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Summary. — The aim of this study was to examine
whether spin-—lattice relaxation in biological tissues is
adequately described by a single time constant T, and to
define under what circumstances a multi—exponential
approach is indicated. Relaxation curves were measured
at 60 MHz for a range of tissues from tumour—bearing
mice. Uni— and bi--exponential curves were fitted lo
the empirical data using chi—square as a criterion for the
goodness of the fit. An F—test was applied to test the
validity of each exponential term as it was added to the
fitting function.

Riassunto. - Questo studio si propone di esaminare
se il rilassamento spin—reticolo in tessuti biologici é
descritto in modo adeguato da una singola costante di
tempo Ty e di definire in quali condizioni sia pil indi-
cato l'uso di un approccio multiesponenziale, Le curve
di rilagsamento sono state misurate a 60 MHz per diversi
tessuti isclati da topi portetori di tumori, Sono state usa-
te curve mono— e bi—esponenziali per interpolare i dati
sperimentali, usando il test del chi quadro, come criterio
di bonta del fit.

Introduction

Spin—lattice relaxation times are usually measured by
the inversion recovery method. In this method [1] T, is
obtained from a least squares fit of the theoretical recov-
Ty curve:

Mz(1)=Mg (1 ~ 2 exp(—7 T} )) ¢}
to the empirical data with My and T, as parameters.
This approach is appropriate only when the relaxation
is uni—exponential. Most bhiological tissues seem to
satisfy this requirement and can be characterized by a
single T,. Substantial deviations from the uni--expo-
nential relaxation model have heen reported, however.
Marriothet and Moran [2], for instance, found a clear
multi component behaviour of T1 in murine liver
tissue, while Bovée et o, [3], Goldsmith et ol [4],
Rasz et al [5], and Edzes and Samulski [0] observed
a distinct two--componency to 'y in mammary tissue,

lens tissue and muscle tissue, respectively.

The present study was undertaken to state precisely
to what extent biological tissues satisfy the uni—expo-
nential model and to define under what circumstances
a multi—exponential approach is indicated.

Materials

Inversion recovery curves were measured in vitro for a
range of tissues from tumour—bearing mice. The mice
were of the C57B1 strain and had a subcutaneous, trans-
plantable, fast—growing mammary adenocarcinoma
—M8013— on one of the hindlegs, All animals were sa-
crificed by ether anaesthesia and subsequent cervical dis-
location. Excision took place when the tumour had
reached a volume of approximately 1 cm®. Measure-
ments were performed on the viable and necrotic parts
of the tumour and on a wide range of normsl tissues,
including thigh muscle, liver, kidney, spleen, salivary
gland, eyelens, and subcutaneous fat. Measurements
took place within 5 hours from excision.

Methods
Measurement of spin—lattice relaxation time T

The T; measurements reported here were performed
with a spin—echo spectrometer built at the Laboratory
of Technical Physics of the University of Technology in
Delft, operating at a frequency of 60 MIlz. The sample
cavity was maintained at 27° C. In the applied pulse
sequence the width of the 180° and 90° pulses was of
the order of 150 and 75 us respectively. The height of
the free induction decay signal was measured on oscil-
loscope immediately after the 90° pulse.

The spin--lattice relaxation curves used in this study
were determined from 15 to 25 pulse experiments, the
pulse separation 7 varying from 10 ms to 10 s. The se-
quence repetition time was chosen long enough to allow
the spin system to reach equilibrium between sequences,
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The sensitivity, stability and accuracy of the spectro-
meter were checked regularly by monitoring the T,
value of a reference solution of Mn?” ions in water.

Multi—exponential analysis of relaxation curves

In a multi—exponential analysis of the inversion re-
covery experiment the parameters Mgi and T,j,

i=],......., n are obtained from a weighted least squares
fit of the theoretical curve
n
M(r)= T Moi(1-2 exp(~7/T 1)) 2)
i=1

to the empirical data with Myj and T,; as parameters.
In this formula n represents the number of exponentials
required for an adequate description of the data, taking
into account the experimental accuracy 0; of the data
points. Optimum values of the parameters Myi and
Tyi are obtained by minimizing the weighted sum of
squares of deviations of the data from the fitting func-
tion with respect to each of the parameters simultane-
ously. The goodness of the fit is evaluated through the
- calculation of the reduced variance of the fit x;

1 N oo 2
e e ii o M= = Ma(71)) (3)

with N the number of data points, 2n the number of pa-
rameters, ¥=N—2n the number of degrees of freedom
left after fitting the N data points to the 2n parameters
Moi, Tyi, 0i the uncertainty in the data point Mi and
Mz (7i) the theoretical value of Mz at pulse interval 7;.

As discussed by Bevington [7] the value of the reduc-
ed chi—square should be approximately unity or less if

the fitting function is an adequate approximation of the
data.

Results

Proton spin—lattice relaxation curves were measured
for a range of tissues from tumour—bearing mice. The
curves were analysed according to the fitting procedure
outlined in the preceeding section. Table 1 shows the
mean values of the parameters Mg and T, obtained by
uni— and bi—exponential analysis of relaxation curves
for a series of mice.

Adopting x; < 1as acriterion for the goodness of
the fit, the uni—exponential model appears to be an
adequate description of the data for necrotic tissue.
Eyelens and fat show a distinct bi-exponentiality while
liver, spleen, active tumour, muscle, kidney, and salivary
gland present intermediate cases.

According to Table 1, the bi-—exponential analysis
vields a fastly relaxing minor component with T,, <
20ms and a slowly relaxing major component with
T,2 > 300 ms. Fat presents a different case yielding a
relatively slow minor component with T; ; ~ 200ms. In
neither case a third exponential could be resolved in our
experiments. This does not necessarily imply their non--
existence, however. The above analysis simply and solely
shows the hi—exponential model to be a convenient
parameterization of the experimental data, taking into
account experimental accuracy, number of data points,
etc. Inclusion of higher order terms is not justified by
our analysis, as this would not vield a significantly better
deseription of the data.

Table 1. — Mean values and standard errors of the mean of the parameters Mg and Ty obtained by uni-and bi-expo-
nential analysis of proton spin—lattice relaxation curves for a range of tissues from tumour—bearing mice.

M represents the number of mice {taken from reference 8).

model 1 model 2

Tissue M Ty (ms) Mo: (%) T3y (ms) Mpz (%) Ty 2 (ras)
Eyelens 10 351 % 20 14.7£0.8 1522 85308 466 £ 20
Fat 2 251+ 2 81145 197 +6 18945 910 + 202
Kidney 9 573115 5,709 itl 94.3+0.9 637 16
Liver 8 526+ 9 1.5£0.7 105 98.520.7 540t 4
Muscle 6 81611 7104 172 929+04 933 15
Necrosis 5 1029 + 41 - - - -
Salivary gland 8 416+ 13 5.3%10 125 924.7+1.0 454 14
Spleen 8 811125 3.6x09 9+2 %4109 870+ 35
Tumour 6 1096 + 37 3417 116 9.6 1.7 1163 = 29




Discussion

The results presented in Table 1 indicate the adequa-
cy of the bi—exponential model in describing spin—latti-
ce relaxation data in varicus excised mouse tissues. A
good fit to a particular model, however, does not gua-
rantee the validity of that model. It will therefore be
necessary to consider the results within the framework
of current theories on spin—lattice relaxation in biclo-
gical tissues. As described elsewhere [8] the results
appear to be consistent with a model of tissue hydration
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described by Berendsen [9], assuming three types of tis-
sue water, viz. specific and non—specific hydration
water associated with the macromolecules in the tissue
and general hydration water. In the case of fat, the bi—
exponentiality is presumably due to the different re-
laxation hehaviour of water and fat protons.

Evidently, more precise measurements of relaxation
curves and additional information concerning the mo-
lecular composition and dyvnamics of tissues will he ne-
cessary to further elucidate spin-lattice relaxation pro-
cesses in biological tissues.
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Summary. — .4 review is presented on the principal
results obtained in vroton NMR on tumor and non-
tumor tissues n malignant tumor-carrving animals
{svstomic effect). An attempt will also be made to
establish @ link between biological varigtions and the
different physical parameters that oecur within the
relaxvation times,

Riassunto. - Fiene presentata una rassegna sui
principali visultati ottenuti, mediante i NMR, su tes-
suti normali e tumorali di animali portatori di tumaori
maligni (effetio sistemico). Si tenta anche di siabilire
correlazioni tra variazioni biologiche o | diversi para-
metri fisiei che influenzano le proprieté di rilussamesto
magnetico nucleare di questi lessuti.

Introduction

The hope of finding a new method for the diagnosis
of malignant tumors was instrunental in the early deve.
lopment of biomedical applications of nuclear magnetic
resonance (NMR). However, as often happens where a
chunge is involved, the passing years und detailed resear-
¢h somewhat dampened the initial enthusiasin.

Research in this domain over the last ten years can be
divided into several periods. The firsl began in 1971
when R, Damadian published an article describing dif-
ferences in relaxation times between normal tssues and
torresponding tumor tissues. Research hud wdready heen
carried out on the structure of waler in muscle [ 1] and.
some 15 years previouely, A. Szent-Gyorgyi [2] had hy -
pothesized on the role of cell water in the malignant
Lransformation process. Damadian tested this theory and
hix first results concerning lumor Lissue raived a wave of
enthugiasm for what then appeared 1o be g sure and ra-
pid means of discriminating belween normal and wmor
tissue.

In the mid-seventies, this line of research went into
dlmost total dedline for two reasons, Fiestly, NMR ina-
ging syatems made their appearance and completely
eclipsed in vitro resulta. Secondly, during the sume pe-

-

riod, studies which queried NMR efficiency in diagno-
sing cancer were abundant. As of 1972, eriticisms mainly
concerned the specificity of the method. Il an increase
in relaxation time is only the result of an increase in wa-
ter content {(D.I. Holliz group’s hvpothesis [3], then
NMR cannot be expected 1o be specific and it is there-
fore of no interest Lo oncologists.

Towards the end of the seventies, a third period he-
gan during which various studies attenpted to explain va-
tistions in relaxation Limes. These resulted in an inter-
mediate position between Damadian’s enthusiasim and
Hollis” disillusion. Simultancously NMR tomography u-
nils hecaine more accurate; separate relaxation times
T, and T; could be obtained as could the density of
spin using appropriate pulse sequenees (inversion-recove-
ry, saturation-recovery, spin-ccho, etel). Interest in un-
derstanding the causes of flucluations in proton relaxa-
Lion Limes in biological tissue revived.

We shall review briefly the principal resalts obtained
in proton NMR on tumor and non-tumor tissues in mali-
gnant tumor-careying animals (systemic effect), We shall
then try to establish a link belween biological variations
and the different physical parameters that oceur within
the refaxation times,

1. Review of principal results
L1 Twinor tissue

In 1971, Damadian meggured the T, and 15 of va-
rious Linmors in animals aud be compared these resulis
wilth those obtained in normal tissoe [4]. The following
veir, he published the Tirst results obtained in vitro on
humun tnnors [3], Numerous in vitro studies on lounnan
tumors were conducted over the suceceding years:
heeast [0-8], lung {9], thyroid [ 10, 1] and intracranial
Lumors [ 12-14].

Dumadian even proposed o “malignancy indes™ us-
sociating 1y and T, According to him, casy diserimi-
nation between malignancy and benignity would thereby
be: possible [7-9]. Such an idea is o gouod illustration of
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Fig. 1. — a) Ty variations in human intracranial tumors (de Certaines ef afl., 1982 unpublished): the results show there is no simple dis

crimination between malignant and benign tumors. b) T4 varistions in human intracranial tumors,

the initial enthusiasin for NMR that prevailed among on-
vologists. The association of the two relaxation times T,
and T, is however, open to debate. T, and T3 express
fluctuations in the various physical parameters of tissue
waler differeatly [10-13]. Their association may well
hide data specific to T, or Ty, Furthermore, many au-
thors have shown that proton relaxation times do not
allow 2 distinction to be made between malignant and
normal tissue but between tumor, or, even more general-
ty. altered tissue and healthy tissue [0, 8, 10, 12, 14]
(Fig. 1).

