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1. Introdudtion

Studies of proton magnetic resonance (PMR) line-
widths of water in whole tissne samples have been pre-
viously reported for erythrocyies, nerve tissus, fish
muscle, frog muscle, and rat skeletal muscle [1—6].
In general, the full linswidihs measnred at the peak
half-height are sufficienily narrow to obiain accurate
measurements for a large portion of the water in the -
-sataples by high resolution techuigques. Although a
number of such studies have besn reported, no exten-
sive efforst have been made to determine what factors
affect these lJinewidihs, Consequently, interpretation
of some of these data may have been somswhat pre-
mature. In this communication it will be shown that at
least two factors, nams=ly magnetic field strength and
tissume water content, can have sxgmﬁcam effects on.
these linewidths.

Under favorable conditions the PMR linewidth
(Av) of a Yiquid sample car be taken to be 1/aTH
- where T% is the appareat proton muclear spin—spin
relaxation time [7). A variety of factors can cause
the linewidths to be field (frecuency) dependent.

- Magnetic inhomogeneity effects in solid tissues can

canse T4 tc be shorter than the true spin—spin relaxa-
tion time (T) and lead 1o field depenﬁenﬁ linewidihs

[8]. Inter:otion of water molecyles with slow moving
macromalecules such ¢s proteirs cun -im calise ob-
servable [Teld dependenae of relaxation mes {9, 10,
In 2ddition, exchange of water molecules between
" sites having different chemical shifts can cause T, i0
be field dependent [11]. Thus the effect of magnetic
field strength on the linewidths is considered. Two
’factors that can haye effects on the linewidthsata
gwnn ﬁe]d strength are | the concentratmns of dxssolved
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‘macromolecuies {12] and paramagmehc metal fons
[13]. DGissolved macromolecules cause the molecular
corelation times of some of the water molecules to
be increased resuliing in a decreass in the water pro-
ton relaxation times. Unpsired slecirons on parama-
gnetic fons produce local magnstic fislds which cause
the water proton relaxation times to be reduced.
Conseguently, at least three factors shonld be consi-
dered: magnetic ficld strength, concentration of dis-
solved macromelecules, and conceniration of para-
magnetic ions.

© 2. Materizals and methods

Samples were taken of blood, liver, kidney, epider-

mis, and Dunning hepatomas from Fischer rats and
squamous call carcinomas from an August rai killed
by ether. Blood samples were obiained from ths he-
patic veins or arferies using a syringe rinsed with aj he-
parin solution. A brass cork borer was used to take
plugs of all tissues except epidermis. The latter sam-
ples were obtained by scraping pelts that had bsen
previcusly shaved as described by Senizeff and Car-
ruthers {14]. The samples were packed into Wiimad

~ 5306—FF 5 mun o.d. MR samrgle Tubess using a syringe
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needle o allow air 1o escape while the tissue was being

packed firmly into the tube with a stainless steal rod.”
The linewidths were measnred at 100.00 and 13.56

" MHz using a Varian HA—100D—135 upectmmnxer by~

using two different radio fxeqhency umits, probes, and

imagnét current seﬁmgs . For most of the HA—100D—

15 spectra, the S mm o.d. ‘sample tubes were usedina
coax al arrangeraent with a Variar 12 o d sample.
tube \comammg tetrame -11 \1 e in L'll‘fl ci-uchio~-
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ride for a frequency lock signal. These vatlues are the
average of five measnrements per sample and are re-
produeible to 0.1 Hz. The epidermis linewidihs at
13.56 MHz were obtained in the HR mods with side-
band calibration using only 5 mm o.d. iubes and are
reprodusible to 21 Hz. The 60 MHz spectra were ob-
tained on a Hitachi—Perkin Elmer R—20 spectrome-
ter with a calibrated sweep width using 5 i o.d.
tubes, These values are the averages of three measure-
‘menis per sample and are reproducible to about
#1Hz.

‘The water, iron, and copper measurements were
performed in duplicate on each sampie. The water
content was determined by comparing the weight of
a sample of whole tissue to the weight of the sample
after drying for 12—14 hr at 110° C at reduced pres-
sure. The iron and copper contents were determined
by atomic absorption spectrometry by the method of
Parker et al. [15]. The samples were run using a modi-
fied Varian Techiron AA—4 atomic absorption spec-
trometer set at 2483:3 A for iron and 3247.5 A for
copper with an acetylene—air flame. The readings
were compared to those of standards prepared by
dissolving Mallinkrodt A. R. iron wire and Matheson,
Colemnan and Bell A C.S. K. copper foil in redisiilied
Mallinkrodt A. R. nitric acid. All glassware used in
the metal analyses was soaked in redistilled nitric
acid and double distilled water prior to vse.

