziurBomoy 9sunomw 1§ 0z 0°'07 -~ r8s 91 IARLLESZN RS T uwsmay A Tz LT - 1444

61T I9)IIVM IITqA usmay Lg 2 0°0Z LOT LS89 LY BOIQIIIO-JIEYM usway A - LT - [$44

611 1933vm- L0183 usuny Lg ¥ 0°0Z OTT ¢78 06 pIoo-yueurds semng A - L1 - sst

TL - uemay Q0p € 0°0Z 86 O0€9 Ly pros-yeuids usmay A - LT - $$2

80T - I'x g7 - "L - or9 06 x933vm-Ko1% uswny A - LT - 14 X4

vy - 3Ivx A 9 0°ST LS 088 SPT Ia33vwm- L0183 usmay A - L1 - L87

8¢ - ssnom G| 6 0°ST 8L 88¥ 91 Te3oraed-Lox3 usmay A e LT - 1413

6§ - esnom ¢z 9 0°ST s¥ - 91 1v3¥dyooso-Lazs LiL LY SN Tz LT - 662

orT WIY*I-WAIQIXID 11q398 | S 0°ST ¥§ 608 91 Te3v0x3-£3x3 urwnyg A TT LT - £0€

0TI WY *[-WBIQIIID 11qQ398 4 0°ST 9§ L¥S8 L¥T anxqoxeo-£9x% uswuy A - LT - SLT

LT - 1%z -~ v L'ET - LY LT Wa[12qa199 wewny A - LT - $§T

3oy onssSIy say29dg 1 N boxg 2zl 11 3oy INSSIL sagdsedg 1 N boagy 1z1 11

urexg 9 91qe]

Medical Physics, Vol. 11, No. 4, Jul/Aug 1984



433 Review Article: Bottomley ef a/.: NMR relaxation in tissue
Table 7. Adipose
T1 T2 Fregq N T Species Ref
171 - 1.5 1 30 rat 99
130 - 1.7 - V human 90
145 - 1.7 28 V human 148
70 - 1.7 40 V human 150
146 - 1.8 3 V human(B) 138
175 - 2.0 1 30 rat 99
187 - 3.0 1 30 rat 99
75 - 4.3 - - rabbit 70
183 - 4.3 - V rabbdit 70,71
196 - 4.3 - V rabbit 70
- 63 4.3 - V rabdbbdit 70
- 69 4.3 - V rabbit 70,71
172 - 4.3 - V rabbit 70
105 - 4.3 - - rabbit(Di) 70
75 13 5.1 5 - dog 161
206 - 7.0 1 30 rat 99
240 60 8.5 10 V buman 139
213 - 10,0 1 30 rat 99
158 122 10.7 - ~ human 66
218 61 15,0 12 V bhuman 116
- 51 15.0 - V human 83
229 - 15.0 1 30 rat 99
305 57 15.0 5 V rat 115
310 50 15.0 10 V rat 43,44,45,80
192 108 20.0 3 40 buman 72
192 105 20.0 8 40 pig 72
240 - 20.0 1 30 rat 99
221 173 20.0 6 40 rat 72
- 105 22.5 32 ~ human 67
133 - 22,5 36 - human 67
148 - 24.3 4 23 human 52
191 - 24.3 2 23 human(B) 52
190 - 24.3 - 24 rat 87
144 - 30.0 8 -~ human 92
320 - 30.0 1 30 rat 99
320 ~ 45,0 1 30 rat 99
- 165 60.0 2 22 hum(BLo,61%) 145
- 52 60.0 2 22 hum(BSh,38%) 145
200 - 60.0 - 24 human{(B) 25
245 - 60.0 3 27 mouse 4
279 - 100.0 5 26 human 41,42
Table 8. Breast
T1 T2 Freq N T Species Ref
126 - 1.8 22 -~ human 138
337 - 13.6 4 - rat(Lac) 17
447 46 22.5 12 - human 67
554 46 22.5 11 - human 67
510 - 24.0 6 - human 109
191 - 24.3 2 23 human(Fat) 52
501 - 30.0 - 25 thoman 8
373 47 30.0 - 25 mouse(P) 6,9
682 36 30.3 7 25 human 12,113
380 39 30.3 5 25 mouse(P) 10,112,173
357 47 30.3 8 25 mouse(P) 12,76
275 84 30.3 22 25 mouse(Vgn) 9,11,12
- 155 60.0 - 22 hum(17Lo,62%)145
- 52 60.0 - 22 bum(17Sh,38%)145
- 182 60.0 - 22 bum(65Lo,59%)145
- 57 60.0 - 22 hum(655Sh,41%)145
- 157 60.0 - 22 bum(75Lo,60%)145
- 50 60.0 - 22 hum(75Sh,40%)145
907 - 60,0 15 24 human 25
200 - 60.0 15 24 human(Fat) 25
- 105 60.0 26 22 human(Lo) 146
- 23 60.0 26 22 human(Sh) 146
367 - 100.0 5 26 bhuman 41
978 - 100.0 1 26 human(Lac) 41
980 - 100.0 4 - rat(Lac) 17
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Table 9. Lung
T1 T2 Fregq N T Species - Ref
293 - 2.5 6 20 rabbit 105
268 - 4.3 - V rabbit 70
423 - 4.3 - V rabbdit 70
- 33 4.3 - V rabbit 70
374 98 5.1 6 - dog 161
576 - 10.7 2 RT rat 33
- 47 15.0 1 25 wmouse 59
- 50 15.0 1 25 mouse 59
756 139 20.0 3 40 humen 72
844 87 20.0 8 40 pig 72
586 78 20.0 6 40 rat 72
534 92 22.5 22 - human 101
535 87 22.5 17 - human 69
544 91 22.5 11 - rat 68
403 - 24,0 2 RT human 84
491 - 24.0 3 RT mouse 84
700 - 24.0 - ~ rabbit 109
800 - 24.0 - - rabbit 109
655 - 24.0 6 23 rabbdit 105§
587 - 25.3 3 RT rat 37
- 71 25.6 5 33 bamster 103
690 - 25.6 10 25 rat,cow 102
6517 - 30.0 1 25 ‘mouse 59
641 - 30.0 6 25 mouse 59
670 - 32.0 6 25 chicken 136
788 - 100.0 5 26 human 41,42

only a change of approximately 109% in long and short breast
tissue 7, components over a 24 h period.

Authors reporting dual T, components note contrary be-
havior of both components with time after excision. Chang
et al.* measured an increase in the long rat muscle 7'; com-
ponent to a maximum of about 16% at 3 h after excision.
This was followed by a reduction to a level 5% above the
initial value at 4 h after excision, where it remained constant
for 27 h. The short T, component remained constant within
2% for the entire duration of the experiment. Sandhu and
Friedmann'*! observed similar results, albeit on newt tails,
except the long component increased 36% after 3 h and the
short component declined 5% over 5 h postmortem. The
opposite behavior in T, components of mouse liver mea-
sured in vivo, at 2.5 and at 3.5 h postmortem is indicated by
Barroilhet and Moran.® Their results showed that the long
T, component declined up to about 25%, whereas the short
component first decreased about 10% then increased more
than 10% after death. Their in vivo data for both compo-
nents, however, show a 60% spread attributed to “intrinsic
changes taking place in the tissue” which could easily ex-
plain their postmortem results. Moreover, while the behav-
ior of multiple 7', components with time after excision may
not be clear, both Chang et al. and Barroilhet and Moran
data demonstrate that variations in the combined, average
effective T',’s are less than 10% during the periods studied.