Proton NMR way seems a sensitive method for de-
tecting physiological fluctuations but it can no longer
be considered a specifie method for characteriving can-

cer,
1.2, Svstemic effoct

ILE. Yrey and MM, Pintar [16] were the fimst, in
1972, 10 show that the Ty of different non-tumor organs
(liver. Kidney. spleen) increased by 10 10 20% in a can-
cec-carrying mouse, These results wore confinmed by
other researchers using different animals. We ourselves
reached the same conclusion when we studied the liver,
aplecn. kidneyvs, heart and striated museles in mice with
Lewis lung tumeor [17]. This systemic effect is more sen-
sitive where Ty s concerned, T, would seem a better
indicator of the tumor itself. W also showed a sensitive
Ty and T3 reavtion in the peritumoral area (Fig. 2). C.
R. Ling found the same alleration in T in the peritu-

moral ares and showed that allografis of normal tissuc
were also acesnpanied by an increase in Ty in adjacent
tissue. He attributed this effect to a lecal iminune rea
ction. The systemic effect on tissues is not therefore ne
cessarily specific to cancer. To give an example, we have
shown that as the Lewis tumor grows, the splenic T and
T, increased; there was a good correlation with the sple-
nic index (Fig. 3). Relaxation times in spleen also
change, however, after exposure Lo radiation, and after
immunomodulation due to various strains of Brucells
abortus, ete,

It was then discovered that this systemic effect.
which had previously heen described in relation to va
tious solid tumors, also existed in serum [18)]. Holki
[19] and Hazlewood [20} later confirmed this result
on animals models. Hazlewood further showed that
the systemic effect on serum could also occur during
the growth period of benign tumors.

To extend these results Lo huiman patients wee neasu
red the Ty and T of sernm from 224 controls and from
310 carriers of various solid tumors at different stage-
of evolition. Our results [21] showad that:

i) the systemnic effect described in anbmals also exi
sted in man;

iy ax in animals, the effeet resulted in an inerease in
T, (Fig. 4). The effect on Ty, however, was a chang
in its distribution but not in its mean average:

iif) it only appeared in advanced stages and ceased to
exist in the residual stage;

iv) it could neither be correlated with a variation ir:

v
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Vig. 3. — Systemic effect: T; and T, spleen variations and
aplenie index of Lewis tumor carrying mice as a funclion of
tumor growth [17].

seric ion nor with a drop in total protein, On the other
hand, the different changes in Ty and Ty mean that we
van consider that a correlation exists with the protei-
nogram insofar as each protein, depending on its size and
structure, exerts a different influence on serum relaxa-
tion times.

lI. Biological parameters likely to influence relaxation
time

Cancer is a combination of complex and as yet ill-
known biological phenomena which do not occur only
in tumor cells,

11.1. Malignant transformation

A tumor cell is a little-differentiated cell whose
growth is excessive and unaffected by regulation proces-
ses. Its different growth rate studied by NMR is the sub-
ject of the next paragraph. The main other cylo-chemi-
cal variations that can alter relaxation times may be: wa-
ter content, ionic fluctuations, changes in molecules or
in organized polymolecular systems (e.g. membranes or
eytoskeleton).
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Fig. 4. — Systemic effect: serum T; variations in patients with
solid tumors [21].
A -control population {2 =224) m=1386(SD = 68 ms)
B - imperceptible discase {n = 155) m =1354(SD= 77 ms)
(n =156) m = 1428 (SD =108 ms)
(significant difference between A and C for a threshold of
p<0.001).
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C - evolutive diseasc

a) Water content

Tumor tissue often has a higher water content than
cotresponding healthy tissuc. But is this sufficient to
explain the lengthening of relaxation times generally
observed in tumor tissue? A rather lively discussion took
place over this point between Hollis’ group [22, 23]
and Damadian’s. For the latler, who had been inspired
by Szent-Gyorgyi's theory [2], the T{ and T, values ob-
served in tumor tissue are linked to a structural modi-
fication of intracellular water. For Hollis, they are lin-
ked Lo a non-specific fluctuation in water content. The
issue in this debate is whether NMR can detect highly
specific alterations due to cancer and thercfore whether
it is of new interest in the diagnosis of malignant tumors.
The Suent-Gyorgyi-Damadian hypothesis does not seem
to have been confirmed experimentally, whereas relaxa-
tion times for tumors scem often, but not always, to
correlate well with the water content [22, 25].

b} lonic fluctuations
A qualitative and no longer a quantitative variation in

intracellular water caused by the hydratation shells of
the ions and macromolecule may be considered. Dama-
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dian’s point of departure {4, 5, 26] is that N&' ions are
“structure-making” as regards water and K ions are
“structure-breaking”. This is based on the circulation of
the transition energy required by one molecule of water
in the hydratation shell of an alkaline ion. The N&'
and K’ ratio fluctuates in biological fluids. The structure
of water molecules and therefore their relaxation times
would depend on the variations of these ions. To test
this hypothesis, Damadian [5] put Escherichia eoli into
a culture medium enriched with either potassium or so-
dium. He noted an increase in the relaxation times of
the potassium-enriched cultures. A study of the potas.
sium content of different tumors led him to confirm.
L. Dunham’s observation: “with few exceptions. the po-
tassiwm content of malignant tumors increased ™.

However. Damadian himself in 1974 [27]. and then
B.M. Fung in 1975 [28]. found that the concentration
of potassium sometimes decreased in tumors and this
explanation was not therefore acceptable. These results
were also in contradiction with the importance accorded
to sodium ions in Hazlewood's study of the maturation
of muscular tissue published in 1971 [29].

B.M. Fung. in 1973, in his works on the hydratation
shells of collagen in solution {30]. and G.P. Raaphorst.
in 1975 [31]. indicate that ionic variations bring an indi-
rect influence to bear. They cause transconformation of
the macromolecules and thus variations in the iimportan-
ce of their hydratation shebls. Within the limits set by
the physiological concentrations, the contribution of
paramagnetic impurities and free radicals to T, and T,
variations has also been evoked, but has not been
proved: at higher doses, modulating contrast in NMR
imaging is possible.

¢) Hista-phvsiological parameters

R.E. Block [32] compared cvtosol extracts taken
from hepatoma and from normal rat liver. He conside-
red that the stronger concentrations of proteins and gly-
cogen in the control explained a shorter T, compared
with the hepatoma. For Block, variations in hydratation
shells played a decisive role in the T of cell extracts
and could be applied to the measurement of solid tis-
sue.

With regard to breast cancer. W.M. Bovee [33] thinks
that the T, observed is the sum of a short T (fat con-
tained in the tissue) and of a long T; (cell water). He
also remarked that the long T, does not seem to be sta-
tistically different in normal and tumnor cells. He conelu-
ded that the fat content of the sample was the decisive
element as this is lower in benign and malignant tumors
than in normal tissue.

8.5. Ranade [34] measured the T, of cell nuclei of
fibrosarcoma in mice, normal liver and liver taken from
a fibrosarcoma-carrving mouse. He noted that as liver of
the mouse with fibrosarcoma and was greater still in the
tumor itself. The increase in T, could then reflect the
altered nucleocytoplasmic ratio. the polvploidy and the
rate of mitosis which characterizes cancer tissue. This
resembles the vole played by chromatin as described by

Mazlewood and to which we shall return in the follo-

wing paragraph.

In addition to these alterations which affect indire-
ctly the bound water and the water content of the tis-
sie, C.J. Lewa's work on normal or tumor dehydrated
tissue should also be mentioned: this encourages research
into the reasons for fluctuations in relaxation times in
the properties or structure of a non-aqueous cell substan-
ces [33]).

1.2, Crouth rate of tumor tissue

If proton relaxation tissue T, and/or Ty could be
considered as “vell cvele markers™. an important tool
would be available for chemotherapy monitoring. for
the use of Gy cell recruiting agents and for the optimi-
zation of circadian chvthm dependant teeatment.

Can cell division and differentiation loss (the two
phenomena seem connected) lead to variations in water
content or cause alterations in T, and T, when the wa-
ter content is constant? Several studies to this effect ha.
ve been published. Ranade {34] investigated the T,
of isolated nuclei of tumor cells. Schara [11] the diffe-
rence in T, between well-differentiated and little-diffe-
rentiated thyroid cancers, Inch [36] compared embryvon
tissue with neoplastic formations and Hollis [3] studied
hepatoma in rats.

Morgan and Cameron [37] showed that cell prolifera-
tion increased in the liver. kidnevs and spleen of hepato-
ma-carrying mice. This result is not isolated [38. 39]
and could explain the systemic effect described above.

a) NMR and the growth rate of organs or tumors

In 1974, Pintar’s group showed that the average T,
measured on rapid-growth transplanted tumor tissue was
significantly higher than the average T, for slow-growth
spontaneous tumors. He also confirmed that rapid-grow-
th nou-tumor tissue such as embrvon or regenerating li-
ver tissue after partial hepatectomyv could have an in-
creased T, Pintar’s group is the first, if we except the
suggestion made by Carver in 1973 [40). to ascribe T,
fluctuations to a rapid growth process. Carver’s demon-
stration was not definitive, however. His studv of regene-
rating liver seems especially open to question: it only
concerns T; and no use was made of relative laparoto-
mized controls. Furthermore. a heterogenous sample
of different embrvon tissue cannot normallv be compa-
red to inature tissue (Fig. 5). We measured embrvon
tissue during the first weeks of life and confirmed this
first result without going so far as to prove that cell di-
vision on its own is sufficient to explain the increased
T,. The same reasoning applies to regeneration follo-
wing partial hepatectomv {13] where postoperative
stress must be taken into consideration (Fig. 6).

We used another model of in vivo cell synchroniza-
tion, planarian regeneration, and obtained a good cor-
relation between variations in T, and the number of
mitoses. T, fluctuated little (Fig. 7).
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during neonatal period (de Certaines, 1981, unpublished).

Fig. 6. — Study of in vivo cell cycle synchronization [13]:

a} T{ of hepatectomized rats (H) and leparatomized control
rats (relative controls L) depending on post-surgery hour.
The striped area represents absolute controls (m £ DS).

b) Ty variations.

Hollis {3] compared T, water content and the gro-
wth rates of different transplantable hepatoma cell li-
nes, He found a good positive correlation but he empha-
sized that there is a difference between the growth of
the tumor in-situ and the doubling time of its cell fra-
ction outside of the Gg phase. For Kiricuta [42], the
high T, in mitosis could explain the increase in T,
in rapidly growing tiseue, both tumor and immature. In
tumeors, this effect would be particularly marked on the
periphery (where there are more dividing cells) than at
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Fig. 7. — Study of in vire cell cvele svnchronization: planarian
regeneration (Poivcelis tenuis-nigra) after serial sectioning of
animals [41].

the center (where there are more cells in the Gy or &

phase).
b) Studies on in vitro cell cultures

P.T. Beall [42] showed that T, in synchronized Hela
cells went from a minimum at the § phase to a maximum
at mitosis. He went on the prove that these variations
cannot be attributed to simple fluctuations of the water
content. § and G, phase water content is very similar
whereas T | is significantly different [44]. The same team
[45, 46] put different human breast cancer cell lines in-
to culture: they found a connection between the growth
rate in culture and T;. This may be of interest in pro-
Znosis.

Relaxation times varv during the cell cycle and espe-
cially during the tumor cell cycle. They also vary in nor-
mal cells. Beall demonstrated this in his work on Ham-
ster ovary cells [47]. Mitotic cell population T; and T,
are longer than those of cell populations at the inter-
phase.

