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Abstract: In previous publications, one of us demonstrated that variation in paramagnetic-ion con-
tentsisamajor contributing factor to the different NMR relaxation times, T1 and T2, of water protons
among normal mouse tissues; and between normal tissuesand cancer cells. Thenature of the paramag-
netic ionsinvolved was not determined.

In the present communication, we report results of analysis of the contentsof three biologically
prominent paramagnetic ions (manganese, iron and copper) in 9 normal mouse tissues (brain, heart,
small intesting, kidney, liver, lung, voluntary muscle, spleen and stomach); one strain of rat cancer
cells(As-30, rat hepatoma); and 6 strains of mouse cancer cells (Ehrlich mammary adenocarcinoma,
LSA lymphoma, Krebs carcinoma of the inguinal region; sarcoma 180; Klein TA3 mammary
adenocarcinoma; P815 mast cell leukemia).

Our data indicate that manganese and iron are by far the two most important paramagnetic ionscon-
tributing to the diversity of NMR relaxation times. The average manganese content of all the normal
mouse tissues studied (29.6 £ 4.99 umole/kg) is24 timeshigher than the average manganese contents
of al thecancer cellsstudied (1.22 + 0.27 umoles/kg) and there is essentially no overlap between the
two groups of data. The average iron content of the normal mouse tissues (281.6 +51.2 pmoles/kg)
is4 timesthe average in cancer cells (66.7 + 7.74 umoles/kg) but thereis someoverlap here. Theob-
served differences in both themanganese and iron contentsarestatistically highly significant, with P's
below 0.0001.

Thecopper contents of the cancer cellsislower than the average of normal mouse tissues but only
by some 20%. The difference is statistically insignificant at the 0.05 level but significant at the 0.2
level.

THE DISCOVERY OF LONGER NMR RELAXATION TIMES, Ty and T2, of water
protons in malignant tumors than those in normal tissues led to the devel opment of a new,
noninvasive way of detecting cancer and other diseases: magnetic resonance imaging, or
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MRI (Damadian, 1971, 1972). Already a powerful diagnostic tool, future devel opmentsof
new capabilitiesof MRI requiresdeeper understandingof the physiological basisof what a
radiol ogist seeson the MRI screen: imagesreflectingprimarily thedensity aswell asthe T
and T2 of water protonsin living cells.

To further our understanding of the physiological basis of MRI, we must continue to
searchfor more accurateanswersto thekey question: " Why do water protonsin cancer cells
exhibit longer T1 and T2 than those of most normal cells?"

Thefirst answer cited by Damadian (1971) wasthat of Szent-Gyorgyi (1957, footnoteon
p. 136): " cancer (has) less water structure™. However, Szent-Gyorgyi offered no specific
theory of water structurein living cells beyond that it is more like"'liquid ice' (loc cit. p.
37), nor how water in living cells has become like" liquidice."

In contrast, the polarized multilayer (PM) theory of cell water (Ling, 1965, 1972) offers
an explicit suggestion on both how and why cell water assumes a dynamic structure dif-
ferentfrom normal liquid water: the bulk of cell water existsaspolarizedrnultilayers(Ling,
1965; 1972), in consequenceof interactionof the water molecul eswith amatrix of fully ex-
tended protein chainsin thecells. In thistheory, the intensity of water polarizationis not a
constant, but variesamong different cellular and subcellular systemsand varieswith time.
Within this theoretical framework, one deduces naturally: water in cancer cells exhibits
longer T1 and T2, because (among other reasons, see below) water in cancer cellsislessin-
tensely polarized than water in most adult normal cells.

Other investigatorsoffered a different interpretation. In their view, the different Ty and
T2 of water protonsin normal and in cancer cellsaresimply, and exclusively theconseguen-
cesof thedifferent (extracellular and intracellular) water contentsof the tissues (Belton et
al.,1972; Kiricutaet al., 1973; Holliset al .,1973; Inch et al ., 1974; Fung et al ., 1974, 1975;
Egglestonetal .,1978; Kodamaet al .,1978). Though once popular, thisview wassoon chal -
lenged.