A second class of experiments examined the effect of refri-
geration of excised tissue samples prior to NMR measure-
ments. Frey et al.,>® Damadian et al.,** Parish ez al.,'?® and
Koenig et al.*® all reported negligible or less than 10% varia-
tions in 7, relaxation times of animal and human tissues
stored at 4-5 °C for periods of up to a week after excision. In
addition, Parish et al.’®® and Goldsmith er al.®® compared
surgical and autopsy samples. In the former study, excised
dog grey matter brain specimens placed on ice (surgical
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Table 10. Fluids
T1 T2 Fregq N T Species Fluid Ref
3300 - 1.0 - 37 human amniotic.fluid 15
3400 - 3.0 - 37 human amnjotic.fluid 15
3600 - 7.0 - 37 bhuman amniotic.fluid 15
- 2300 100.0 - 37 human amnjotic.fluid 15
275 - 1.7 - V human bile 147
380 - 1.7 - V human bile 148
888 - 2.5 3 20 rabbit bile 105
383 339 5.1 3 - dog bile 161
890 80 8.5 6 V human bile 139
805 - 15.0 3 - dog bile 117
1078 - 24,0 3 23 rabbit bile 105
303 - 1.0 1 35 rabbit blood 99
385 - 1.6 1 35 rabbdbit blood 99
355 - 1.7 20 V human blood 147,148,149,150
444 - 2.0 1 35 rabbit blood 99
404 - 2.5 3 20 rabbit(Cl) blood 105
372 - 2.5 3 20 rabdit(Hp) blood 105
500 - 3.0 1 35 rabbit blood 99
667 - 5.0 1 35 rabbit blood 99
571 261 5.1 6 - dog blood 161
833 - 7.5 1 35 rabbit blood 99
909 - 10.0 1 35 rabbit blood 99
472 - 10.7 2 RT rat blood 33
1000 - 15.0 1 35 rabbit blood 929
900 - 19.8 20 33 human blood 100
893 362 20.0 3 40 human blood 72
902 - 20.0 20 RT mouse blood 112
800 - 20.0 - 22 newt blood 141
1111 - 20.0 1 35 rabbdbit blood 99
901 251 20.0 6 40 rat blood 72
800 - 24.0 - - rabbit blood 109
867 - 24,0 3 23 rabbit(Cl) blood 105
872 - 24,0 3 23 rabbit(Hp) blood 105
920 - 32.0 6 25 chicken blood 136
900 - 1.7 - V human cerebrospinal.fl 148
675 - 1.7 - V human cerebrospinal.fl 147
- 915 6.5 6 V human cerebrospinal.fl 3
1450 - 6.5 10 V homan cerebrospinal.fl 32
1155 145 12.8 1 V human cerebrospinal.fl 157
175 - 2.5 3 20 rabbit marrow 105
306 - 4.3 1 V rabbit marrow 70,71
- 59 4.3 - V rabbit marrow 70
- 17 4.3 - V rabbit marrow 70
359 - 4.3 1 V rabbit marrow 70
271 - 4.3 1 V rabbit marrow 70
280 80 8.5 10 V homan marrow 139
380 70 8.5 10 V human(Verte) marrow 139
320 80 12.8 4 V human marrow 157
420 50 15.0 16 V human(Verte) marrow 116
130 - 24,0 - -~ human marrow 109
200 - 24,0 - - rabbit marrow 109
202 - 24.0 3 23 rabbit marrow 105
803 - 25.0 5 -  human marrow 132
408 - 32,0 6 25 chicken marrow 136
1000 - 1.7 - V human urine 148
800 - 1.7 - V human urine 147
2650 2600 5.1 3 - dog urine 161
2200 570 8.5 6 V human urine 139
3740 159 15.0 5 V rat urine 115
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800 -

Liver T, = Av™” + B

T, (ms)

0 1 1 1 1 —1

0 20 40 60 80 100
NMR Frequency (MHz)

FIG. 1. T, dispersion data for liver fitted to 7, = A4v® with 4 = 0.000 534,
B =0.3799 and standard deviation from the curve of 22% using a method
of least squares. A least-squares fit to the Escanye et al. expression

7] -1 — 1411,—1/2 'F 1?!
gave the same standard derivation and a best fit with 4 ' = 9807, B’ = 0.689.
These parameters are the same as determined previously with less data (Ref.

54). The mean cited standard deviation for each point expressed as a percen-
tage of the T, value is about (9 + 5)%.
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FIG. 2. {a) T, dispersion data for skeletal muscle and (b) heart muscle fitted
to T, = Av®. Fitting parameters are listed in Table 12. The mean cited
standard deviation for each point expressed as a percentage of the 7', value is
about (5 + 3)%.
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FiG. 3. T, dispersion data for kidney fitted to 7, = 4v® with parameters
listed in Table 12. Cortex and medulla are undifferentiated. The mean cited
standard deviation for each point expressed as a percentage of the T, valueis
about (6 + 5)%.

group) were compared with tissues taken from an intact car-
cass (autopsy group), and excised tissue refrigerated over-
night. No changes in T, greater than the experimental error
(8%) were observable in any of these tissues, even after two
days. The Goldsmith group observed no difference between
autopsy and surgical rat muscle, liver, and lung T'y’s and 7,’s
within experimental error (6%-16%). However, a 20% dif-
ference in colon T;’s was noted and attributed to intraperi-
toneal injection of anesthetic. In contrast, Beale implored
researchers to “resist the temptation to place tissues on ice or
in the refrigerator,”® but cited decreases in T of only 8%,
8%, 18%, and 14% in muscle, breast, nipple, and lymph
node, respectively, following 48 h refrigeration. Also Small
et al.'"* measured up to a 30% decline in both long and short
T, components of breast tissue following 24 h refrigeration,
compared with the decrease of only 10% noted above with
the samples kept at room temperature for the same period.

1000

800 -

T, (ms)

400 [~ Spleen

200

NMR Frequency (MHz)

Fi1G. 4. T, dispersion data for spleen fitted to T, = Av" with Table 12 fitting
parameters (standard deviation = 19%). A best fit to Escanye ef al.’s equa-
tion,

T, '=Av "2+ B’
with 4’ = 5036, and B’ = 0.520, gave a 21% standard deviation (Ref. 54).

The mean cited standard deviation for each point expressed as a percentage
of the T, value is about (8 + 5)%.
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F1G. 5. (a) T, dispersion data for grey brain matter, (b) white brain matter,
and (c) other undifferentiated brain tissue, fitted to 7, = Av® with Table 12
fitting parameters. The mean cited standard deviation for each point ex-
pressed as a percentage of the T, value is about (7 + 4)%.