Other models have not always given the same results.
R.N. Muller [48] found no significant T; change in rat
hepatoma cells treated by Nocodazole. Can macrocellu-
lar transconformation during the cell cycle explain, at
last in part, the T, variations described above? Beall
let spermin act on S-phase synchronized HeLa cells:
he condensed the chromatin and obtained a 30%increa-
se in T without altering the water content [49]. Further-
more, the difference between S-phase and G, -phase T,
in isolated nuclei is the same as in whole cells. Cytoske-
leton molecules may also play a part as Beall correlated
T, with the microtubule complexes in human breast
cancer cell lines [50].

Are variations in water content during cell division
the decisive element? Hollis found a good correlation
between hepatoma growth rates, their T; and water con-
tent [3]. Beall, however, cannot explain the difference
in T; at the § and G; phase and, to lesser degree, at
the M and G, phase by water content variations. These
only explain G, -S and G;-M differences.

The medical stakes involved in the NMR study of
the cell cycle are considerable, The study of non-mito-
tic cell division can help to understand the mechanisms
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concerned. B.S. Wong [51] used cultures of monocel-
lular zlgae and found a drop in relaxation times T,
and T, during the log-phase as compared with the sta-
tionary phase. At first sight, these results may seem in
contradiction with those expressed above. They showed
that T; increased with the growth rate. Monocellular
elgae cennot be compared with mammalian cells. They
have no nucleus but a clear central area called mucleo-
plasma which is not surrounded by a membrane and
which contains DNA. There is no nucleolus. Reprodu-
ction occurs by simple division. There are no chromoso-
mes and no mitotic spindle.

These results should also be compared with those
obtained by other physical technique e.g. the study of
osmotically active water carried out by Dupree (50) on
synchronize Ehtlich cells or Cerek’s work on fluore-
scent polarizzation [53, 54].

IL.3. Other histological alterations

Local histological characteristics such as vasculariza-
tion, adipose tissue, inflammation, oedema, necrosis,
fibrosis, can greatly alter relaxation times.

Ling and Foster have studied inflammation in particu-
lar {55, 56]. They implanted malignant or normal tis-
sue and observed a brief increase in reluxation tines a-
round the graft. They explained this a8 being due to an
inflammatory reaction of the adjavent tissue. They car-
ried out the same experiment by injecting turpentine
which provoked a localized inflammatory reaction. The
increase in T, in the peritumoral zone in a Lewis tumor-
carrying mouse (Fig. 2) can be ascribed to the saine
phenomenon [17].

Necrosis hus been the subject of several in vitro stu-
dies [17, 57] which have been confirmed by imaging.

C.J. Lewa [58), K.G. Go and 5. Naruse [37] have stu-
died oedema. We ourselves have followed T, and T,
fluctuations in rat brains during chemically (triethyl-
etin salts) or osmotically induced oedema. Our results de-
monstrated that proton NMR ix a sensitive indicator of
oedema and can be used for pharmacologival studies
(Fig. 8) [60]). Ocdema is important for the NMRU de-
tection of intracranial tumors, bul the relaxation time
veriations observed in this tumor localization cannot e
explained by the sole presence of vedema.

Vaseularization [57]. the presence of melanin [59],
adipose tissue particularly in breast cancer {33, 57, 61],
cytoskeleton chunges (50). ete., ure all factors which
must be taken into consideration when interpreting re-
laxation times,

In human intraeranial tunmors (meningiomas), we used
Masson Trichrome to volour the collagen content und
showed that the latter could explain siguificant T,
variations {13}.

Thus, the biological parameters likely o alter mali-
gnant tumor hiulugic:al paraimeters are numerous and goe-
nerally non-specific. IU i therelore necessary o Lry 1o
clarify the different causes of variations, so that guide-
lines for the interpretation of clisical results can be de-

fined,
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Fig. B, — Qedema: evolution of proton NMR relaxation time T
measured 24, 48, 72, 96 and 120 hours afler induction of
cercbral oedema in a rul. Intoxication by triethylelin salts
{TEE: 5.6 and 14 my/ kg_1 by u single intravenous injection) [60].

Il1. Interpretation models of variations in relaxation ti-
mes

{IL.1. Water in biological systems

Even if water protons alone are not responsible for
variations in relaxation times [35], they play an essen-
tial part. The water content of living organistng varies
between 50% in bacteria spores and 96 to 97% in certain
marine inveriebrates. The adult human body has a water
content of 65 10 70%, but the waler is divided unequal-
ly between the tissues,

Table 1. Wator content of human tissues

TISSUL WATER CONTENT
Nervons Uissue 84%
Muscle 7%

Liver 73%
Skin 71%
Conjonciive Lissue 60%
Aulipose tissue 30%

Water has long been considered a simple Tiquid {idling
intermolecular gaps. 1w role as a regulator of molecular
interuction was deseribed by AL Szent-Gyorgyi, whose
livpotheses served as a basis for Damadian’s first studies.



a} The structure of water

Water has been widely studied and the number of
publications on theé subject is impressive. Nevertheless,
certain major points atill remain to be elucidated. The
strong attraction that water molecules exert on each
other can be explained in part by their dipolar nature.
Thus, one water molecule form hydrogen bonds with
four adjacent molecules. The structure of water in its
liquid form differs little form that of ice crystals. Only a
small proportion of hydrogen bonds is destroyed during
transition from the solid to the liquid state. This leaves
the intermolecular organization at short distance intact,
but modifies it at a greater distance. For each water
molecule, the distribution of its close neighbours is
almost identical to that of an ice crystal. Beyond a radius
of 10 &, however, (that of the molecule is 1.5 R), the
movements of the other molecules are most coordinated
in comparison with the molecule under consideration.
The difference between water and ice, of which the
structures are very similar, lies in the rate at which the
hydrogen bonds are made and destroyed. If, at a given
moment, most of the water molecules are linked by
hydrogen bonds, the latter have a halflife of 1071° to
10" 5 and the term “fluctuating aggregates™ has been
introduced to designate those structures in water whose
life span is short and similar to those in ice.

b) Water in solutions

Numerous models have also been proposed in an ef-
fort to understand the structure of water in solution. As
of 1945, Franks introduced the idea of “icebergs™ to
explain the water organized itself around solute mo-
lecules. Szent-Gyorgyi took this idea up and talked of an
“ice-like” water surrounding proteins.

What is certain is that biological molecules bring
about change in the structure of water by surrounding
themselves with a hydratation shell. The water molecu-
les belonging to this shell are dynamically orientated
and have a lesser degree of mobility. The arrangement
and diffusion of the water are differeat from those of
pure water. This becomes a fluctuation of correlation
Lime T ¢ or perhaps a continuous distribution of 7, if jt
is weeepted that movement within the hydratation shell
i8 not uniformly restricted.

In macromolecular solutions, at temperatures greatly
below the freezing point of water (as low --70° C), part
of the water does not freeze. Kuntz and Kauzman [62]
have identified this unfreezable water with the water of
the hydratation shell or “bound water”. The peometri-
cal arrangement of water molecules in a protein surface
is different from that imposed on water molecules in
iee crystals. This would seem to prevent freesing. From
the NMR viewpoint, the decrease in mobility of the mo-
lecules and therefore the lengthening of their correlation
lime 7, gives shorter T; and Iy relaxation times than
n pure water,
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¢) Water in biological systems

Results similar to those of protein solutions are
found in intracellular water and in biological tissue
where T; and T, are lower than in pure water. Cooke
and Wien [63] showed that the relaxation times mea-
sured on muscle cells were the same as those in a 20%
protein solution. Therefore, in conformity with the data
on macromolecular solutions, it is reasonable to suppose
that the decrease in intracellular water relaxation times
is due to the existence of one or several phases of water
having a short relaxation time [64]. Experimental results
go against the idea of one-phase intracellular water which
has therefore been completely rejected. Consequently,
the debate on the exact number of phases remains open
(Table 2). In 1969, Hazlewood [1] carried out a high
resolution NMR study and made it obvious that there
were at least two phases of ordered water in skeleton
muscle. One was a major phase in which the molecitles
lost a lot of freedom in comparison with the pure water
molecules. In the sccond and minor phase, mobility was
less than in the major phase but greater than in a solid.
Cooke and Wien [63] showed that the measured values
of Ty and T; were compatible with a two-phase model
free water-bound water, the latter representing 4 to 5%
of the total water. They further suggest that therc are
rapid exchanges between these two phases. Fung [65]
also accepted this two-phase rapid exchange bemodel
and found that bound water represented about 10% of
the total water. In 1974, Hazlewood [66] opted for &
three-phase model based on the study of muscle T,,
where one of the phases had a T; too short to be de-
tected by present measurenient techniques.

The definitions of water as more or less “free” or
more or less “bound”™ (“ice-like”, “crystalline”, “adsor-
bed”, “ordered™) are ambiguous. In an attempt to
clarify atters, Damadian [26] propused the term
"QUERP water” (Quick FEndocytic Relaxing Pulse) to
define the phases of intracellular water based on NMR
measurenment of 1) and T;. This proposition did not
catch on. It had the advantage of defining the concept
by the experimental techniqee used. The inaccuracy
which still dominates most of the work an water in
biological systems would thus have heen avoided.

An important guestion remains unanswered.  Are
the relaxation times chseeved in the intracellular water
the result of a rapid exchange between “bound water”
with proteing (short relaxation time) and “free water”
molecules with longer relaxation times? In the event of
& posilive response, the descending magnetization curve
(FID, free induction decay) is a simple exponential after
the equilibrium is altered. On the other hand, if slow ex-
changes are thought to have occurred, a descending curve
which is the sum of several exponentials should be seen.

1112, Application of a 2-phase rapid exchange model

in an attempt to classify the different variations de-
scribed above, we decided to use the two-phase rapid
exchange model (Fig. 9) proposed by Fung {65]. The
model only corresponds to what is voluntarily a very
summary and often inaccurate representation of complex
phenomena. Tts advantage, however, is that it allows us
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Table 2. — Main models of water in biological tissue

Number of Type of exchange
phases in
water Fast exchange Slow exchange or no exchange
1 LING (1962)
Contradicted by experimental results as this model led to a value of ¢y T¢ <1 for
T3 T,
2 FUNG, PINTAR, COOKE, WIEN (1974): COPE and HAZLEWOOD (1969) on
T, and T exponential striated muscle: T, not exponential
2 phases:
— free water (pure)
bound water with macromolecules having
alonger T,
3 KOENIG, FRANKS (1972) HAZLEWOOD (1974) on striated
3 phases: muscle
— free water
external hydratation shell
- irrotationally bound water
n PACKER (1977)
- free water
n phases of bound water each with very
different characteristics
to reason on the hasis of the different parameters likely
to be involved in the physiological of physiopathological
events we are trying to understand.
Ty obe = T, observed i HYDRATATION SHELL
Ty = T, of free water ,, ™
T = T, of bound water ! \
b = relative bound water content gr .
p; = paraticter of cover of one molecule 1 !
o = concentration of molecule N !

Fung’s model is expressed as follows:

Tiob = Toe + b(IYy, - Ti)
1

*If the 'l'-]]f which follows T-Ilb is removed, we gel:

el ] sl et
llnhs— If+b]‘lh
now, h = pe.