Lingand Tucker (1980) demonstratedthat pure cancer cellswith near-zeroextracellular-
spacefluid content and with intracellular water contents made equal to those of normal tis-
sues, retain their relatively longer T1 and T2 Thisfinding doesnot signify that variationsof
cell water contents have no influence on NMR relaxation times; it does. But only in a
modest way. Thevariationof the cell-water contentsaccountsfor no more than 5 to 15% of
the observed T differences, even when the comparison was made between, on the one
hand, the highly hydrated cancer cells, and on theother hand, threeof theleast hydrated nor-
mal mouse tissues. kidney, liver and spleen.

Having thusshown that variationin water contentsis not the only cause of the observed
differencesin the NMR relaxation times of normal and cancer tissues, Ling and Tucker
pointed out that there are three other potentially important causesfor the observed T1 and
T2 differences between normal and cancer cells:

1) The amount and nature of cell proteins. because cell proteins, and possibly a
small amount of water tightly bound to the proteins, shorten Ty and T2 (for review, Cooke
and Kuntz, 1974).

2) Differentintensity in thepolarizationof cell water: As briefly mentioned earlier,
athough the bulk of water in all resting living cells assumes the dynamic structure of
polarized multilayers, cancer cellshave longer T1 and T2 becausetheintensity of polariza-
tion of cancer cell water is weaker when compared to that of water in most normal adult
living cells.
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3) Different concentrationsof paramagneticions. Due to their unpaired electrons,
paramagneticions in aqueous solutions hasten the relaxation of bulk-phasewater protons,
reducingT and T2 (Bloch etal., 1946; Bloembergenet al., 1948). Ling and Tucker pointed
out that earlier rejectionsof theidea that paramagnetic-ioncontent playsa significant role
in NMR relaxation times of water protonsin living tissues was based on limited observa
tionsand not really justified (see also Lewa and Baczkowski, 1976 for asimilar view ex-
pressed earlier).

Even before the publication of Ling and Tucker's paper, evidence had been gathering,
confirming the earlier suggestion that water in cancer cellsis lessintensely polarized than
in normal tissues. Thiscompleted work has not yet been published in full, but will be soon
(Ling, 1984, p. 342,709; Ling and Fu, 1991; Ling et al., 1991).

More recently, evidence has also been accumulating in support of another suggestion
Ling and Tucker madein 1980: |ower paramagneticion contents might offer another cause
for their longer Ti and Tz of water protonsin cancer cells (Ling, 1983). In Ling's 1983
study, tissuesand cellswereincinerated in amufflefurnace. Thesolubilized ashesweredis-
solved in a 10.4% ovalbumin solution and their T; and T2 measured. The data obtained
showed that the ashes from al the normdl tissues contained more materials which cause
rapid NMR relaxation of water protonsthan ashesfrom all 6 highly malignant cancer cells
studied.

Sinceall organic materials had been burnt away, only ions were preserved in the ashes.
lonsknown to bepresentin living tissuesat non-trivial concentrationsand possessingstrong
effectson NMR relaxation of water protonsare the paramagneticions. This finding sug-
geststhat cancer cellsaf widdy diversetissue origins, al contain less paramagneticions
than the normal mouse tissues studied.

Therewasone shortcomingin thisset of incineration experiments; someof the NMR ac-
tivity observed in the ash-extractsmight be due to an artifact: The paramagneticionsin the
dissolved ashesmight includethose which in their natura state within thecellsdo not cause
significant water proton relaxation. Thus, the 4 iron atoms contained in the cytoplasmic
protein, hemoglobin, are so well shielded by the protein part of the moleculethat they have
no influence on the relaxation of the surrounding water protons. Y et after ashing and dis-
solution in water, the protein part of the hemoglobin is removed; the iron atoms, thus
removed from the shielding influence of the protein, might have becomeeffective in caus-
ing water proton relaxation. To test the significanceof thisdefect in theoriginal ashing pro-
cedure, Ling (1989) carried out some additional investigations.

Ling's newer studies showed that extracting the paramagneticions from norma tissues
and cancer cellswith a mixtureof hot 15% trichloraceticacid (TCA) and 80 mM ethylene
diamine tetracetic acid (EDTA) — which does not liberate iron from hemoglobin —
produced similar resultsas those produced from ashing (see Discussion). The concurrence
of these two setsof data show that liberation of shielded paramagneticion(s) playsonly a
minor part in the observed differencesof the water proton relaxation times observed.