Medical Physics, Vol. 11, No. 4, Jul/Aug 1984

437

T, (ms)

woll v Adipose

0 1 1 L 1 )
0 20 40 60 80 100

NMR Frequency (MHz)

FIG. 6. T dispersion data for adipose fitted to T, = 4v® with Table 12
fitting parameters. The mean cited standard deviation for each point ex-
pressed as a percentage of the T, value is about (12 + 6)%.
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F1G. 7. T, dispersion data for breast tissue. The best-fit curves from skeletal
muscle and adipose are superimposed for comparison. The mean cited stan-
dard deviation for each point expressed as a percentage of the T, value is
about (12 + 13)%.
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F1G. 8. T dispersion data for lung tissue fitted to T; = 4v® with Table 12
fitting parameters. The mean cited standard deviation for each point ex-
pressed as a percentage of the T, value is about (10 4- 10)%.
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Table 12
MEAN 'H TISSUE T, and T RELAXATION TIMES

Tissue T T2
A B SD(%)|T, (ms) SD (ms)

Muscle

skeletal .000455 4203 18 47 13

heart .00130 3618 16 57 16
Liver .000534 3799 22 43 14
Kidney? .00745 2488 27 58 24
Spleen .00200 .3321 19 62 27
Adipose 0113 1743 28 84 36
Brain

grey matter |.00362 3082 17 101 13

white matter | .00152 .3477 17 92 22

unspecified |.00232 3307 19 76 21
Lung 00407 2958 19 79 29
Marrow* 59 24
Breast’ 49 16

1. T, = Av®+ SD %, where » = 'H NMR frequency in
Hz, SD = standard deviation expressed as a percentage
of T;, T, in sec.

2. Assumes T, is independent of frequency. Multicom-
ponent data is omitted from the computations. T, is in
ms. SD = standard deviation in ms.

3. Averages medulla and cortex.
4. Insufficient data for a T| fit.

5. Use skeletal muscle and/or adipose T, fits.

D. /n vitro versus in vivo human measurements

In vivo relaxation time measurements from macroscopi-
cally homogeneous tissue types have arguably only become
possible with the recent innovation of NMR imaging tech-
niques. Tabulated '"H human in vivo relaxation data are
available only up to 15 MHz with grey and white brain mat-
ter having the most points. Figure 12 compares the human in
vivo brain T, dispersions with the computed best-fit grey and
white matter curves from Fig. 5. Note that data conform to
the curves within the specified standard deviation (Table 12},
and significant point scatter exists despite the constancy of
species, temperature, tissue status, and averaged sample he-
terogeneity represented by the points. There may be a ten-
dency for slightly elevated 7', values measured in vivo com-
pared to in vitro (see Sec. IV C), but such trends are
concealed from the curve by the noise. For example, Gore et
al.” and Ling and Foster'® observe an approximately 13%
decrease in the T',’s of muscle of dead intact rabbits com-
pared to the living animals.

E. Dependence on age

Drastically elevated relaxation times are reported for
neonatal tissue®®77:94.96.97.103.114.148 nergisting a few weeks in
animals to at least several months after birth in humans.
Hazlewood et al.”” noted that immature muscle 7', and 7,
(< 10 days old) were, respectively, 1.7 and 2.7-fold the ma-
ture values (> 40 days). They proposed that the fraction of
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“ordered water” increases during postnatal development.
Similarly, Kiricuta et a/.°*°” reported immature rat brain,
heart, and liver T, elevations of 110%, 50%, and 40%, re-
spectively, attributable to an approximately 14% increase in
water content in neonates compared to adults. Lewa and
Zbytniewski'*® measured 8%-40% increases in the T,’s of
liver, spleen, and skin in 3-month-old hamsters compared to
6-month-old animals. Buonnano et a/.>° observed that neon-
atal gerbil brain 7,’s changed from 1.83 to 1.26 s in three
weeks time after birth at which point “adult levels” are
reached (Fig. 13). Misra et al.'* recorded muscle T',’s of 1.24
s in 18-day embryo and 1-day postnatal chickens which de-
clined to 0.746 and 0.647 s at 8 and 16 days postnatal, respec-
tively (Fig. 13).

Some human fetal T,’s were tabulated by Kasturi ez a
0.721, 1.05, and 0.993 at 25 MHz for liver, lung, and kidney,
respectively. These are about double the mean (adult) values
plotted in Figs. 1, 8, and 3. Also Smith'*® noted “T, images
of the neonatal brain (of a 9-week-old child) show a uniform-
ly long T',, due to the absence of myelin, and cannot differen-
tiate between grey and white matter, the 7', of both being
markedly elongated at 390400 ms” (at 1.7 MHz).

Evidence for relatively minor fluctuations in T with cir-
cadian rhythm also exists. De Certaines et al.*® observed a
statistically significant 12% variation in rat liver T',’s excised
as a function of time, with a peak at midday and minimum at
dawn. No substantial corresponding fluctuations in either
T, or water content were measured.

1.94;

IV. COMPARISON WITH THEORY
A. Spin-lattice relaxation

The liquidlike 'H T, frequency dispersions observed in
biological tissue can involve both intramolecular and inter-
molecular dipolar interactions of macromolecules and water

" molecules of the general form

L= 2R+ e, 3)
T, 8

with ¥ =2.675x10% s™! T'~!, A = 1.055x 10™** Js, and
where J '(v), J %(2v) are spectral density functions for the var-
ious motions evaluated at the resonance frequency and at
twice that frequency.! Intramolecular processes involve
mainly rotational motion with spectral density functions

JZ(,V) _ 4CU [ T,-j 4
4 2T | 1rarvn | @

Li

where 7, is an intramolecular (H-H) distance between nu-
clear dipoles, C; are weighting coefficients independent of
frequency, and the 7; are correlation times for the ith char-
acteristic mode of motion of the jth intramolecular dipole
pair. 376498159 Tgnoring macromolecular hydrogen enables
omission of the j summation so the r; becomes the (fixed)
separation between hydrogens in water molecules.