Therefore, Tor i molecular types, we gel:

el el el
o = Vit + Zpyei Libi
H1.3. In vitra measurement of the 2-phase rapid

exchange model

Tip and b are iwo-phase rapid exchange parameters
which can be obtained experimentally by the progressive
lowering of temperature. T;,p; is the starting data
obtainable by direct measurement. T ¢, representing free
water, must be constant from one sample Lo another for
the given temperature and frequency. In tissue, free
water usually freezes at sbout - 10° C. The free water

v (o) 0
\ ‘*H./_ _\E \’-

BOUND WATER

RAPID EXCHANGE =®,
o\
W7 “H

~ FREE WATER

Fig. 9. - Two phases rapid exchange model of cellular water

has become ice and its signal has disappeared. The rela-
tive bound water content (b) can be deduced from the
difference in the signal emitted before and after freezing
(Fig. 10 a). By measuring T, before and after frecsing,
Tiobs tan be obtained for high temperatures and
T,y for low temperatures. If the temperature for mea-
surernent are chosen sufficiently close together, there
is no need to correct the T values according to their
different tempurature measurements. 1f' the temperature
messurements are greally different, then the T values
for a same temperature have Lo be calculated (Fig. 10 b).
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Fig. 10. — Experimental measurements of parameters b, T ohs

and Ty in two phases rapid exchange model

a) b i= measured by change in signal amplitude around frew
water fusion point.

b} measurements of Ty,pe towards - 5°C and of Ty}, towards

115

Once the free water has been frozen, the signal emit-
ted by certain macromolecular protons with very short
relaxation times can also be observed.

Tir can be deduced from parameters Tope. Tp.
b and should not vary much from one tissue to another.

An experimental estimation of T,f can be obtained
for a protein solution. The concentration (c) dependant
Ty curve can be plotted and extrapolated for when ¢ = 0.

Ratkovic and Sinadinovic [67] cartied out a similar
experiment on thyroid tissue according to tissue con-
centration in soluble proteins. When concentration was
zero, a relaxation time superior to that of free water
was found by extrapolation. The authors attributed this
mainly to the membrane hvdratation shells. This is a
good illustration of the fact that, in the two-phase mo-
del, parameter b can be separated into two units i and j:

b= Zpe +Xp.e
cpll jp.ll

Unit i is likely to vary depending on cellular metabo-
lism. Unit j corresponds to the minimum of constant
molecular structure whilst the cell is alive.

Furthermore, the total water content can be measu-
red by dehy drating the sample,

As an example, the following results were obtained
from measarements made on a bovine serum albumin
solution (BSA) and rat liver tissue (see Table 3).

This effort to discriminate between the different pa-
rameters seems indispensable if one wants to connect the

variations to their biological causes and use proton NMR

- 10°C images as much as possible.
Tuble 3
BSA solution Rat liver tissue
) 10 MHz 90 MHz 20 MHz 90 MHz
Ty measured 640 ms 800 ms 180 ms 272 ms
90
" T, measured 82 ms 160 ms 40 ns 138 ms
(-12°0)
L theasured 6% 6% 14% 9%
T\t estimated at transition 1130 ins 1080 1ns 400 ms 310 ms
(-5°C) (- 10°C)
"' 15% 15% —
p 0.4 0.4
) Hy O %total water content 67%

-
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IIL4. Different biological causes of variations in the 2-
phases model

We cant now connect the biological variations descri-
bed above to the different parameters they are likely to
affect. One then discovers that most have multiple cau-
ses and that they do not specifically indicate the pre-
sence of a malignant tumor. Table 4 gives several exam-
ples (see Table 4).

The question then is whether the overall variation in
mean relaxation time observed is useful in diagnosis.
In most cases, several parameters will change simulta-
neously but they will not all have thie same importance
for Ty and/or T, changes.

Conclusion

In conclusion, all physicians who interpret NMR to-
mography images must have a sound knowledge of the
causes for fluctuations in whatever parameter is under
consideration. The anatomical image may well secm sa-
tisfactory, but, unless each iinage is closely studied as

to the exact nature of the contrasts which appear on it,
the importance of NMR as a source of physiological and
biclogical inforination will be lost to view.

When a major hydric variation (c.g. vedema) is the
dominant indication of the physiological event to be
detected, interpretation will be easier. When less perce-
ptible alterations are sought (e.g. variations in b likely to
express cell kineties), the difficulty will be to derive in-
formation from fluctuations in water content which
may well hide such alterations. This is where NMR en-
ters into its own as it can modify the parameters measu-
red by varying the pulse sequences, In order to do this.
however, NMR must be aceopted as an imaging techni-
que different from the others. It is a biochemical techni-
que capable of transforming minute physiological altera-
tions into an image. To do this, it must be possible to
obtain the NMR of nuclei other than proton, and to
link in zive NMR machines to more “anatomical”
techniques by mneans of a system allowing data proces-
sing and images trom different sources to be superim-
posed. Such a technigue would then be highly original
and would complete but not compete with tomoden-
sitometry.

Table 4
Variations specific to cancer or having Non-specific variations
great diagnostic or prognostic importance
Ty Physico-chemical structure and environment
of the molecule
[4.5, 26, 30, 31, 68]
Tip Oxvgenation (death, ischemia, necrosis)
Paramagnetic contrast media [23, 32, 69-
72]
Macromeolecular transconformations (e.g.
P chromatin condensation) [34, 44, 49, 50]
b
Overall variation of water content [3, 22,
c 23, 60]
Proteinic svnthesis [23, 32, 50]
Macromolecular degradation or release [67]
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THE NMR PROTON RELAXATION IN BIOLOGICAL FLUIDS:
A GOOD WAY TO IDENTIFY PRECISELY HEALTHY OR PATHOLOGICAL STATES

G.]. BENE

Département de Physique de la Matiére Condensée, Section de Physique de I'Université, CH - 1211 Cenéve 4, Sivitzerloand

Summary. — A new approach of medical diagnosis
by NMR is proposed and applied to o physiological
fluid. It is well known that such fluids are relatively
easy to study by NMR techniques, because they are
mainly aqueous solutions of mineral ions and of macro-
molecules in the presence of suspended cells, If the
extraction is correctly done, we have similar properties
in vivo and in vitro. A given fluid generally has a well
defined composition for a large healthy population,
and the small qualitative or quantitative deviations show
¢ weak influence on the relaxation properties, We should

also mention that a given pathology can show qualita-

tive changes of composition in direct connection with
the evolution or with the seriousness of the pathology.

We used an experimental procedure capable of pre-
cirely describing a given healthy physiological fluid, a
pathological state of this fluid and the level of the latter
by NMR relaxation times T, and T3. An appropriate
strategy is develaped in several steps precisely described
in this paper. The particular physiological fluid explored
is the amniotic fluid and itz pollution by meconium
fmainly polymucosaccharides) in foetal distress, in the
last weeks of pregnancy, '

Some final remarks are made about the application
of this procedure to other physiological fluids or soft
Lirsues,

Riassunto. — Viene qui proposto un nuovo approc-
cio diagnostico, che utilizza la Risonanza Magneltice
Nucleare per lanalisi di fluidi fisiologici. £’ ben noto
che questi fluidi possono essere studioti facilmente con
tecniche NMR, perché consistuno essenzialmente di
soluzioni acquose di ioni minerali, di macromolecole e di
cellule in sospensione, Se Uestrazione é eseguila correl-
tamente, le praprietd in vitro od in vive sono molto si-
mili. Un dato fluido ha in generale una composizione
ben definita per un grande numero di individui sani,
e le piccole deviazioni qualitative o quantitative mosira-
no solo lievi effetti sulle proprieti di rilussamento Si
deve anche menzionare che una duta patologia pud
essere associala a cambiamenti gualitativi e quantitativi
di composizione, in diretta relazione con Uevoluzione

della patolagia stessa.

E’ stato qui usato un procedimento sperimentale
capace di descrivere con precisione le proprieta di ri-
lassamento magnetico nucleare di un dato fluido fisio-
logico in individui sani e in individui affetti da alcune
patologie, a vari livelli di gravitd. In particolare, é stato
preso in considerazione il liquido amnictico e ne sono
stati studiati ghi steti di inquinamento da meconio,
che si possono associare a casi di anomalie fetali nelle

“ultime settimane di gravidanza,

Vengono infine considerate le possibilita di applicare
questo procedimento ad altri fluidi fisiologici o a tessuti
melli,

Introduction

Since Daumadian’s discovery in 1971 [1], proton
relaxution of physiological water has been largely
investigated for medical diagnostics: its importance is
crucial in epin imaging, and its possibilitics seem very
promising in the identification of pathological tissues.

In the present state of the development of research
in this field, we think that more information can be
extracted from relaxation measurements, In spin imag-
ing, the intensily at each point s often a complicated
function of Mg, the magnetization of protons, and of
T, und T,, their relaxation times. The significance
of the itnages obtlained is thus not clear and their inter
pretation is difficult. Measurements of T, and 1, in
sofl tissues, which normally are inhomogeneous media,
give “mean” values, gencrally deprived of any biochein-
ical meaning. Moreover, the amplitude of the applied
field g is gencrally arbitrary or chosen without refer-
ence Lo the often sensitive dispersion of the relaxation
litnes.

We propose here a more rigorous treatment of the
relaxation of water protons in physiological aqueous
solutions. After & briel survey of the physical principles
of the involved parametems, this treatineat is applied
lo a physiological Tuid, namely the amniotie fuid
(A.F) of pregnant women. We are focusing on the
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following probl:ms and purposes: identifying pathol-
ogies of this fluid; applying the same procedure to other
fluids and to soft tissues; obtaining a better interpreta-
tion in NMR imaging.

Our investigations on physiological fluids show that
proton relaxation measurements in an appropriate Ho
field range can enable one: to distinguish different
healthy tissues; to follow the evolution of a given tissue;
to identify a particular pathology in a given tissue; to
evaluate the degree of injury in this last case.

The relevant parameters in this approach are the mag-
netization Mg of the nuclei in the applied field Hy and
the relaxation times T, and T, , measured, if possible, in
a large range of Hy values: Mg i directly connected to
the abundance of water in the explored volume; the
dispersion of the relaxation times gives the correlation
times 7, of the medium and the rate of energy exchange
for each of the dynamical processes, precisely character-
ized by one correlation time.

The experimental procedure used will be given with
reference to a specific case: the pollution of the amnio-
tic fuid of pregnant women by meconium (faeces of
children not yet born) in the last weeks of pregnancy, in
the case of foetal distress. The main steps of that proce-
dure will be developed for this example.

1. Experimental methods
1.1 Physical principles

Measurements are done on physiological fluids which
are normally aqueous solutions of mineral ions, organic
molecules, proteins and other macromolecules with
some suspended material (eg. cells). By proton NMR
experiment, we detect a signal which is a function of
M,, the magnetization in a given field Hy, T, and T,
the relaxation limes in connection with energy exchanges
hetween a given proton and its surrounding. T, is char-
acteristic of the energy exchange between spins and
lattice, while T, is connected with the life time of o
given proton in a given energy state. These two relax-
ation times ape, then, very sensitive to the microscopical
motion of the molecules whose protons are studied
(specifically, the water molecules of the solvent) or
pussibly to chemical exchanges in the system. All these
dynamical transformations are vharacterized by corre-
lation times T, generally very sinall compared to the
relaxation times. Consequently, in a lignid sample we
normally obscrve only one relaxation time T, and one
relasation time T, which are the weighted mezns of
local relaxation limes in different possible states (differ-
ent environment, mobility) of water molecules [2]. For
example. in & solution of proteins, frer waler and
water hound 1o protein molecules.

Tu the more frequent cases explored by our Group.
the dominant relaxation mechanism is the dipolar mag-
nelie interaclion between the two protons of the same
water molecule, In this kind of situation, Ty is mainly
gensitive 1o exchanges characterized by small correlation

times (7.} > g, the Larmor frequency) and T, is
sensitive to all dynamical exchanges, the largest contri-
bution being that of longer correlation times. The
changes occurring in T, and T, when Hg is changed,
are known as relaxation dispersions, normally important
for T, but smaller for T,. Note that for water solutions
at pH = 7, a dispersion near vp = 1 kHz is ohserved

(3) (Fig. 1).

T,'l, Tz"

0 1 2 3 . 5 t Logwve

T‘“ pure water ol pH=7

Theoretical dispersion of relaxation raies

i relative values, with only ene correlation time T
We chose 2T Vo Tc=1 for Legve =3

Fig. 1. - Dispersion of relaxation times.

The effect of the dissolved or suspended material on
relaxation times and their dispersion with Hg, gives
the opportunity to identify the dissolved material
both qualitatively and quantitatively.