Whileboth ashing and TCA-EDTA extraction have successfully demonstratedakey role
of paramagneticionsin the observed NMR relaxation times of living tissues, normal and
cancerous, neither study could tell uswhat paramagneticion(s) are responsiblefor the shor-
tened NMR relaxationtimesin thelivingcells. To answer thisquestion, wecarried out new
studiesto be described in the present report.
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Materialsand Methods

All norma tissues studied are from noninbred ICR mice from Ace Animals, Inc,.
Boyerstown, PA. All cancer cells studied are pure, "'maximally deviated" (Potter, 1961)
cancer cellsin ascites form. With the exception of onestrain of rat hepatoma (AS-30) car-
ried on Sprague-Dawley rats, al ascites cancer cells were carried on ICR mice unless
otherwise indicated: Ehrlich (mammary adenocarcinoma); LSA (lymphoma) carried on
CD1 mice; Krebs (carcinomaof the inguinal region); Sarcoma 180 (sarcoma); Klein TA3
(mammary adenocarcinoma);P815 (mast-cell leukemia) carried on DBA mice.

To avoid contamination, metallicinstrumentswere avoided in isolating the tissuesand
in any other stepsinvolving direct contact betweentheinstrumentand either theisolated tis-
sues or their extracts. Glass knifes, for example, were used instead of metallic scalpelsor
SCissors.

An hour before sacrifice, mice were injected subcutaneously with heparin (1 unit/gram
of body weight). The animals were decapitated after etherization, and as much as possible
of the blood wasallowed to drain from the body in order to minimizetheinclusion of blood
in the isolated tissues. After isolation, the tissues were very briefly rinsed in an isotonic
NaCl solution beforeblotting between sheetsof ash-freefilter paper to removeall adhering
fluids. The tissue was then separated into two portions.

For thedetermination of the water content, one portion of theisolated (normal) tissuewas
weighed on aluminum weighing pans beforeand after drying at 102°C. The water contents
were obtained from the weight lossesin consequence of drying.

For ion analysis, the second portion of tissue was extracted by heating in a 10% solution
of trichloracetic acid (TCA), following what was described as Extraction procedure A ear-
lier reported (see Ling, 1989). Due to the extremely low concentrationsof paramagnetic
ions in the tissues, the volume of 10% TCA added to each sample must be kept at a mini-
mum. Our final choicewasavolumeof TCA equal to 3 timesthe wet weight of the sample.
After having been ground in a heavy-walled glass homogenizer (centrifuge) tube, the tis-
sues-extract mixture was heated in the same homogenizer tube in a boiling water bath for
20 minutes. The top of the tube was covered by a glass marble during heating. Great care
was exercised in not permitting the level of boiling water in the water bath to rise much
higher than the level of TCA in the tubes; or else significant loss of water (vapor) might
occur.

After cooling, the condensate on theinner wall wascarefully washed down by tiltingand
twisting the tubes. With their tops firmly seadled with " Parafilm M", the tubes were
centrifuged at about 1000 g for 5 minutes. The clear supernatant fluids were collected. For
paramagneticion anaysis, enough concentrated " universal buffer and extractive (UBE)
solution was added to the supernatantfluid to provide afinal concentrationof 97 mM LiCl
and 3 mM of NH4H2PO4. Thesame concentrationsof these saltswereincludedin all stand-
ardsand the blank.

Since the normal tissueswere not extensively washed in Ringer or other mediafree of
paramagnetic ions, the isolated cancer cells were not washed either. Since the extractive
procedure does not liberateiron from hemoglobin (Ling, 1989), theinadvertentinclusion of
asmall number of red cells would produce no significanterror.