Many established models invoke two components of wa-
ter in tissue undergoing rapid exchange relative to the NMR
observation time: a large free water compartment and a
bound water compartment hydrogen bonded to macromole-
cules or hydration layers.38’47'54'55’57'60'61’75’92'%’98'”0 The Ob'
servation of a nonfreezing water component in many tissues,

Jiv)=
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FIG. 9. (a) T, dispersion data for mouse muscle from Escanye et al. (Ref. 54),
fitted to T, = Av? with 4 = 0.000 645, B = 0.4044, and standard deviation
3.7%. The Escanye et al. fit,

T, '=A'v '+ B’
with 4 = 6225, B = 0.300 yielded the same standard deviation. (b) T dis-
persion data for rat liver from Koenig e al. (Ref. 99} fitted to T, = Av” with
A = 0.000 741, B = 0.3592, and standard deviation 3.9%. The latter data

were derived from relaxation rate curves and probably contains reading
errors.
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Fi1G. 10. T, dispersion data for liver omitting multicomponent measure-
ments. The mean cited standard deviation for each point expressed as a
percentage of the T, value is about (10 + 10)%.
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FIG. 11. The temperature (T') dependence of rat and cow T, values at 25.6
MHz from Lewa and Majewska {Ref. 102). O spleen; /\ heart; X lung; O
muscle.
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F1G6. 12. T, dispersion data for grey and white brain matter comparing
human in vivo, with all of the in vitro measurements. Circles and diamonds
denote in vivo and in vitro data, respectively; shaded symbols correspond to
grey matter. Curves of best fit from Figs. 5(a) and 5{(b) are shown for com-
parison. The mean cited standard deviation for each point expressed as a
percentage of the T, values are about (7 + 4)%. O white matter in vivo; @
gray matter in vivo; ) white matter in vitro; ¢ gray matter in vitro.
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FI1G. 13. T’s of neonatal gerbil brain at 150 MHz from Buonnano ez a/. (Ref.
30), and chicken muscle at 20 MHz from Misra et al. (Ref. 114), as a function
of age. The cited standard deviations for both data sets expressed as a per-
centage of the T, values is about 1%.
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often directly identified with the bound phase, is key evi-
dence for this FETS model.''! A hypothesis, due to Ling, in
which all intracellular water exists in an ordered, polarized
state has also been invoked.***">

The relaxation rate in the FETS model is a weighted aver-
age of the two states:

.L. —~ _b__ + __1_—b_ , (5)

T, T, Ty+r,

where T, is the T, of the bound fraction (b<1) of water, T,
the T, of the free water fraction, and 7, is the (short) resi-
dence time of water in the restricted compartment.”*" T , is
approximately equal to the T, of tap water (~2-3 s) and
constitutes ~75%-99% of the total observed water
(6~0.01-0.25). Free water undergoes rapid translational
and rotational diffusion, that is, 47 +* 77<1 for v< 100 MHz
with a single free water correlation time 7.~ 1 ps. Thus 7', is
essentially independent of frequency. The frequency depen-
dence of the measured T, is therefore determined by T',.
That this is so for biological tissues is shown by 7', experi-
ments performed by Fung at 5, 30, and 100 MHz in which b
is varied by soaking tissue samples in solutions of different
osmolarity.5"'** The extrapolated intercept from Eq. (5) is
identified as ~ 1/T, provided that 7, €T, and corresponds
to T),~1.7 s independent of frequency.®' Also Escanye et
al>* determined

+ 13

— 05

independent of frequency from 6.7 to 90 MHz as a tissue
average over normal and cancerous muscle, spleen, liver,
and kidney. This results from equating Eq. (5) with their
dispersion Eq. {2) wherein B'~(1 — b)/T\;.

The simplest model characterizes the rate 1/T, by iso-
tropic rotational motion and a single correlation time, im-
plying, from Egs. (3)(5), T; « v*. Such behavior was fitted by
Knispel er al.”® to T, data measured over 17-45 MHz, but
this model does not satisfactorily cope with the extended 1-
100 MHz range investigated here.>* Thus, multiple or con-
tinuously distributed correlation times are required. A dual

s

o
10 o

L Free phase

1o ’, [————Bound phase —————

Normatized weighting factor

_5 i L 1 n|
T 10-10 10-8 10-° 107

Correlation time 1(s)

FI1G. 14. Discrete distribution of six correlation times and their weighting
factors fitted by Finch and Homer (Ref. 57) to frog muscle 7, and T,
dispersions using Egs. (3) and (4), and omitting the j-summation.
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FiG. 15. Investigation of the isotropic diffusion model of T, relaxation in the
bound phase (Ref. 54). The curves were obtained by numerical integration of
Eq. (7) as a function of frequency from 1-100 MHz with different diffusion
correlation times 7. Since

VT J () + JH2v),

the model satisfies the empirical Egs. (1) and (2) when a 7 is found for which
the curves are linear. Straight lines with gradients of 0.2 and 0.5 depict the
actual range of B values observed (Table 12).

correlation time model involving intramolecular interac-
tions with anisotropic reorientation of bound water fitted
Escanye et al.’s data,>* but required excessive free water frac-
tions in the range 0.98 <1 — b < 1. Here, one correlation
time would correspond to rapid motion about an axis per-
pendicular to the H-H direction, and the other to slow reor-
ientation of this axis under the influence of macromolecular
motion.'*®

Whilst correlation times associated with intramolecular
interactions are dominated by rotation, intermolecular in-
teractions involve mainly translational motion. However,
rotation and translation of water molecules in water are ar-
guably coupled, suggesting that the same correlation times
could be used to characterize both motions. This offers some
Justification for floating C;; and ; to intermolecular/intra-
molecular averages, and computing T, from Egs. (3)-(5)
with a single summation over the i correlation times.>” Finch
and Homer fitted such a model to frog muscle dispersion
data to within experimental accuracy (5%}, albeit using nine
fitting parameters, including five discrete correlation times
for the bound compartment and a single correlation time for
the free compartment, and only 19 data points.>” The resul-
tant weighting coefficients (C;) are plotted against correla-
tion time in Fig. 14. The results appear consistent with the
existence of several hydration layers bonded to macromole-
cules with increasing mobility in outer layers, and suggest a
distribution of residence times (7, ) rather than the single val-
ue assumed. However, the estimates of (1 — 5 ) and 7, seem
somewhat excessive at 0.97 and 0.8 ms, respectively.

Models incorporating distributed correlation times for the
molecular motion of the bound water fraction were prof-
fered by Held et al.,”® Fung and McGaughy,* and Escanye
etal>* All attempted a log-Gaussian distribution function of
intramolecular correlation times for rotation

exp - [am H )

a

To

glr) =

™NT
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(@, T, empirically determined constants), not dissimilar from
the discrete distribution of Fig. 14, to provide a good fit to
frog muscle frequency dispersion data recorded between 3
kHz and 75 MHz. This requires replacement of the Eq. (4)
summation by the integral f g(r)d~ which is then evaluated
numerically,® again implicitly incorporating both intramo-
lecular and intermolecular contributions by empirically fit-
ting the parameters.

Escanye et al.>* also proposed a model involving distribut-
ed correlation times to explain their fit to Eq. (2). In this
model, T relaxation is dominated by intermolecular inter-
actions that consist entirely of translational diffusion of
bound tissue water treated as spheres. The spectral density
functions for isotropic, uniform translational diffusion are

(7)

udu

W AT

where M is the 'H spin density, J; ,(u) is a Bessel function of
order 3/2, u = rd, ris the distance variable between diffusing
molecules, d is the distance of closest approach, D is the
diffusion coefficient and 7, = d?/2D is the diffusion jump
time.">* Assuming d = 5 A and a 50-ns jump time, the mod-
el** yields a bound water diffusion coefficient of 2.5 1078
cm™%s ™! that is about 400 times less than Hazelwood ez al.’s
bulk muscle tissue measurements.”>’* However, the latter
must be considered as free/bound fraction averages. Alter-

o= L= Ay

natively, Koenig ez a/.” used the heuristic Cole-Cole expres-
sion

11 H[1+ (v/v. 7 cos(mf /4)]

T, Ty, 1+ 2(w/v, P72 cos(mB /4) + (v/v, P

(8)

where G, H, v_, and 3 are four fitting parameters to be deter-
mined.