These phenomena are the foundation of the diagnos-

ties of physiologival fluids by NMR.
1.2 Experimenial procedure

Mrasurements of equilibrium magnetization Mg and
of rrlaxation times Ty and T, are made by three inain
technigues:

a) in the conventiongl Hp range {(He > 1 KOe). T,
is measured by inversion-recovery mcthod and Tp by
Carr-Purcell-Gill-Meiboomn sequence [4, 5. Mg is directly
related to the area of the resonance signal, in the absence
of saturation effects;

b} in the low frequency range, the analysis of the
decay envelope of the free induction signal, obtained
after prepolarization [6] in & large, perpendicular mag-
netic field, gives Ty (see ref. [7] for the conditions
requited Lo have a correct T, value). The evolution
of the maximun amplitude of the free induction signal
with the duration of the magnetization gives an expo-
neatial curve from which T; may be evaluated. This
procedure gives Ty in the precessing ficld (here, the
earth field) and T, in the polarizing field (~ 100 Oe).

The block diagram of this apparatus is given in Fig. 2. .

¢) the variation of Ty with the amplitude of the
H, ficld (relaxation dispersion) was determined in the
following conditions:

— in a relatively smal! range of Hg values (50 - 300 Oe).
by changing the amplitude of the polarizing field in
the free precession experiment:
between § to 100 Mliz by NMR in a conventional

electromagnetic:
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Fig. 2. — Block diagram of free precession apparatus

- in the largest vy rangé, by using a field-cycling spec-
trometer, able to give T, between 20 Hz and 50 MHz.

In the following, measurements made by V. Graf and
F. Noack with their home-made dispersion spectrometer,
are described [8].

Note that this dispersion curve is able to give the
values of correlation times 7 ¢ encountered in the fluid,
and the corresponding energy exchanges.

Measurements of T, and T, in the lowest field range
are able to give an estimation of the largest 7 encoun-

tered (¢ > 107 5).

I1. The steps of the procedure
IL1 Is it necessary to use NMR diagnostics?

The degree of pollution of the amniotic fluid by
meconium is important to know in the case of foetal
distress. Two methods are normally used [9]:

— an optical, purely qualitative method, the amnio-
scopy {estimation of the opacity of the A F.) which
is not always possible to use and generally unpleasant
for pregnant women;

— an analytical method, After extraction by amniocen-
tesis and preliminary filtration and/or centrifugation,
the AF. is spectrophotometrically explored [10]. A
“meconial index” can be determined which is a guide
mark and not a quantitative measurement.

The use of NMR gives three possibilities:

— a distinction of the polluted A.F. from the healthy
one (different chemical composition) by change of
relaxation times and correlation rates;

— an estimation of the meconium present, because
relaxation times decrease drastically with the content
of polluting material (all healthy A.F. have similar
comporition qualitatively and quantitatively);

— in situ measurements. There might be in fact not yet

123

known injuries induced by using low steady or
variable magnetic fields.

IL2 Biochemical analysis

During the last weeks of pregnancy the A.F. is main-
ly a dilute solution of serum proteins in the isotonic
fiuid, The concentration is normally in the range 3 to
0.5 g/l. A typical value is ~ 1.5 g/l. At the body temper-
ature, these concentrations give for T; and T, measured
in a given field, values concentrated in a very small
range, which allow one to define the “healthy™ AF.
If a pollution by meconium is present, intrauterine
movements of the foetus are able to roughly dissolve
the meconium in the A.F. The observed concentrations
of meconium in the A.F. on a large sampling, typiecally
range from 1 to 40 g/l. 1t should be mentioned that
meconium is mainly (80 % or more) constituted by
mucopolysaccharides (highly polyionic macromolecu-
les), which have a large effect on the relaxation times

. of the solvent water protons. It is important to identify

low concentrations of meconium, generally not seen
by obstetricians.

IL3 Preliminary experiments on healthy AF and me
conium solutions in the pathological range

Measurements of T; on heslthy AF. show that the
dispersion of values is very small and related to the low
content of serum proteins which constitute the main
dissolved components. Typical values are 2.4 = 0.45
in the MHz range (1-20 MHz) and 2 + 0.59 in the earth
magnetic field (2 KHz). Measurements on solutions of
meconium in isotonic aqueous solution (8 g/l NaCl)
show an important change of T, values, both in the
MHz range as well as in the earth field with a mono-
tonic decrease of T, with the increase of the concen-
tration, Typical values for meconium concentration up
to 40 g/1 are (in all ranges of Hg values) 1.8 5 to 0.2 &,
These preliminaty experiments lend themselves to a)
define an easy diagnostic test of the meconium pollu-
tion; and b) identify the possibility of estimating the
meconium content by the variation of T; with con-
centration (Fig.3).

A precise study of the dispersion of T, in a very
large range of Larmor frequencies (typically 20 Hz -
100 MHz) [11] gave a good confirmation of the pre-
liminary experiments, with the additional possibility
of determining correlation times and each corresponding
energy exchange.

We can summarize these results on T; as follows
(Fig. 4): in all the investigated fluids, a dispersion
step is observed near vy =~ 1 KHz, typical of pure water
at pH = 7; the AF. as well as meconium solutions
show several dispersion steps in the 10 KHz — 10 MHz
range. The correlation times have very similar values,
but the energy exchanges associated with each 7 ¢ are
very different.

The main step in the A.F. is in the range of 1 KHz
and for meconjum solution in the range of 100 KHz.
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Fig. 3. - Evolution of T, 1 of AF. with increasing meconium
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Fig. 4. - Dispersion in a very large Larmor frequency range of

relaxation times it pure water(at pH = 7). in healthy AF. and

in a meconium dilute solution (MS).

In the very low field range. g < 1 kHz. we note a
similar value for T; and T, ("~ 22 s) for the healthy
AF. but a large difference between Ty and T, in the
meconium solutions. This difference seems to be con-
nected with a large correlation time { > 1073 5), as was
also observed in other polysaccharides [12]. The interest
of this very low field step of dispersion is the possibility
of discriminating the meconium pollution (for which
the step is present) from the other possible pollutions
(blood or its degradation products) for which no dis-
persion step was observed in this range. It should in fact
pointed out that a) when the pollution is certainly due
to the meconium, T, measurements are able to detect
such a pollution and evaluate the content of meconium
in the A.F.; b) when other pollutions seem possible,
a measurement of T, in the low Larmor frequency range

(e < 500 Hz) is able to discriminate blood from meco-
nium pollutions: in fact, if T, = T, we can conclude

- that we have a blood pollution: if instead T, > T4, we

have a meconium pollution. In the latter case the mean
ratio T;/T; is ca. 1.4, We are able to study pollution
of A.F. by meconium in real pathological cases.

1.4 Measurements on a verv large sampling of healthy
or polluted A.F. in order to evaluate the viabilitv of
this epproach

Sampling was made for measurements: a) of T, in
the low field range (tvpically Hg = 0.3 Oe) in view of
topical NMR by a free precession NMR spectrometer
(5]: b) of Ty and T, in the conventional field range
(Vo = 10-20 MHz). in view of the identification and
an estimation of meconium content in a spin-imaging
scanner able to measure T, and T, in a steadv magnetic
field Hg ~> 10 Oe.

The results of such measurements were the following:

i) the good ability of T; measurements in the low as
well as in the high frequency range to identify a pollu-
tion of the A.F. by meconium in the last weeks of
pregnancy:

i) the ability of T; and T; measured together in the
very low frequency range. to discriminate between
blood and meconium pollution.

Works are in progress to identify blood pollution of
the AF. in the frequency range of scanners as well as
other possible pollutions of the AF.

I1.5 In situ measurements

Two situations were explored:

— topical NMR in the low frequency range by free
precession experiments (work done in situ by our
Group) [12]:

_ relaxation time measurements with a spin imaging
apparatus (preliminary in vitro experiments).

In the first case, the recorded signal not only reflects
the modifications undergone by the proton magnetiza-
tion of the A.F. but also contains information from
other tissues in the explored area and noise. The record-
ed signal is not an cxponential curve (Fig. 5). In order
to determine the initial amplitude of the signal and the
relaxation time T, of the AF.. the analysis of the AF.
exponential curve is made by an appropriate program of
calculation [14]. Works are now in progress in order
to refine such algorithms in view of their reliability.
quantitative precision. speed and simplicity of use. The
presently used program normally shows two exponential
components of which only the AF. exponential shows
a large amplitude. We made experiments on about fifty
pregnant women in the Jast stage of pregnancy: the
results obtained show that:

a) a monotonic inctease of the relaxation time T»,
as measured in the earth field with the normal evolution
of the pregnancy. It is in fact well known that the
healthy A.F. is mainly a dilute solution of serum pro-
teins. The dilution increases with time: 3 to T gl
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experiments.

at 24 weeks to 1.5 gfl at 39 weeka (end of pregnancy)
and consequently we observe an increase of T, [15}:

b) if near the end of pregnancy we have a pollution
of the AF. by the meconium emitted by the not-yet-
born child, T; shows a decrease which can be very im-
portant. In the in situ analysed case, this relaxation
time dropped from 1.8 & to 0.8 s. An analysis made
after the delivery, showed a concentration of meco-
nium of 8 * 2 g/l, in good agreement with the observ-
ed relaxation time value (Fig. 6).

In the particular case of spin imaging, working in
the MHz range, but able to determine T, and T;, we
observed that T, is also a good parameter to clearly
identify a pathological A.F. The precise identification
of the polluting agent requires other measurements.

Conclusions

We present with some details the procedure used
to obtain a clear determination of the kind of A.F.

t 224

T2 (sec)

20 30 40

t(weeks)

e Ty of pure A.F.
@ T, of meconium polluted AF.

Fig. 6. — Evolution of T; of AF. in last weeks of pregnaney,
Effect of meconium poliution,

pollution and the contents of the polluted agent. The
resuits can be used for a correct and quantitative diag-
nostic test of the pollution of the A.F. by the meconium.
In addition the results show that a similar procedure
may be used to study: other pollutions of the A.F.:
other physiological fluids and their pollutions; possibly,
some soft tissues,

Our laboratory is now active in the exploration of
other physiological fluids (such as blood. saliva, urine,
pleural and peritoneal fluids, etc.} and their important
pathological states. The extension of this procedure
to soft tissues requires more sensitivity and another set
of relaxation time measurements which cannot always
be obtained by free precession experiments, but rather
by other NMR techniques in a higher field range.
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RELAXATION MEASUREMENTS IN EXCISED AND PERFUSED ORGANS
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Summary. - - The proton relaxation of freshly excised
tissues and of perfused organs (kidney and heart) under
different conditions of flow rate and osmotic pressure
was studied, in order to assess functional significance
of proton NMR signals emitted by the tissue, in the -
maging experimentel conditions. Preliminary results are
reported in this work. The decavs or recoveries of the
magnetization have been obteined with a device allo-
wing the automatical recording and processing of the
free induetion decay (FID) produced by the suitable pul-
se sequences. The longitudinal magnetization recovery
ctirves are generally mono-exponential, but the transver-
sal decay curves appear bi-exponential. The components
of decay Ty profiles have been assigned to waler cellu-
lar compartments in which phases are in rupid exchange.
The fust Ty component would be due to intracellularly
bound water and the slow one to the extrucellularly
free water. The changes of Ty governed by the asmoti-
city and flow rate of perfusate seem Lu prove thal the
transversal relaxation is a more suitable probe in order
to provide functional information on lissue through the
structural states of the cellular water.

Riassuntu. K stalo studieto i rilassamento protoni-
co di tessuli eseissi di freseo e di organi perfusi frene e
enore} in varie condiziond di flusso e di pressione vsmoti-
ca. ol fine di valutare il significato funzionale dei segnali
NMR del protone nel tessuto in situazioni sperimentali
simili a quelle realizzate nella tomografia. engono pre-
sentati i risultati preliminari di questo studio. 1 decadi-
mento o # riturno all equilibrio dells magnetizzazione
sane stali oftenuti con un eppaerato sperimentale che
consente la registrasione e Pelaborazione eutomatiche
dol sognale di decadimento libero (FID) prodotty du
apportune sequense di impulso.