3. Results and discussion

The PMR linewidths of water in a variety of whaole
rat tissue samples were measured at two or three field
strengths (operating frequencies). The linewidths ap-
pear to generally increase with increasing field strengih
{figs. 1a—<c). An exchange broadening contribution o
Aw which depends On the sguare of the chemical shift
difference between mnlecules in different sites is pos-
gible. Such a contribution would increase with increas-
ing field strength. However, other workers have given
evidence that this parricular exchange effect is proba-
biv unimportant in similar systems [16, 17} . No new -
information on this possibility is offered here. It has
‘been pointed out [8] that 1/T3=(1/T,)+y/2AH),
where -y is the magnelogyric ratio. and AH, is the ef-
fective inhomogeneity of the magnetic field. Iifthe
‘mair magnetic field, {H,) is homogeneous, AH might
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Fig. 1. Fieid dependence of Fnewidths: a) Upper three sets
Yiver, lower two seis Dunning Hepatoma. ’
%) Upper three seis Ridney; lower 1wo seis blood.

¢} Upper two sets epidermis; lower two seis squamons cell

. ©arcinoma. )
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be thought of as arising from the effective variation
of the magnetic susceptibility (G;X;) throughout the

- sample. Then by analogy t0 treatments of the effects
of magnetic susceptibility on chemical shifts [18],
AH would be given approximately by Hy (1-2(G;X;)).
It shonld be pointed out that 1/T, is 2lso slightly field
dependent [19], generally decreasing with increasing
Held strength. The changes in Awv observed here with
changes in Hy are thus the sum of these effects. The
observed fizld dependence combined with the obser-
vation that homogenization of the fissues in a decrea-
se in both the Ynewidths and field dependence of the
linewidths indicates that inhomogeneity effects are
significant. This conclusion is consistent with the ob-
servations of Hansen [20] and of Cooke and Wien
[21].

In dilute protein solutions the water proton spin—
spin relaxation times follow the equation 1/T, =
/T, + ke, where T is the :elaxation time for ¢is-
tilled water, % is an empirical conszant, and ¢ is the
weight fraction of the solution that is protein [12].
‘This relation arises due o 7estriction of the mobility
of the water molecules by interaction with the pro-
teins. Thus 1/T, increases lineanly with increasing per
cent protein in solution and decreases nearly with
increasing per cent water in solution. In iissue samples
the per cent protein actually dissolved may be diffi-
cult to determine. However, the per cent water in tl.z
mieroscopic protein solntions in the tissues should in-
crease with an increase in the water content of the
tissue. In Figs. 22 and 2b it is seen that Ap decreases
with increasing per cent water in the tissues. It is con-
cluded that the PMR linewidths of water in tissues be-
have in a manner ¢onsistent with the relaxation beha-

-vior of water protons in protein solutions.

The electron spin resonance {ESR) spectra of
whole tissues show a variety ©f peaks, some of which
vary in intensity with Hime and method of preparation
[22]. Without concurrant ESR studies only rough es-
timates of the effects of paramagnetic metal ions on
the water PMR linewidths of tissnes can be made. One
approach is to plot Aw versus N, the number of pos-

. sible paramagnetic metal ionsfce. [13] as shown in
figs. 32 and 3b. N was calenlated from the measured
metal ion and water contents of the tissues, An ap-
parent correlation is seen only for the squamons cell - R
carcinoma and epidermis samples. This is probably
due to coincidental differences in tinsue water con-
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Fig, 2. Variaiion of linewidths with water content of tissues.

a) At 100.00 MHz, b)Y At 12.56 MHz.
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Fig. 3. LInewidths plotted versus concentration of meial ions.:
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tent, 2nd nor a true paramagneiic ion effect. This does

not rule ont thke possibility of some paramagnetic ion
effscts, however, since therz are multiple valence and
spin siaies available to these jons. These plots ars

only suggestive that paramagneiic ions are probably
not responsible for the predominant relaxation effects
in the tissues.

Some commants should be anade on the relevance
of these findings to the pulsed PMR siudies reported
by Damadian [23] and by Hazelwood et al. [24] on
the refaxation times of water in normal and tumor
tissues. Their studies showed that T, values for water
in some tnmor tissues are longer than for water in the
corresponding normal tissnes. Damadian has suggested
that the structure of water in tumor tissues is aliered
relative 10 the structure of water in normal tissues.
The observation {figs. 2a, b) that 4w decreases with
the increasing water content of the issues is sugges-
tive that a more likely explanation for the differences
in relaxation times involves the increased water con-
tent of tnmor tissues relative to normal tissues. In ad-
dition, the fact that the temor tissues showed consis-
tently narroyeer linewidths than the corresponding
normal fsues suggests that continuons wave PMR
measuremenis should be considered as a means of dis-
tinguishing normal from temor Hssues. This poessibi-
lity is currently being investigaied.
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