Semiempirical multiparameter models such as these are
susceptible to the criticism that given enough variables, suc-
cess is virtually guaranteed, particularly since the experi-
mental dispersions are apparently continuous, slow varying,
and monotonic. Close scrutiny of predicted parameters is
necessary to determine their physical relevance. Thus the
relation, T, = A v%, allowing the exponent to vary empirical-
ly, provides as good or better average fit to the tabulated data
as the Escanye group’s equation (Figs. 1 and 4), and an excel-
lent, if not superior fit to the individual tissue dispersions of
Escanye et al. and Koenig et al. (Fig. 9) with minimal fitting
coefficients compared to Eq. (3)(8). Although its physical
significance is yet to be determined, the resemblance of Eq.
(1) to the Escanye et al. isotropic diffusion model and Eq. (2)
is undeniable. However, numerical evaluation of Egs. (3) and
(7) using similar values of 7, d, and D yields curves nonlin-
ear in log(T,) versus log(v) over 1-100 MHz, contrary to the
requirements of both Egs. (1) and (2) (Fig. 15). Therefore,
either a distribution of diffusional correlation times are nec-
essary, or intramolecular rotational contributions cannot be
totally neglected.

Estimates of the relative importance of the intermolecular
and intramolecular mechanisms to bound water relaxation
are open to ambiguous interpretation. 4 priori, the r,” ¢ de-
pendence of the dipole—dipole interaction [Eq. (4)] strongly
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favors dominance by intramolecular processes. However,
both intermolecular and intramolecular models can be fitted
to the T, dispersions with essentially equivalent ease or diffi-
culty because both contain terms quadratic in frequency
[compare Egs. (4) and (7)]. To elucidate the relative impor-
tances of the two mechanisms, Civan and Shporer,*’ and
Fung® observed the 'H T,’s at 4.3, 8.1, and 35 MHz of mus-
cle and brain tissue bathed in various concentrations of deu-
terated water (*H,0) in Krebs or Ringers solution for 1-3 h.
Since the gyromagnetic ratio of 2H is 0.15 that of 'H, the
substitution of 2H,0 for 'H,O in bulk water reduces the
strength of intermolecular H,0-H,O dipolar interactions
for 'H. It also reduces the intramolecular H-H dipolar inter-
action since 'H,O and *H,0O undergo rampant chemical ex-
change to "THO?H. Thus, bulk water T, rapidly increases as
the ratio [?H,0/'H,0)] increases. In tissue, the increase is
much less: about 20% extrapolating to complete substitu-
tion compared to a factor of 24 for bulk water. Rustgi ez al.'*°
extended these measurements over the frequency range 15—
60 MHz for muscle tissue, recording essentially the same
observation. _

This somewhat surprising and significant result is inter-
preted as evidence that tissue 'H relaxation is dominated by
intermolecular interactions between macromolecules and
water molecules in the first hydration layer. This is the only
remaining relaxation mechanism that is transparent to the
2H,0 substitution.®” The small 20% change observed is pos-
sibly attributable to chemical exchange between macromole-
cular and water hydrogens. The implication is that tissue T}
relaxation entirely hinges on the interaction between macro-
molecules and a single adsorbed layer of water. The relaxa-
tion mechanism may be either translational or rotational and
likely involves the stronger H-H interactions. To explain the
dispersion data, a distribution of correlation times in the
neighborhood ~ 10 ns is necessary. If the interaction is prin-
cipally translational, as in the Escanye et al. model, then the
residence time 7, also cannot be much longer than 10 ns.

B. Spin-spin relaxation

An expression for the T, dispersion corresponding to Eq.

(3)is
1 _3_ 72 i 0 1_5 i i 2

= 37 E 30 e+ ) o
where J%(0) is the static component of the spectral density
functions' and includes here effects due to microscopic and
molecular level field heterogeneity in biological tissue. Thus
T, is independent of frequency if the latter two terms in Eq.
(9) are small compared to the first, static contribution. The
similarity of structure of these terms with Eq. (3) ensures the
frequency independence of T, if T, is much less than T',. This
is true of virtually all of the (nonfluid) tissues, except perhaps
for the longest of the liquidlike (L ) multiple components of
T),, and for adipose whose T, dispersion is essentially con-
stant above 10 MHz anyway. The dispersions of long T,
components are more likely to follow those of the corre-
sponding T’s. Like T, T, can also be equated to a sum of

contributions from free and bound components in an expres-
sion analogous to Eq. (5). The static intramolecular spectral
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density function due to rotation is J °%0) = 6J (0) in Eq. (4),
and the static intermolecular spectral density function, due
to isotropic translational diffusion, is

J°0) = 2N /15dD = 27Ny/SkT

where 7 is the viscosity and % is Boltzmann’s constant.’

Evidence for multicomponent relaxation times is less
compelling for T, than for 7. The sparse multicomponent
T, data reported are largely explicable by sample or chemi-
cal heterogeneity. For example, in adipose tissues, 'H chemi-
cal shift spectroscopy reveals two principal components as-
sociated with H,0 and -CH,~- (macromolecular)
hydrogens?® with different T, and 7, relaxation times thus
far neglected in the above analysis. Breast and other tissues
with large fatty components, high blood content, or other
heterogeneity such as grey and white brain matter, or kidney
cortex and medula can easily yield multicomponent relaxa-
tion values. Multicomponent 7,’s that are not attributable to
macroscopic or microscopic heterogeneity are difficult to
explain at a molecular level. Given the similarity of mecha-
nisms responsible for T, and T, relaxation, can multicom-
ponent 7,’s coexist with single-valued T',’s?

Hazlewood, Chang, and colleagues interpreted the multi-
component T, data as evidence against the fast exchange
model.>*” However, slow exchange would require resi-
dence times 7, of the order 7, {~10 ms), which could be
expected to generate observable multicomponent T, data.
Diegel and Pintar responded that the different behavior is
explicable via the static T, spectral density term.*’ They ob-
served dual component tissue 7',’s {effectively, the T at
extremely low frequency) from ~0-60 kHz equivalent to the
T, values and attributed to intercellular (150 ms) and intra-
cellular (53 ms) water. The faster low-frequency 1/7T, and
1/T, relaxation rates can be accounted for by a ~ 10 us cor-
relation time identified with the residence time 7, for diffu-
sion of water in the hydration layer.**® This exchange diffu-
sion is too slow to directly effect T, relaxation between 1-100
MHz, but, since 7, €T, it strongly averages the different T’
values from the various compartments leaving the observed
T, single valued in the > 1 ms range. T, measurements in
normal and deuterated muscle, spleen, and kidney by Rustgi
et al.'* confirm the importance of exchange diffusion as a
relaxation process at extremely low frequencies. The ex-
change diffusion can directly effect tissue water T,’s by ex-
posing water molecules to static field inhomogeneities at the
exchange interface: Fung and McGaughy® note microscop-
ic field inhomogeneity as a likely explanation why 7, < T, in
tissue.