Le curve di ritorno all’equilibrio del compuonente lon-
gitudinale della megnetizzazione sono it generale mono-
exponenziali. menire le curve di decadimento trasver-
sale appaiono bi-esponenziali. 1 componenti dei profili
di decadimento Ty sono stati identificati con comparii-
menti acquosi collulari in eni le fasi sono in rapido seam-
bio. It componente veloce del decadimento Ty ¢ identi-

ficato con compartimenti acquosi cellulari in cui le fasi
sono in rapido scambio. Il componente veloce del deca-
dimento Ty ¢ identificato con Vacqua intracellulare le-
gata ¢ il componente lento con l'ecqua libera extra-cel-
lulare. Il fatto che i cambiementi di T, sieno regolati
dui valori della pressione osmotica e della velocitd di
flusso del perfusato sembra indicare che il rilassamento
trasverso sia pii idoneo del rilassamento longitudinale
a fornire informazioni sugli stati strulturali dell'acqua
cellulare e quindi sullo stato funzionale di tessuti ed or-
gani,

Introduction

The contrast in the proton NMR imaging of the k-
ving tissue arises from the different parameters which
govern the signal amplitude: the proton density, o, the
relaxation times Ty and T, which characterise the dyna-
mical structural enviconment, the self-diffusion coeffi-
cient D, and the flow rate v, which characterise the pro-
ton mobility. It is well known that the contribution of
cach of these parameters can be selectively enhanced by
manipulation of the r.f. pulse sequences in order Lo pro-
duce inages contrasted in proton densities, or in T, or
T, and to obtain rheological images (1, 2],

Siner water containg 70% and fat 16%of the protons
in the tissue, proton NMR imaging provides a well suited
probe for sofl Lissues.

A high resolution imaging method requices a mole.
cular probe which is abundant in most of the organs and
which possessca noticeable dilferences which can be re-
sponsible for the contrast, Such an abundant probe,
however, cannol a priori play a specilic biologieal role
at the molecular level, In this sense Xoray absorption by
electrons in matter has a high resolution imaging capa-
bility but a poor physiological investigative power, un-
less assisted by the invasive introduction of radio-opague
contrast media,

Water is the principal component of living tissue and
is the mediam in which most of the body chemistry and
metabolism takes place. The body fluids are the carricrs
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of biomolecules to their active sites in living cells. In
this sense they are often considered to have only a se-
condary role [3]. By its abundance and its role, mobile
water reveals itself as a powerful probe for high resolu-
tion soft tissue imaging by NMR.

Farly in vitro studies indicated that Ty and T, of
the tissue depend on structure and physiopathological
states. Similarly, the image contrast monitored by T or
T, permits better visualization of different tissues in
organs and assessment of pathological state, e.g. tumours,
edema. infarct, sclerosis. etc.

At the present state of the NMR imaging art, attem-
pts are being made to try to assess the clinical signifi-
cance of the changes of the contrast factors Ty, T,, p
and v in the images of patients. Until the event of NMR
imaging there was no way to study the fine structure of
water in relation to the biological state of tissue in vivo,

To help to understand the physiological basis of this
new semeiology, experimental studies were planned on
normal and pathological tissues in vitro and on freshly
excised organs perfused under pbysiclogical conditions.
Two organs required for the transport of body fluids we-
re studied: the kidney for water filtration and resorption,
and the heart for muscle and pump functions.

Materials

An experimental imaging device for small objects has
been home-built from components of Bruker Compa-
ny [4]. The magnet is ironcored with a 18 cin gap. The
magnetic field ia 5 KG which corresponds to a frequency
of 20 MHz for the 'H resonance; homogeneity is 107,
The gradient system is composed of three coils providing
linear gradients of 0.5 .- 1.0G. cin™ in the three rectan-
gular directions Ox, Oy, Oz,

The spectrometer is a Bruker CXP. 100h. A micro-
processor assembled in our laboratory controls all the
functions from gradient monitoring, to pulse sequence
generation. Lo data collection transfer or visualization.
The microprocessor is linked to a central Hewlett-Packa-
rd HP 1000 computer (192 K words - 16 bits - 50 M
octets - 800 BPI taperccord). Visualization is displayed
with a Barco CDTC 31 M. Biological samples are ima-
ged by the zeugimatographic method [5].

Method
Veasurement of the reluxation times: determination of T,

Ty is determined by the inversion-recovery pulse se-
quence M2 - 7. @, which is generated by a Rafi micro-
processor, with 7 varying from 25 msee to | sec by
steps of 23 e,

The free induction decay (FID) curves were antoma-
tically recorded on a Biomation 1010 wave furm recor-
der (sampling time 0.4 msee, ADC 12 bits), linked to a
UP 1000 computer in order to obtain Iy from My =
g (1 -2 exp(- T /T ). The proten density, g, was ob-

tained by extrapolation to the origin (total recording
time, five minutes).

Determination of T

T, was measured by the classical Gill-Meiboom se-
guence, ¥ — 7 -- (W-- 27 — echo)y, with a separation of
8 ms between successive ¥ pulses and a number of
echoes, N, equal to 40. The echoes were recorded on
a Biomation waveform recorder. The experimental
curves were fitted by least squares to the equation My =
=pexp(-8N7/T,) (total recording time, two minutes).

Organ preparation

Rats were anaesthetised with nembutal. The organs
were quickly excised and stored on ice until measure-
ments, which were performed at room temperature.

Kidney preparation: Wistar rats were anaesthetised with
nembutal (0.1 mi/100g) on a heated surgical table and a
cannula was inserted into the renal artery via the descen-
ding zortic vessel. The kidney was excised and gently
placed on a small cylindrical cell. The organ was oxyge-
nated under a pressure of 1 atm and perfused with phy-
siological solution using a peristaltic pump. The cell is
then placed in the imaging emitter-receiver solenoidal
coil of 76 mm dizmeter and 2 cm thickness (3 tumns).

Heart preparation: Albino Sprague Dawley rats (200 g)
were anacsthetised with nembutal (0.1 ml/100 g). The
hearts were excised and a cannula was inserted into the
aorta. The cannula was connected to a peristaltic pump
and perfusion pressure was monitored by a mercury ma-
nometer, For NMR measurements the organ was inser-
ted into a probe tube (diameter 2 cm) surrounded with
the emitter-receiver solenoidal r.f. coil, The physiologi-
cal medium was a Krebs Henseleit solution (120 mM
NaCl, 2.4 inM KCI, 1.2 mM KH, POy, 0.5 mM K, HPO,,
1.3 mM CaCl;, 28 mM NaHCO,, 1.2 mM Mg SO,,
11 mM glucose) to which 60 g/1 of Dextran was added,
A gas mixture 95%0; - 5%C0; wasbubbled continuou-
aly into the perfusate maintained at 37°C. The flow rate
was 5.3 ml/min the cardiac rythin was monitored by
clectrocardiography.

Results
T, and T measurements in vitro

The organs were freshly excised and gently placed in
a sealed tube o be mcasured at room temperature. The
decay curves were fitled as single or bi-exponentials.

Fxperimental relaxation curves of some organs were
better fitied with a bi-exponential decay. For some of
the others, the initial part of the decay curve showed a
fast component which could not be determined with
sufficient precision and these curves were treated as



mmono-exponentials. The relaxation times of the diffe-
rent organs are presented in Table 1.

Usually, only one relaxation time is described for T
in the literature, which corresponds to the slow compo-
nents presented here.

In the case where vnly one relaxation time was ta-
ken either for T, or T,. we have performed a non-pa-
rametric rank test of Spearman {6] in order to compare
the following data:

1. our T, values with those obtained by Ling (at a
frequency very close to ours [77;

2. our Ty and T, values when the latter were fitted
to a mono-exponential decay curve;

3. our T values and the content in water of the tis-
sues as, taken from Biclogy Data book, 1964 [8).

The rank test confirms a good correlation in the three
vases at a 5% significance level.

The decrease of the proton relaxation times in tissues
in comparison with pure water (by a factor of 2.5 Lo
23 for Ty and of 5.8 to 24 for T, ) is the consequenie of
the restricted motion of water molecules, both due to
their interactions with biopolymers and to the limitation
of diffusion by membranes barriers or ordered water
structure. The last two effects reduce the diffusion roef.
ficient by a factor of approximatively 2 when compared
to the value obtained for pure water or dilute electrolyte
solutionas.

The bi-exponential longitudinal magnetization recove-
ry profile of the tissues implies that existence of more
than one compartment, which differ in the overall pro-
ton relaxation times, with no or very low proton exchan-
ges between them. The compartment associated with
the shorter relaxation time could be the lipids; the other
compartment should probably correspond to two water
phases in rapid exchange, according to the fast exchange
limit model of Zimmerman and Brittin cited by «o.f.
Hazlewood [9]. Hydration and solvation of extra-and
intra-cellular water could correspond to these two
phases, because the liguid-like phases tend to dominate
the longitudinal relaxation rate, i.e. the more external
hvdration shells of bound water.

Concerning the transversal magnetization decay curve
large deviations from the mono-exponentiality are gene-
rally observed; these can also be attributed, as for T,
to compartmentalization. Generally four or five compo-
nents have been described in the literature [10]. Qur re-
sults do not contain the faster components in the micro-
second and millisecond range, which correspond to mo-
bile protons in lipid and macromolecules. They are not
detected due to limitation in shortening the interpulse
delay. Thus, the components cbserved by us concern
only water protons. The fast component is due to intra-
cellular bound water in rapid exchange with a free wa-
ter phase. Since the solid-like structure phase contribu-
tes mainly to the transversal relaxation governed by lo-
cal field inhomogeneity, this fast component mainly
characterises the bound water phase. The longer compo-
nent corresponds to the extra- and trans-cellular water,
in which a liquid-like structure predominates. The per-
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cent of proteins with long T, found by us for some or-
gans are larger than those found by other authors: more
investigations are needed in ourder to explain these diffe-
rences,

Kidnev perfusion experiments

In order to understand the variations and heterogenei-
tv of relaxation times in the tissues and to eventually
evaluate their structural and functional significance. the
NMR parameters. measured from excised organs were
correlated with physicochemical factors known to atfect
the cells al the molecular level: pH. ionie steength. tem-
perature, O pressure. osmoticity and the flow-rate of
the perfusion liquid. These experiments have been main-
Iy performed on the rat heart: in addition. studies of re-
nal clearance have been attempted with the use of con-
trast agents. Preliminary experiments from kidney are
reported in Fig. 1. The kidues was perfused at the
U ar! and at a pressure
of 84 mm Hg with the phyvsiological medium rogtat-

normal flow rate of 11 ml min”

ning manganous ions at the concentration of 3.107% M.
The amplitude of the signal decreases immediately after
the outset of the perfusion. After 8 min it reaches a
constant level approximatively equal to 15% of its ini-
tial vatue, After 40 min. the kidnev was washed with a

-_ﬁ
L
1 1 1 /L. L " " 1 "
o« 5 10 7 4f 50 100 200 t; min
S
o
N
150 b
10 5 L 1 j, ! L L i
0 5 10 !/ s0 55 60 t min
Fig. 1. - Kidney perfusion cxperiment: (la) manganous ions

effect. 5 amplitude of the signal (mixture g, 1T7) in arbitrary
units, tp time of the perfusion (min). Perfusion with manganous
ions solution 107 A (A) washing out with phvsiological so-
lution {{0). (1b) lodine effect: perfusion with biodo 2-4-G-ace-
tamido 3 N. Hvdroxvethyl isophtalamic acid (30% ) (4A) wash-
ing out with the physiological solution ((J).
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physiological solution free of Mn'* ions. The amplitude
of the signal increased due to the releasc of the parama-
gnetic ions, but did not reach its initial value, indicating
a residual quenching, which is probably dependent on
the manganese which is firmly bound to proteins (Fig.
1a). The quenching effect of manganese can also be seen
on the corresponding NMR images (Fig. 2a). Because of
this residual quenching and its toxicity, manganese dors
not seem to be appropriate for clearance studies.
Alternatively, an iodine product (38%]1;}, used as Xray
contrast agent, was tested as a quenching agent because
of its quadrupolar moment. Effectively, a quenching
effect was observed (Fig. 1b), but it was less pronounced
than for the manganese ion; washing with the physiolo-
gical solution fully restored the initial signal amplitude
in a short time. The corresponding NMR image of the
kidney shows this effect (Fig. 2b}.