The ascites fluids were " harvested' from the mice as arule, on the 8th or 9th days after
inoculation. The cancer cells were separated in two stages from the serousfluid in which
the cancer cells were suspended in their natural state. In the first stage, the cells were
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separated from the bulk of the serousfluid by centrifugationin a3 ml plastic syringebarrel
fitted snugly through its nozzleto a plastic 0.5 ml microcentrifuge tube. Thisassembly was
spun for 10 minutesin a horizontally spinning centrifugeat relatively low speed (ca 1000
0). In the second stage, the cancer cells collected in the microcentrifuge tubes in Stage 1
were spun down a second time at a higher speed (15,000g) for another 10 minutesin order
to isolatethe cellsfrom the remaining serousfluid.

The supernatant fluid collected at the top of each microcentrifuge tube after the second
spinningwas taken up with a Pasteur pipette. The remainingdropsof supernatantfluid were
removed by suction. Thecell pellet was then blown out of the microcentrifugetubeafter the
bottom tip of the microcentrifuge tube had been cut off. From here on, the cancer-cdll pel-
letscollectedwere handledin asimilar manner asapieceof theisolated normal tissues, both
in the assay of the water content and in the estimationof its paramagnetic-ion contents.

Using a Varian Atomic Absorption Spectrophotometer,Modd AA 1475, we analyzed
the three most abundant paramagnetic ionsin living tissues. copper, iron and manganese.
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FIGURE 1. The copper contentsof normal mouse tissuesand maximally
deviated cancer cells. For moredetailssee Tablel.




6 LING etal.

Results

Copper: Figure 1 shows the copper contents of 9 normal mouse tissues (liver, kidney,
spleen, intestine, stomach, heart, lung, voluntary muscle, and brain) and 6 mouse cancer
cells (Ehrlich, LSA, Krebs, Klein TA3, P815, Sarcoma 180) and one rat cancer, AS-30.
The copper contents of individual assays, as well as the averagesand standard errors of
the means (S.E.) are presented in Table |. When the copper contentsof the individual as-
says of al the normal tissues (36.2 = 3.93 umoles/kg.) are compared with the individua
assaysof al the cancer cells (28.6 £ 3.16 umoles/kg.) the differenceis of border-linesig-
nificance. That is, there is no significanceat the 0.05 level, but thereis significanceat the
0.2 level.

Iron: Figure2 and Table II show theiron contentsof the samegroupsof normal tissues
and cancer cells. The difference between the iron contentsof al the normal tissues (281.6

Copper Contents
{umoles/kg. fresh weight)
Individual Assays Mean £ SEE.
1-Bran 28; 38; 26.5 274+ 09 (3)
2-Heart 51; 20 355 (2
Normal 3-Intestine 14.4; 18.9; 84; 24; 30.4£10.9 (6)
Mouse 15.3; 26.1
Tissue 4 - Kidney 15:6::13:1: 51.4: 427+ 12.8 (6)
87, 69.8; 19.6
5-Liver 25.8; 48.7; 79.5; 26.3; 55.5+8.5 (8)
46.4; 67.3; 95; 55
6-Lung 29.2: 69.8; 34 443+ 128 (3)
7 - Muscle 12; 22; 0; 0 8.5+5.3 (4)
8- Spleen 43.9; 32; 6.2; 19.2 253+ 8.1 (4)
9 — Stomach 6.66; 42; 43.3; 41.3 333+ 89 (4)
10 - Plasma 22.3 223 (1)
1-AS-30 25; 40; 55 40,0+ 8.7 (3)
2 - Ehrlich 13; 35.3; 26.6; 19.1 235124 (4
3 - Krebs 21.8; 5.2; 21.8; 205+ 8.6 (5
Cancer 43; 56
Cells 4-1LSA 24.6:°15.2::17.2 19.0£2.9 (3)
5-pP-815 14.5 14.5 (1)
6 — Sarcoma 180 29.1 29.1 (1)
7-TA3 424 424 (1)

TABLEI. The copper contents of normal mouse tissuesand maximally deviated cancer cells.
Data are presented as mean * standard error of the mean when 3 or more assays were made.
Otherwisethe data are presented as the mean or asingle value. Number in parenthesis indicates
the number of assays.
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Fl GURE2. Theiron contentsof norma mouse tissues and maximelly
deviged cancer cdls. For more details, see Table 1. For meaning o
adterisk, seetext.