This model is incompatible with the Escanye ez al. view of
T, dispersions in the 1-100 MHz range dominated by diffu-
sion, since it would require 7, ~7,, but is compatible with
the rotational modeling of 7. The free water correlation
time is still ~ 1 ps, much faster than both the exchange corre-
lation time 7, ~ 10 us and the suggested distribution of rota-
tional correlation times 7 in the range 10 ns responsible for
T, relaxation.

Some additional information on multicomponent 7,’s is
provided by Peemoeller et al.'*® who analyzed the relative
contributions of water and macromolecular hydrogens to
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each component in mouse muscle by comparison with tissue
soaked in an osmotically balanced 2H,O solution for 4 h.
They ascribe a 143 ms (L ) and a 24 us (S') T, component to
macromolecules, a 40 ms (SL ) component to water alone,
and a 5 ms (SS') component to both water (70%) and macro-
molecules (30%). This is a more likely allocation of T, com-
ponents than the Diegel and Pintar intercellular/intracellu-
lar assignment,*” and is consistant with the aforementioned
observation of discrete H,O and —CH - peaks in some tissue
'H NMR spectra.”® Aside from the possibility of chemical
exchange, macromolecular components cannot be expected
to participate in fast exchange.

C. Temperature dependence

The relaxation times depend on temperature via the rota-
tional and transiational correlation times 7; and 7,. Setting

T, =Tg explE,/kT) (10)

for the bound water hydrogens in Egs. (3)-{7) and (9), where
7, and E,, are, respectively, a constant and the activation
energy for the ith mode of motion, ' could precisely define the
temperature dependence of the relaxation times if indeed the
relaxation time model were precisely understood. Assuming
the bound fraction b is temperature independent, then in the
limit 277v7; €1 the frequency-dependent denominators of the
rotational spectral density functions [Eq. (4]] approach uni-
ty, and substitution of Eq. {10) in Egs. (5) and {3) gives

T, ~exp(— E_/kT) and T\, ~exp( — E,,/kT),
or more crudely,
T,~exp( — E,/kT),

where E,;, E,,, and E, are activation energies for the T,
T,,, and T, processes. This dependence is assumed by Lewa
and Majewska'?? and Parker et al.'®® to explain their ob-
served linear behavior of T, with temperature. It should also
describe the 7, temperature dependence when the static
spectral density term is dominant. For small temperature
variations, the series expansion for exponentials suggests an
approximately linear relationship between 7, and 1/7, with
T, increasing with increasing temperature. Furthermore, if
the reorientation is random, then Stokes’ formula D, = kT /
8man for the rotational diffusion coefficient of spheres,
where a equals the molecular radius, provides 7; = 4mna*/
3kT, instead of Eq. (10). Thus the same result 7', « 1/T ob-
tains directly.’'® In models dominated by translational dif-
fusion, application of Stokes’ formula D = kT /3zdu (so
1, = 3md ? 11/2kT ) for the translational diffusion coefficient
to Egs. (7) and (3) repeats this result."'® Since absolute tem-
perature changes relatively little between 0 and 40°C, T,
also varies roughly linearly with 7. Extending the tempera-
ture range beyond this risks irreversible structural transi-
tions in tissue not representative of the physiological state. '%?

The small temperature range and the relatively modest
variations in the observed T’s so induced, are likely respon-
sible for the success of these simple formulations for the tem-
perature dependence, despite the somewhat dubious as-
sumptions. Moreover, to explain the experimental tissue 7',
dispersions requires 2mv7; 2 1 for the dominant relaxation
processes®® in models employing Eqs. (4) or (7), thereby

(11)
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modifying the above proportionalities and introducing fre-
quency dependence to the temperature dependence. Indeed,
under this condition, the denominators of Egs. (4) and (7)
predominate, and application of either Stokes’ formulas or
Eq. (10) anticipates a decreasing T, with increasing tempera-
ture, contrary to the data. The dilemma is resolved in the T
model employing a log-Gaussian distribution of correlation
times by incorporating temperature dependence into the dis-

tribution function parameters [Eq. (6)] via @ = ay T, and
TO = TOco CXp(Ea /kT),

where a, and 7, are constants.®*** Fung and colleague’s
simultaneous fitting of muscle and liver 7', dispersion data
from 4.5 to 60 MHz over — 70 to 40 °C utilizing this model
is persuasive evidence for its validity.

The observed increase in the derivative of T, with respect
to temperature (3T,/0T) with increasing frequency is an im-
portant feature of the data, consistent with the distributed
correlation times of Fung ez al’s model. In fact, since the
temperature-dependent correlation times appear as coeffi-
cients of the frequency dependent terms in Egs. (4) and (7),
Eq. (1) might suggest dT,/3dT~+v*® with B~1/3. Thus an
eightfold frequency change from 7.5 to 60 MHz could resuit
in an approximately twofold increase in the temperature de-
pendence, in fair agreement with Fung et al.’s observation on
mouse muscle and liver,? and the 20-fold increase in fre-
quency between 1-20 MHz studied by Koenig ef al. might
account for a threefold increase in temperature dependence
in approximate agreement with their rabbit blood data.”
However, above 20 MHz the magnitude of the difference
between 7, values measured at room temperature and at
physiological temperature is unresolved due to the dearth of
physiological temperature data from all tissues except Fung
et al.’s muscle and liver data. If the larger temperature de-
pendences noted by Fung et al. were generally applicable,
then the tissue curves (Figs. 1-9) could seriously underesti-
mate the high-frequency behavior of the in vivo T, values.
Below 20 MHz, the consensus from the tables and in vivo
versus in vitro plot (Fig. 12) is that temperature differences
between 20 and 37 °C do not significantly affect the T, values
of nonfluid tissues.

The slight increase in T, with decreasing temperature ob-
served by Belton et al.* is consistent with the role of the
exchange process as a T, relaxation mechanism,'**” trans-
parent to T, processes except for the mixing of free and
bound values. As the temperature decreases, exchange slows
and contributes less to T, relaxation so that 7, initially in-
creases.'® Eventually T, decreases as other molecular mo-
tions slow with further declines in temperature. No frequen-
cy variations in tissue 7, temperature dependence over 1-
100 MHz are anticipated in view of the apparent frequency
independence of 7.