Heart perfusion experiments

The excised heart from Albino Sprague Dawley rat
was perfused with the Krebs Henseleit solution as de-
scribed in Materials and Methods. The perfusion flow
rate was controlled by a peristaltic pump at values 5.5
ml/min and 1.1 ml/min during more than 3 hours. The
perfusion experiment was divided into four periods. du-
ring which the flow rate was respectively adjusted to
5.5, 1.3, 1.1 and then again to 5.5 ml/min.

The relaxation times T, and T; as well as the proton
density are reported in Table 2. The decay curves of
the longitudinal relaxation remained mono-exponential.
The T, values at high flow rate were lower than those
at low flow rate, at the beginning of the perfusion: the
increase of proton density observed at high flow rate
cannot explain the T, shortening; this result could be
due to a rise of the amount of oxvgen delivered to tissue
at higher flow rate. However the slight increase of T; ob-
served after a long perfusion time could be due to e-
dema formation (Fig. 3). On the ovther hand the trans-
versal magnetization decay curves were bi-exponential.
The two components corresponding to long and short
T; decreased with flow rate. After a long time of perfu-
sion at 1.1 ml/min., when the flow rate was restored to
its initial value of 5.3 ml/min, the fast T, was not reco-
vered, while the slow T, increased; this behaviour agreed
with that of the.slow T, value and was probably also a
consequence of the edema formation. The proton densi-
ty py “short” remained constant. The total proton den-
sity (p; “‘short™ + p, “long™). obtained from the T,
measurement decreased with the flow rate, likewise the
corresponding values obtained, within experimental er-
rors, from T measurements,

These observations confirm the T, insensitivity and
the T, sensitivity to changes in the state of a muscle.
Considering a multiphasic model with fast exchange in-
side each compartment, the increase of the T; can be
explained by the release of bound water when the
muscle is stretched at high flow rates. The fact that no
variation of p; ‘“long™ was observed can be due to the

small proportion of bound water in the compartment
corresponding to the slow relaxation time T;.

tlow rata mi mis! 5.5 1.3 11 5.5

&
[

1.5 H [

1.4 & A |

—p—

Ty s 1.3 3 2
1.2 s
1.1 &

1.a .

| .
0.8 ] o
tong Ty 8
ong T ol B

Q.6

o=
-0
o
c

Q.5
0 .
.
short Ty m3 E0
&0
40 1 -
Rerfusion time min | 44 . . . ML
A0 B 90 120 150 $BO

Fig. 3.

Variations of the relaxation times values for high and low

Heart perfusion experiment. Influence of the flow rate,

perfusion flow rate in function of perfusion time.

These results are in agreement with the increase of
T, and the unchanged T; values reported by C.B. Brat-
ton et al. [11] on the stretched and exhausted living
muscle, as compared to the muscle at rest. These authors
assume that the change in tension is associated with the
release of about 20% of the bound water. This could
result in a change in T; of the magnitude observed but
would not affect, within the experimental error, the T,
ohserved for a cellular compartinent in which bound and

free water phase are in fast exchange.

Influence of osmotic pressure

In order to study the free water phase. the heart was
perfused with solution of different osmoticities adjusted
by NaCl. Dextran was added to the perfusate to prevent
edema formation.

The observation (Table 3 and Fig. 4a, b, ¢) that only
p short follows the variation of intracellular water would
imply that the short relaxation time observed in the T,
measurement of the heart is related to intracellular
water, which is reduced when the vamoticity of the per-
fusate is increased.

The T, values are independent of the osmoticity
even when the intracellular water content decreases.
The changes expected are probably within the limits of
experimental errors. The short T, remains also inde-
pendent of the osmoticity. but the long T, values are
not in agreement with the tonicity effect on water con-
tent. However concerning this experiment a water flow
governed by a dialysis effect on the echo amplitudes can-
not be excluded and the T, determination could be bia-
sed {12].
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Figs. 2a, 2b. — Images taken with a product conirast: 2a) manganese comlaining product; 2b) jodine containing preduct. In each set of
figures: '

a) Before the injection of the product

b) After the injection of the product.
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and proton densities () of rat heart in function of the perfusate osmoticity (calculated from Table 3 for cach osmoticity).

Heart perfusion experiment: influence of the osmotic pressure. Mean values of spin-luttiee (a), spin spin (b} relasation times

Table 3. Spin lattice, spin-spin relaxetion time and proton densities valies of the perfused rat heart for dtfferent
perfusate osmolarities measured during the perfusion. The heart was perfused ot a flow rate of 5.5 mi min!
during about four hours.

Perfusion '

Time Osmolarity T, Long T, Short T, oy p;
min (miltivsmole) 5 5 ms % %
25 284 1.06 0.38 35 20 28
50 284 115 0.35 11 30 23
60 284 1.09 0.33 27 45 27

s 284 1.04 -
90 359 1.00 0.30 26 3] 23
105 359 1.15 .46 59 37 14
120 359 110 0.43 27 34 21
135 359 1.14 0.41 30 34 16
165 284 1.10 0.37 32 46 36
180 281 1.15 0.34 43 29 34
205 179 10 047 33 41 40
220 174 1.10 0.43 38 48 33
245 179 0.45 34 44 38
270 284 110 0.37 24 52 28

Biscussion sitivity of the deviee. With our system the Iy decay

The Yarge number of publications [12-16] about re-
faxation behaviour of Use proton in living tissues demon-
strate that these phenomena are rather complex, and it
appears that their hiological significance is not yel pro-
prrly undeestood. Due Lo the spatial and temporal hete-
rogeneities of the tissue samples, analyzed magneliza-
tion decay profiles appear non exponential. In addition
they are Leuly dependent, particularly for T; on the sen-

curves cannot be resolved into more than two compo-
nents which correspond, respectively, to the lipids and
water Lissular proton relaxation times (lipids and water
represent lwo compartments with no or very low proton
exchange hetween them). However, in the water compar:
tment, characterized by the longer Ty, Lound and frec
waler phases coexist and are partially exchanged. Howe-
ver, the intra-cellular and extra- or trans-cellular water
comparbments are indistingnishalde, because the corre-




lation times of the longitudinal relaxation times are di-
stributed over a wide range, which can be characterized
by a mean value only.

Concerning the transversal relaxation, the two
components observed correspond only to the water pro-
tons due to the fact that the T; of the lipid protons in
the millisecond time range cannot be measured with our
device. The decay curves are resolved into two compo-
nents which characterize two water compartments in
slow proton exchange. The larger T; component is assi-
gnable to the extra-cellular water and the shorter to the
intra-cellular water.

The different proportions of these two components
of T, and T, are explained by the fact that the free
water with the more mobile protons tends to dominate
the longitudinal relaxation rates, while the bound wa-
ter of the macromolecular hydration shell contributes
mainly to the transversal relaxation rates [11]. In addi-
tion it is known that the long T; components are in-
fluenced by the longitudinal relaxation while the T,
short components are mainly dependent on the local
field inhomogeneity.

This simple interpretation helps us to interpret organ
perfusion and particularly the cardiac muscle studies.
Here T, reflects mobile free water and the short T;
component reflects the more rigidly bound water. T,
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is a parameter which characterizes the water content of
tissues and T; short a parameter which characterizes the
structural bound water reflecting the physiological state
of the muscle. The T; variation with the flow rate could
be dependent on the oxygen supply, but after a long per-
fusion time this effect would be occulted by an edema
formation. T; measurements are quite insentitive to o-
smoticity of the perfusate, in agreement with the fact
that T, characterizes only the liquid, intra’ and extra-
cellular phases which are in rapid equilibrium. The k-
quid phaee of the two extre and intra-cellular compar-
tments, in respect to the longitudinal magnetization
phase, seems quite homogeneous.

T, short has been assigned to intracelular water and
mainly to bound water, and long T, to free extre-
cellular water. In our experiment the reduction of T,
short is associated with a decrease of the flow rate; this
fact could be due either to the stretching of the muscle
with release of bound water or to oxygen concentration
which decreases with {low rate. These experiments
confirm that the cellular water repartition and its
structural properties depend in a complex manner on
many physicochemical factors like PO;, osmotic pres-
sure, and physiological factors, like stretching, exhaus-
tion, etc.
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Discussion on experimental measurements in real tissues
Voderators: J, M., Lhoste and W, M. M, ]. Bovée

DE. CERTAINES -- | have one remark to make on Dr.
Bakker’s paper. I think there is some problem with the
mano—or multi-exponential curve in tissue samples. We
are often confusing two different things: firstly, pro-
tons of water in tissue, and secondly, protons of macro-
molecules, especially fats and lipids. For instance, in
hreast tissues, we have seen Dr, Bovée’s results and we
have the same result from Canet and Escanye in Nancy
at 20 MHZ. We have fat, and we have water of tissue. If
we don’t distinguish between macromolecule and water
protons, it will not be possible to understand properly
the variations of water in tissue, and therefore bound or
free water, [t is better to have a smaller sample to see if
we have fat or if we have cells and try to see what is the
role of protons of macromolecules and what is the role
of protons of water. In my opinion, this is important for
in vitro studies.

REISSE, - | have a question for Dr, Foster. You have
shown some values of T, obtained during in vive and in
vitro measurements, but do you know the precigion of
these edata? You have not indicated the errors but vou
have given values with three figures.

FOSTER — The error on imaging results is something in
the region of about 4% on most tissues, or perhaps
I should say about 4% when we are looking at some of
our phantom images. The variation on our in vitro meas-
urements (those values were taken out of a paper we
published some time ago) is in the region of 5 % . I'm
afraid 1 must le less specific about the variation in our
imaging measurements becanse it is tissue dependent and
the tissue in general tends to vary.

RFISSE ls it possible to conclude from vour results
that NMR is not able to discriminate hetween rabbit and
man?

FOSTER -- Yes! It's just as simple as that.
ZIMMERMAN - Mavbe 1 could also ask Dr. Bakker a
question. 1 didn’t catch the idea about what is filtered
out by the band width of the receiver, Is that not the
answer to the question of Dr. de Cerlaines?

BAKKER  Due to the incomplete inversion of the
macromolecnlar magnetization by the relatively long
180° pulse and the slow reaction of the receiver, we did
not observe the rapidly decaving I'ID of the macromo-
lecular protons. The ohserved signal exclusively origi-
nated from the protons in the tissue water.

SEGRE | would like to ask Dr, Bakker il he used the
limit of confidence in the x square test and the F test
on 95 % , which is usually done, hut is rather dangerous
since the precision of ‘I'; measurements eannot usually
be considered hetter than a 10 % confidence,

BAKKER -~ The x> test was applied to evaluate the
gooidness of the (it of the uni and bi-exponential
model at the 5 % aignificance level. To decide on the
validlity of adding exponential terms to the fitting func-
tion, an F -test was applied. The 1 % level of signifi-
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cance relates to this test.

CHAMBRON — Dr. Foster, vou have presented T,
images of four abdomen slices, one at 1.7 MHz and the
other at a higher frequency of 3.5 MHz, on which the
blood vessels and their contents are clearly visible in
front of the spine. It seems that the wall of the vessel is
not resolved at low frequency in comparison with images
produced at higher frequency. Are these differences a
consequence of the dependence of the tissue Ty values
on the frequency or of a decreased signal—to—naise
ratio?