+51.2 pmoles/kg.) and those of the cancer cells (66.7 £ 7.74 umoles/kg.) is more
prominent. Indeed when theiron contentsof al theindividual normal tissueassaysarecom-
pared with thoseof thecancer cells, thedifferenceishighly significant. Pislessthan 0.0001.
In both the averagingand in thet test, one singleextremely high value of iron for the nor-
mal mouse spleen (9384 pmoles/kg.) was excluded.

Manganese: Figure3 and Tablelll show the manganesecontentsof thesamecollections
of 9 norma mouse tissues, 6 mouse cancer and 1 rat cancer cells. Thereis astriking dif-
ference between the manganese contents of the norma tissues (29.6 £ 4.99 pmoleskg.) and
those of thecancer cells (1.22 = 0.27 pmoleskg.). When the manganesecontentsof thein-
dividual assaysof the norma mouse organsare compared with thoseof theindividua can-
cer cell assays, the differenceis also statisticaly highly significant: P is also less than
0.0001.
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Discussion
Lower Mn™" contentsof cancer cells; itssignificancein cancer detection by MRI.

Thevariationsin intensity in different parts of the MRI image reflectsprimarily the den-
sity, and the T and T2 of water protonsin the specimen under examination. It iswell known
that the presence of micromolar concentrationsof paramagnetic ions with large magnetic
moments can exercise powerful influenceon the T1 and T2 of water protonsin an agueous
solution.

Among those paramagneticionsknown to be present in living tissues and al so possessa
large magnetic moment (5.9 Bohr magneton),is manganese.

Thereare reasons* to believethat most Mn™™ in living cellsexists(loosely) bound to cell
proteinsand/or other biomacromolecul es. In combining with these biomacromolecules, the
effectof Mn™" in causingwater proton rel axation isfurther enhanced (Eisingeret al ., 1961).

The average manganese content of 7 maximally deviated cancer cells studied (1.22 £
0.27 umoles/kg.) isonly 1/24 of theaverageof that of 9 norma mouse tissues (29.6 + 4.99
pmoles/kg.). Not only isthere alarge differencein the mean values, thereis essentially no
overlapof the two setsof data.

Theeffectivenessof theMn™™* in causing water proton relaxation in general and the con-
sistent and striking differencebetween the Mn™* contentsin cancer cellsand in normal tis-
sues leave no doubt that the lower Mn** content of cancer cellsis a major cause of the
longer NMR relaxation timesof water proton in cancer cells. For the samereason, the lower
Mn** content in cancer cellsmust play asignificantrolein cancer detection by MRI. Stated
in more general terms, what one seesas lighter or darker MRI images may be, to anotable
degree, due to the differencesin the Mn™™" contentsof the various gatherings of cells being
observed.

L ower iron content in cancer cdls. Itssignificancein cancer detection by MRI.

The second paramagneticions that isfound at significantly lower concentration in can-
cer cellsthan in normal tissuesisiron.

The average iron content of 7 maximally deviated cancer cells (66.7 £ 7.74 umoles/kg.)
isabout 1/4 of the averageof normal mousetissues (281.6 + 51.2 umoles/kg.). As pointed
out under Resullts, the differencein iron content is statistically also highly significanteven
though thereare someoverlapsof theiron contentsin the two groups. Theinterpretation of
theiron-contentdataare complex and requiresacareful analysis.

Iron in living cells exists in at least 4 forms: (1) free form (NMR active); (2) ""smdl
molecular weight form™ (NMR active) include iron complexes to free amino acids and
loosely bound to proteins (Jacobs, 1977; Mulligan and Linder, 1982); (3) heme proteins
(NMR inactive)includehemogl obin,myoglobin, cytochromeC; (4) " storageiron™, includ-
ing water-soluble femtin, (inactiveor very weakly NMR active, Ling, unpublished) and
water-insolublehemosiderin (Harrison et al., 1974). The NMR activity of hemosiderinisto