D. Tissue, species, and age dependence

The 'H tissue water relaxation times measure molecular
level structure and motion and therefore depend on the orga-
nization and composition of the tissue. Investigations of the

correlation between T, and tissue water content are le-
gion.6’26’36’43'46'61 ,76,80,86,87,92-94,96,104,108,127,130,133,134,142,144
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The mean fractional water contents by weight of normal rat
and mouse liver, kidney, spleen, muscle, brain, and adipose
tissue are 0.69+0.01, 0.74+001, 0.77+0.02,
0.75 £ 0.02, 0.79 +- 0.01, 0.18 4 0.03, respectively, aver-
aged from Refs. 26, 43, 46, 76, 80, 86, 87, 92, 96, 97, 130, 134,
142, and 144. These correlate directly with 7',: the higher the
water content, the longer the T, prompting Mansfield and
Morris''! to write for a (nonadipose) tissue with fractional
water content w

T,=1794w—5.16, (12)

assuming Kiricuta et al.’s 60-MHz rat data.®® This relation
emphasizes the observation that quite marginal changes in w
are associated with large variations in T,. In fact, the
changes in w with respect to T are so marginal that the
physical significance of the correlation between T, and water
content alone is doubtful.'?®'** Differences in macromole-
cular composition and structure, which could well influence
the amount and motion of adsorbed water molecules and
indeed the total tissue water content, thus probably consti-
tute the primary source of variations in 7; amongst different
tissue types.

A remarkable feature of the relaxation data is its apparent
independence of species. From the NMR standpoint, a hu-
man muscle is a rat muscle is a pig muscle is a frog muscle is a
chicken muscle, etc., notwithstanding potential variations
due to temperature. Again composition and structure are
possible causes. Mansfield and Morris'' tabulate human tis-
sue water contents that are 2% to 7% higher than the rat/
mouse averages cited above. In view of Eq. (12), these differ-
ences are too significant to permit the species independence
of relaxation times, suggesting that water content is not di-
rectly responsible for the species’ similarities amongst relax-
ation times. Macromolecular composition and structure are
important to tissue function as well as to the relaxation
times. Thus once the function has evolved, differences
amongst species are apparently only of secondary impor-
tance at the molecular NMR level. Alternatively, it is possi-
ble that the differences in water content cited reflect syste-
matic differences in the methods of measurement of water
content.

Mansfield and Morris'!! also note a 2.5% per decade de-
cline in human body water content from ages 40 to 70, which
should dramatically reduce the corresponding T'’s if Eq. (12)
were a determining influence. Subject age is a widely neglect-
ed parameter in human studies that could potentially create
chaos of efforts to develop normal ranges of 7', should sig-
nificant variations occur. For immature tissue, large eleva-
tions in T (Fig. 13) do correlate with increased water con-
tent, yet the possible role of macromolecular structural
development as the principal determining factor again can-
not be ruled out.

V. ERROR AND OMISSIONS

While evidence for the dependence of tissue relaxation
times on temperature, time after excision, in vivo versus in
vitro status, time of day, age, and species exists, these factors
are demonstrably not entirely responsible for the scatter
amongst 7, and T, tissue dispersions. Other possible factors
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are inherent tissue heterogeneity, sample handling tech-
niques, the NMR measurement methods, the ‘existence of
multiple 7, components, as well as presently unidentified
sources. Tissue heterogeneity is unlikely to significantly in-
fluence scatter because of the large number of samples typi-
cally studied and the relatively small standard deviations
quoted for individual 7 points. Sample handling is a key
issue for in vitro studies, addressed in depth by Beall.®* We
recommend that investigators perform measurements as
soon as possible after death and excision, and that measure-
ments for in vivo comparison be performed at physiological
temperatures with samples that have not been overheated,
frozen, homogenized, soaked, dehydrated, or otherwise
abused.

The reviewed in vitro T, measurements were performed by
either inversion recovery, or by partial saturation, or satura-
tion recovery, or in one case by rapid ramping of the field,”
or by the less accurate null method. The few investigators
that employed the null technique almost invariably verify
experimental accuracy by comparison with measurements
obtained by the other methods. In vitro T, measurements
were performed mainly by the standard Carr—Purcell or
Carr—Purcell-Meiboom—Gill methods. Therefore, we could
not objectively discriminate against T, and 7, data on the
basis of measurement technique, nor were there sufficient
grounds to exclude data due to sample handling transgres-
sions, except where stated in the Sec. II.

Perhaps the most dubious practices abound in the mea-
surement of relaxation times, particularly T, in vivo utiliz-
ing NMR imaging techniques. To expedite patient scan
times, 7, and T, measurements are typically performed us-
ing only two points on the nuclear magnetization relaxation
curves for each image picture ele-
ment.32,33,44,45,49,70,79,82,83,88, 109,110,116,117,139,148-152,158 Unfor-
tunately, the standard expressions employed for computing
T, from inversion or saturation recovery presume precise 90°
or 180° radiofrequency (rf) NMR pulses at each picture point
across the image plane,®! a difficult task for conventional
NMR transmitter coil designs. The effect is dramatically
illustrated by Gore et al.,”® who reported T, variations of up
to 60% from the same sample as a resuit of increasing the
relaxation recovery time ¢t from 0.2 to 0.4 s. They attributed
the variations to multiple-component 7', behavior which our
review deems unlikely. A prudent approach to accurate T,
measurement in the presence of inhomogeneous rf fields in
NMR imaging is to use a three-parameter fit to the signal
intensity

S=P+Qexp(—t/T), (13)

where P, Q, and T, are fitting constants.>® Obviously, more
than two data points would be required.

The situation is worse for in vivo T, studies since multiple
components are widely identified in vitro. Hence, Gore et
al.”® tabulated variations in 7, of up to 350% comparing
values from the same sample computed from spin echoes
occurring at 32 and 64 ms after the initial 90° rf pulse. Fur-
thermore, the pulsed gradient spin-echo imaging experiment
employed in T, imaging studies is a facsimile of the standard
Stejskal and Tanner pulsed gradient diffusion measurement
technique.’>? Since bulk tissue diffusion coefficients are sig-
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nificant fractions of pure water values,”*’® attenuation of
computed T>,’s by diffusion effects is quite predictable. Diffu-
sion and ignorance of multiple components may thus sub-
stantially account for the sad state of the T, data. If dual-
point T and 7, imaging measurements become convention,
and if the resultant T, and 7, values are to be useful as diag-
nostic parameters independent of the particular imaging sys-
tem and suitable for comparison, then standardized image
sequence timing parameters should be adopted and any rf
inhomogeneity problems solved.

The sparsity of relaxation data above 30 MHz and the
absence of in vivo data above 15 MHz are additional deficien-
cies, although we certainly do not claim to have found all of
the published measurements.

VI. CONCLUSIONS

The principal determinants of 7', relaxation in normal bio-
logical tissue in the range 1-100 MHz are NMR frequency
{v) and tissue type. All of the tissue T, dispersions studied
obey the simple relationship 7, = Av”, where 4 and B are
parameters dependent on tissue type and B~1/3. This
expression gives an equivalent or better fit to T, data than
previously used expressions and models and is simple
enough to enable rapid computation of T values at any de-
sired frequency between 1 and 100 MHz. The standard de-
viations of 7, from the fitted curves are about 20% reflecting
mainly systematic errors not readily identifiable with spe-
cies, temperature, /n vivo versus in vitro status, time after
excision, or age differences. Fetal and immature tissue ex-
cluded from this analysis exhibit dramatically elevated T
values. Most data are recorded at room temperature or phy-
siological temperature, but there is a dearth of the latter mea-
surements above 20 MHz. Evidence that the temperature
dependence of T, increases significantly at higher frequen-
cies could, therefore, result in our mean curves underesti-
mating the high-frequency physiological temperature data.
Virtually all researchers report single component 7', values.
However, breast tissue T, dispersions can be resolved into
two components comprising adipose and fibrous tissue
which have essentially equivalent dispersions to those of
skeletal muscle and adipose. Dual components can arise
from macroscopic tissue heterogeneity or from the discrete
chemical species H,O and -CH,— on macromolecules when
these are sufficiently mobile to be detectable on the time
scale of the NMR experiment.

The principal determinant of 7, relaxation in normal bio-
logical tissue in the range 1-100 MHz is tissue type. No sub-
stantial dependence on NMR frequency, temperature, in
vivo versus in vitro status, time after excision, or age can be
differentiated within systematic errors of about 30%. There-
fore average T, values are tabulated as constants for each
tissue. Substantial evidence for multiple 7', components ex-
ists. In muscle, the major component (T, ~ 40 ms), constitut-
ing about 75% of the signal, derives from tissue water. There
exist very long (T, ~ 140 ms) and very short (7,~20 us) 7,
components from macromolecules contributing about 7%
and 11% each, and a short T, component (7,~5 ms) of
about 7% derived from both water and macromolecules.
Multicomponent 7>,’s and diffusion in the presence of imag-
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ing gradients are deleterious factors affecting in vivo T, mea-
surements which must be dealt with.

The observed tissue T, and T, relaxation data can be sub-
stantially accounted for by the FETS model with free and
bound phases of water undergoing rapid exchange. There is
disagreement concerning the detailed mechanisms responsi-
ble for relaxation, however we tentatively offer the following
scenario consistent with the reviewed data and which incor-
porates elements from the models of Fung et al., Diegel and
Pintar, Rustgi ef al., and the results of the deuterated water
exchange experiments of Fung, Rustgi et al., Civan and
Shporer, and Peemoeller et al.

Water in the free phase undergoes rapid, probably corre-
lated, rotational and translational motion with a correlation
time of order 1 ps. This is too fast to directly affect relaxation
between 1 and 100 MHz so the T, of the free phase is long
(Ty;~ 1.7 s) like ordinary water and independent of frequen-
cy. In muscle, the bound phase constitutes about 10% of the
total tissue water content and consists of a single hydration
layer adsorbed on the surface of macromolecules. The intra-
molecular rotational correlation time of these water mole-
cules is probably still about 1 ps, but faster relaxation of
water hydrogen is facilitated via intermolecular interactions
involving mainly macromolecular hydrogen. The latter
mechanisms requires a log-Gaussian or similar distribution
of correlation times for motion, probably rotational, in the
NMR frequency range, of order 10 ns. This faster intermole-
cular relaxation process is primarily responsible for the ob-
served T, frequency, temperature, tissue type, and age de-
pendencies. The bound water undergoes exchange diffusion
with the free component with a slower correlation time of
about 10 us, which may be identified as the residence time in
the bound state. The exchange diffusion correlation time is
too long to facilitate T, relaxation directly but could provide
an important relaxation mechanism for 7, and T,. Never-
theless, it is sufficiently short to prohibit resolution of the
free and bound water T,’s on the time scale of the T, experi-
ment. Thus the observed water T, relaxation rate (1/7)) is
essentially equal to the sum of the free and bound water
relaxation rates.

Unlike T, T, largely measures the low-frequency and
static components of molecular motion and can therefore
discriminate free and bound water and macromolecule
phases. The bound water and the corresponding macromole-
cular adsorption surface must share the same low-frequency
or static motional environment and can therefore be as-
signed the joint short T, component of about 5 ms in muscle.
The major free water component exhibits a unique, signifi-
cantly longer T, value (~40 ms in muscle) reflecting its
greater mobility. However the free water component 7, val-
ue is much less than the free water 7', values (~ 500 ms)
owing to an exchange diffusion relaxation mechanism. Thus,
the free water component 7', relaxation rate (1/75)is equal to
the sum of the rate due to exchange diffusion at the exchange
interface, and the much slower rate in the true liquid water
phase. The exchange diffusion rate decreases with decreas-
ing temperature, causing the free water component 7, to
increase slightly. Since this is the major component, and 7,
varies with tissue type, the exchange diffusion correlation
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time is likely tissue dependent. A physical candidate for the
exchange diffusion relaxation mechanism is local static field
gradients between the exchange interface and the free phase
due to the presence of the macromolecules. The remaining
two macromolecular T, components have no water counter-
parts. The extremely short component around 20 us prob-
ably corresponds to rigid membrane or protein structures
not normally observable in the NMR experiment, and the
very long 140-ms component to highly mobile hydrogen on
fatty acids, with essentially no hydration layer. The domi-
nant role of low-frequency relaxation mechanisms for all T,
components except the very long component ensures 7, dis-
persions independent of the NMR frequency. The 140-ms
fatty acid T, component may be associated with the compar-
ably valued T, observed in adipose tissue, in which case its
frequency dispersion will be similar.

Further effort is necessary to evaluate the full range of
fitting parameters for the model peculiar to each tissue, and
to tighten the uncertainty of the normal 7', and T, values. It
is imperative that guidelines be established for reproducible
measurement of tissue NMR relaxation in vivo.

Note added in proof: Koenig et al.'*? recently published 'H
T, dispersions of normal and partially deuterated rat tissue
from 10 kHz to 100 MHz. The Fung and Rustgi et al. obser-
vations on deuterated tissues are confirmed over 1-100
MHz. Koenig et al. attribute the 1-100 MHz dispersions to
intermolecular interactions at the macromolecule-water in-
terface. Below 1 MHz the difference between the normal and
partially deuterated tissue T increased to twofold at 10kHz,
indicating the increasing role of intra- (and possibly inter-)
molecular H,0-H,O interactions at low frequencies. These
observations are consistent with our best-guess model. Slight
structure (~6% T,) was observed in the heart muscle disper-
sions between 2 and 3 MHz and attributed to magnetization
transfer (cross relaxation) between H,O and '*N nuclei on
protein amides. A similar effect is noted in leeches by Kim-
mich et al.'®?

Bakker and Vriend'®* published statistically significant
dual-component excised mice fat, kidney, muscle, and
spleen tissue 'H T’s at 60 MHz. Except for fat, results
showed a short component of 2—-10 ms constituting 5%-8%
of the magnetization, and a long component of comparable
value of those cited herein. Dual components are attributed
to the use of long (150 us) 180° rf pulses in an inversion recov-
ery sequence combined with a mechanism of 'H-"H cross
relaxation'®® between H,O and macromolecules at the inter-
face.
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