* Footnote: The level of Mn*™* in mouse plasmais much lower then thosein most cells and tissues studied
(Tablelll). Thereare two typesaf explanationsfor theelevated level of asolutein the cells: an inward pumping
mechanism (according to the membrane-pumptheory) and sel ective adsorption on intracellular protein(s) and
possibly other macromol ecul es, according to the associ ation-induction hypothesis(Ling, 1962, 1984). Insuffi-
cient energy to copewith one postul ated pump (thesodium pump) al one, makes further postul ationof another
manganese pump pointless. Selective adsorption of Mn™" seemsto be a more reasonableexplanation for the
high levelsof Mn*" in most living cells.
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Iron Content
(umoles/kg. fresh weight)

Individual Assays Mean = S.E.
1-Bran 49.3; 12.5 49.3; 122.5 (2)
2 — Heart 426 426 (1)
Normal 3-Intestine 129; 131; 201 154 +£24 (3)
Mouse 4 - Kidney 218.5; 234.4; 206.2 220 t 144 (3)
Tissue 5-Liver 574; 693; 972 746 L 188 (3)
6-Lung 384; 240; 415 346 £ 54 (3)
7 - Muscle 74.1; 119; 155 114 £23.7 (3)
8- Spleen 9.38 9.38 (1)
9 - Stomach 162; 133 162; 132.5 (2)
10— Plasma 47 47 (1)
1 - AS-30 168; 141; 96; 111; 74; 126 *x11.7 (8)
168; 126; 127
2 — Ehrlich 0.72; 0; 0; 45; 38; 295+ 12.6 (8)
Cancer 28; 90
Cdlls 3-Krebs 8: 88; 42; 64; 42; S2.1 9.6 (7))
78; 33
4-LSA 0.5; 0; 47; 28; 33; 34 23.7+7.8 (6)
5-P-815 66; 55 60.5
6 - Sarcoma 180 133; 115; 124 124 £4.32 (3)
7-TA3 77, 110; 64; 92 858+ 8.6 (4)

TABLEIL Theiron contents of normal mouse tissues and maximally deviated cancer cells. See
legend of Table | for explanations of details.

the best of our knowledge still unexplored. Being water-insoluble, it is probably NMR-in-
active.

If femtin and hemosiderin are, like the heme iron, also essentially NMR-inactive and
again like the heme proteins, their inaccessibleiron is not liberated by hot TCA, then the
only iron forms that are extracted by hot TCA arefree iron and "*smal molecular weight
form™ iron. The high atomic weight of iron (55.85) and the triple positive electric charges
it carries (and hence theexpected high degreeaf hydration) makeit virtually certain that the
equilibriumdistribution coefficient, or g-value of freefemcion islow in the cell water. If
s0, then the only form of iron that contributesignificantly to the Ty and T2 of living cells
must be the so-called " small molecular weight form'™ iron. Indeed there are some dataon
hand which tend to support this view.

Mulligan and Linder (1982) estimated that the normal femalerat liver contains52 pg of
"smdl molecular weight form'™ iron per gram of fresh liver. Thisis equivalent to about 1
mM. of ironin thisform. Taking into considerationspeciesdifferences, thislevel of "'small
molecular weight form™ iron may be ableto accountfor alion's share, if not al of theiron
extractedfrom mouseliver and reported in TableII (0.746 pmolesper kg.).
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FIGURE 3. The manganese contents o normal mouse tissues ad
maximdly deviated cancer cells. For moredetails, see Tablelll.

Thusin around-about way we have come to the conclusion, tentative though it may be,
that like manganeseit is primarily the fraction of iron loosely bound to cell proteins that
contributesto thediversity of NMR relaxation times of normal and cancer cells. Thus, the
lower iron content in cancer cells is another major factor that has made possible cancer
detection by MRI.

Thesignificance of cellular copper contentsin cancer detection.

The mean copper content of cancer cell (28.6 £ 3.16 umoles/kg.) islower than the mean
copper contentsof the normal mousetissuesstudied (36.2 £ 3.93 umoles/kg.) by some 20%.
Thisdifferenceis marginaly significant or insignificant, dependingon thelevel of statisti-
cal probability considered significant (see Results). The modest difference in the average
copper contents between cancer and normal tissuesisafar cry from thestriking differences
in manganeseand iron contents.
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ManganeseContents
(umoles/kg. fresh weight)

Individua Assays Memn £ SE.

1-Bran 6: 8.7 74 (2)

2 - Hat 33 3.3.(1)
Normd 3 - Intestine 54; 53; 36; 76.4 612176 (4)
Mouse 4 - Kidney 16; 16; 18.6; 18.2 17.2+£0.7 4)
Tissue 5-Liver 37; 31; 54; 24; 45 382+£5.8 (5

6- Lung 3.1; 3.3 32 (2)

7 - Musdle 2; 3; 49 3.3+09 (3)

8- Spleen 7.5; 8.9 8.2 (2)

9 -Stomach 74; 90; 69 T13£6.3 (3)

10- Plasma 0 0 (1)

1-AS30 01, C O 0.03£0.03 (3)

2 - Ehrlich 0; 17, 23, 0; 0 0.8 05 (5)

3 - Krebs 23 11, 15; 18 17 £0.25 (4)
Cancer 4-LSA 46, 2, 2 28 £09 (3
Cdls 5- P-815 18 18 (1)

6 - Sarcoma 180 0 0

7-TA3 12, 09 11 (2

TABLEIIL. The manganese contents d norma mouse tissuesand of maximally deviated
cancer cells. Seelegend of Tablel for explanation of details.

Whiletheoverall differencesof copper contents between the two groupsof (maximally
deviated cancer cells vs. normal tissues) may be insignificant,this does not mean that the
copper content of aspecificcancer in comparison with that of the specific normal cell type
from which thisparticularcancer cellsoriginatefrom, isalsoof no significance. On thecon-
trary,agood correl ation was observed between the copper (and iron) contentsof squamous
cell carcinomaand epidermal tissueson onehand and their respective NMR linewidthson
the other (The NMR linewidth isafunction of T2) (Block, 1973).

In thisconnection,itisalsoof interest to recall that 44 yearsago, Carruthersand Suntzeff
(1945) found that just after one singleapplication of methylcholanthreneto the mouse skin
both the copper and iron contentsaf theskinfell by 50%. Theeventual transformation from
later hyperplastic stage of the skin to carcinomaentailed afurther drop of 30% for copper,
but not for iron.

General comment on the multiple causes of Ty and T2 differences and the sig-
nificance for thefuture development of MRI.

In the conventional X-ray radiographic and computed tomogram images, the formation
of an image depends simply upon the varied electron density of the different part of the
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specimen examined. This simplicity makes interpretation of the X-ray-based data easy; it
alsoforecasts a limited future.

In contrast, theintensity of MRI images depends on a multitude of parameters, including
the density as well asthe Ty and T2 of the protons of the most abundant component of all
living body parts, water.

The T and T2 of cell water protons, in turn, are influenced by the cell proteins, the cell
water and the paramagnetic ions, as either briefly mentioned or more lengthily discussed
above.

Therefore, MRI mirrors and thus possesses the inherent ability of informing us on a
variety of key parameters whose interplay constitutes life. This complexity in the causes of
themagneticimageintensity makesin depth and preciseinterpretations of the MRI pictures
difficult at the present moment. By the same token, the great potential diagnostic insights
that MRI can provide about health and disease, are also far-reaching.

However, the expansive usesof MRI isat present no more than avision, adream. It will
come oneday. But only after we have achieved a much higher degree of understanding of
how living cellsreally function and malfunction. MRI can then befurther engineered to tell
about them in exact terms.
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Added in Proof

That different paramagnetic-ion contents contributeto the diferencesin the NMR relaxa-
tion time, Ti, of water protons in different normal tissues (Ling, 1983, Physiol. Chem.
Phys. & Med. NMR, 15:505), and that lower paramagnetic ion contents of cancer cells
contribute to the longer Ti and T2 of water protonsin cancer cells than those in normal
tissues (Ling, 1988, 1989) received recent confimations also from Negendank et al. in
""Evidence for a contribution of parasmagnetic ions to water proton relaxation times in
norma and malignant mouse tissues," Soc. Magn. Reson. in Medicine 1988, p. 572,
(though these authors did not acknowledgethe prior work cited above which they con-
firmed). { Seealso Renade in "' Paramagnetic metal contents and water proton spin-lattice
relaxation timein tissues" which appearsalsoin thisissueof PCP & Med. NMR (Val. 22,
No. 1).]