FOSTER — You sav that we can see the wall of the
vessel at low frequency. It may look like the wall of a
vessel, but 1 think that what vou are getting are partial
volume effects. As far as I know on those vessels the wall
is so small that we wouldn’t expect to he able to
discriminate them anvway, The blood shows up very
well because of simple flow effects,

DERBYSHIRE — A guestion for Dr. Bakker again. Did
vou see any evidence that vou could not represent your
spin—lattice relaxation by a sum of exponentials? The
reason I'm asking this question is that, if one thinks of
the work of Edzes and Samulsky on water in collagen,
thev saw that the spin—lattice relaxations of the water
and collagen components started off separate, but after a
spin exchange time they became the same. So one spin
lattice relaxation curve was convex and the other was
concave, Have vou ever encountered anything like this?
BAKKER — Edzes and Samulskv did two types of
experiments: one where hoth molecular magnetization
and water magnetization were ohserved, and one in
which only the water signal was observed. I think my
tvpe of experiment is the last one. According to Edzes
and Samulsky cross- relaxation hetween the blulk
of water protons and the bulk of macromolecular
protons significantly perturbs water proton spin rela-
xation in tissues. Solution of the Bloch equations reveals
that spin--lattice relaxation in either plase in described
by a sum of two exponential decavs, characterized by
two apparent relaxation times T, and T;", The results
of our measurements are consistent with the cross—
relaxation model when 'y and Ty, are interpreted as
T, and T, .

ZINMERMAN — | have a question for Dr. de Certaines,
in which argument do vou base vour affirmation that
svstemic effects must have different canses?

DI CERTAINES - We essentially have same physiologi-
cal arguments; we have in fact studied some physiolog-
cal variations during the systemic effect in liver, spleen
and in muscle, and there are different biological pheno-
mena. For instance, in liver or in spleen there are cell
divisions. In muscle vou have hydro - electrolytic imha-
lance, and around the tumour vou may have an inflam-
mation due to immunological response. Sometimes the
total water content varies greatly, sometimes it varies
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litte. T think there are many systemic effects and not
just one. This is biologically normal.

ZIMMERMAN — My second question is addressed to
Prof. Chambron. I suppose that your hypotheses about
the difference in the supply of oxygen to tissues eould
be more easily verified by trving to keep the flow con-
stant and to vars instead the oxygen flow derived from
the tank,

CHAMBRON  Yes, Dr. Zimmerman, [ agree with vou,
but if vou keep the flow rate at a constant level during
a longer experimental time in order to assess an effect
of the oxvgen concentration, you can ohserve changes
in the results due to the fact that T, increases because
of myocardial suffering.

PODO .. Dr. de Certaines mentioned the existence of
a French protocol. We are interested in knowing the
criteria by which you defined this protocol, its history
and if vou can provide us with some documentation.
Here in this meeting we are trying to do something
like a Furopean protocol, and if vou already have a
French protocol, then it is very interesting for us.

DE CERTAINFS - Yes, we have only had it for two
vears in Nancy and Rennes, one vear in Brest, and it
is beginning at Angers. It’s only on small surgical pieces
of human tumours. At Nancy itconcerns breast tumours,
at Brest hreast and hrain tumours and at Rennes brain,
liver, thyroid and lung tumours. The purpose of this
protocol is to collect as much data as possible and to
interpret histological variations using T, and Ty measur-
ements. It is only a beginning but we've seen that with
only one center, it is not possible to ohtain enough re-
sults for precise histological correlations. In my opinion,
more centers should he included. They may be more
than the four that have already adopted the protocol.
We work at 20 Mllz and 4° C and we measure the
tissue sample (preserved at 4° C) less than 2 or 3 hours
after sampling.

RADDA _ 1 have a question for Dr. Chambron on this
oxvgen effect that he reports. First of all, after 180
min of perfusion at | ml per min of flow rate, vou went
back to 5 ml and vour Ty value remained elevated,
which to me suggests that the heart by that stage is real-
Iv beaten up with that low flow. The other aspect is
that if one looks at the *'P spectrum under these sorts
of conditions. it tells von that the oxygen extraction re-
mains reasonally constant, irrespectively of the flow
rate. When vou have high flow you extract a smaller
percentage of the oxygen than if von have low flow. So ]
don’t think that the tissne oxvgen level is likely to
change. Therefore ['m not sure if vour explanation really
startda up.

CHAMBRON  Yes, I'r, Radda, 1 thank vou for vour re-
marks about our hypothesis.

DE VRE 1 have a question for Dr. Chambron. H1wn-
derstood vou correctly. | think you mentioned that Ty
is given mainly by the liquid phase. It would seem to
me that actually the overall T, valuer or the Ty varia-
tions would usually he much more complex. and depend
on the bound water and the dynamic structure.

CHAAMBRON  In the muscle vou have B0 % of water

in the free phase. It is well known that the contractile
actomyosin complex is a polyelectrolyte dependant ef-
fect. When vou increase the ionic strength, you can ob-
serve a contraction and perhaps a release of the bound
water. T, should be increased, but if T; remains con-
stant, 1 assume that we have a variation within error lim-
its. Perhaps T, is a better parameter to probe the solid
phase in this case, because transyerse relaxation decay is
dominating the solid- like phase.

ERMANS — I would like to ask Dr. Béné what is the
clinical significance of the contamination of amniotic
fluid with meconium.

BENT, - Meconium is normally emitted after birth. But
when there is foetal distress, especially respiration, we
can have emission of meconium before birth. If the time
is long before birth, namely more than one week, the
meconium is able to give infection hoth to the child and
to the mother. Another effect is that delivery takes place
later. The situation is really difficult. Until now, when
the delivery is not made at the predicted time, we make
amnioscopy with an optical system, which is not always
possible and not precise. Another solution is to make
amniocentesis i.e. extraction of the amniotic fluid from
the hody of the pregnant woman, hut this is not with-
out risk. For this reason we were asked, when we began
to work in this field, to try to observe the pollution of
the amniotic fluid by meconium in vivo without any
injury. In fact we observed practically 50 pregnant wom-
en and this experiment seems very well tolerated.
LHOSTE — Now we could start the more general discus-
sion. I’d just like to propose one question on the differ-
ence between in vivo and in vitro, | was told that when
vou kill an animal, the image is quite different within a
few minutes. Could someone comment onh this point?
FOSTIR — Well, I'm terribly sorry, but I just don’t
know what the Ty of a soul is. But we have in fact done
a fair amount of work on this. We've been looking at fat
distribution in carcases as a method of assessment for
the Meat Marketing Board. To do this, we've been taking
pigs, doing a set of images in vivo, killing them in situ in
the imager, and then taking a set of images after death at
various times. As far as we are concerned, the deep body
tissnes seem to vary very little - you get temperature ef-
fects, and that's about all. You get a very big immediate
effect in the subcutaneous fat. Again this is probably a
temperature effect - it presumably cools down the quic-
kest, but that's really the only difference that we see in
any great detail. The Iy values, once you allow for the
fact that vou are imaging ata different temperature, are
virtually the same,

DERBYSHIRLE - Can | take a point up that Dr. Toster
lhas just mentioned. It could he that vour technique at
Aberdeen is not particularly sensitive to blood flow, is
it? These reported measurements of differences between
live and dead mav be picking up differences due to
blood flow. where yours is not particularly sensitive to
that,

FOSTER — Yes, when 1 showed that set of values
measnred in vivo and in vitro, 1 commented that with a
tissue like the kidney you are getting high pressure very



rapid blood flow; that is probably the reason why we
wee the greatest differences there. But T do agree, we are
not particularly sensitive to hlood flow.

DFRBYSHIRE -. Whereas people like Paul Lauterhur
ciaimed to see big differences.

REISSE — [ would like to come back to a comment |
made this morning. Apparently, at least during biological
studies and especially in vitro measurements, T, is ob-
tained by the inversion - recovery method, nsing a semi-
logarithmic linear least - square analysis. This method is
extremely dangerous. Of course, if all the points fit a
perfect exponential, and if you transform the exponen-
tial into a straight line by using a semi log representa-
tion. vou obtain the same results hy caleulating the best
exponential or the best atraight line. But if vour points
are not exactly on an exponential, the situation changes
dramatically, Moreover, from the statistical point of
view this kind of variable transformation is completely
forbidden. It is well_known in NMR literature that the
T, vou calculate from the best straight line is not equal
to the T; vou calculate from the best exponential. It is
a fact which is easy to prove by computer simulation.
The only significant Ty value is the one vou obtain by
calculating the best exponential through the experimen-
tal points.

RADDA — Can I come back to this question of in vitro
versus in vivo, Of course we do have an enormous a-
mount of experience of how tissues hehave in the isolat-
ed form in a biochemical sense, compared to in vive in
relation to organ transplantation, preservation of tissues,
and this is known for a whole range of animal and hu.
man tissues. So it seems to me that if you are going to
compare in vitro and in vivo there is no doubt at all
that vou can have biochemical conditions where the
two svstems are comparable. One can lav down a set of
general rules that vou should certainly never freeze
vour tissue, and once vou have frozen it we can forget
it being a good model for in vivo, Obviously you should
trv and cool vour tissue as soon as you have let it run
out of oxvgen. We know that buifering the tissue is
enormously helpful lhecause that can preserve the
materials, something that is routinely used in trans-
plantation surgerv. [ think that the information is there,
and it just needs to be used to develop a svstem for
studving and svstemically comparing the same tissue n-
side the animal and in the isolated form. [ helieve that
it should he perfectly feasible to devise a protocol for
studving small samples in vitro and still under physiolo-
gically meaningful conditions.

LUITEN - | am not expert in this field but T remember
having seen data obtained by Dr. Foster in Aberdeen a
couple of vears ago. Are these still representative for the
present day and present state of knowledge, or have thev
been replaced by other results? At that time, [ remem.
ber, vou should keep them on ice and they were okay
for three hours. Is that right?

FOSTER - It was just a set of things that we did when
we first started the study to see just how hadly we can
mishandle our tissues before we started upsetting our re-
sults. We tortured them, as it were. to the extreme, and

we found that most tissues are extremely hardy, If thev
were kept at 5° C we could keep them for anvthing up
to twenty four hours without any major change in the
T,. Possibly small changes, but nothing that would take
them out of the clinically usable levels. which is. after
all. what we are interested in. Our studies are not geared
towards fine detail measurements, We do normally keep
our tissues. either in the sample tubes on ice with a cover
to prevent dehyvdration, or keep them in the fridge - we
can keep them overnight quite happilv. If we are doing
an experiment in which we are comparing different
things. we make sure that our conditions are very, very
standardised, But if [ take an animal to pieces it can take
anvthing up to four hours to process all of the different
tissies from it. | will repeat that experiment as [ did
with the rahbit ones that were published from onr de-
partment a few vears ago. From a series of rahbits [ took
the tissues in different orders, they were measured in «if-
ferent orders, and it made verv little differences. It was
within the normal standard deviation of the measur-
ements, So we just can't detect them. VMlost tissues are
very hardy - some show greater variations.
MARAVIGLIA - | would never dare to sav that some-
thing is strictly dead or alive because | have the feeling it
is a verv complicated definition. You can establish some
criteria for a piece of tissue which has heen excised, (ne
can sav that it is alive if it can be used to be grafted hack
into the original organism. This can last a long time. as
far as ['ve heard. There are also other situations which
unfortunately are not good for most animals. In plants.
vou can take a piece of the plant and after a long time
start a new organism from this single piece,

RADDA - Ithink I can tell the difference hetween dead
and live tissue, and if vou want to use NVR you can tell
it by that. But in fact obviously functional studies and
recovery studies are the main way. I don’t think one can
seneralise, We know that animal Kidnevs cannot he pre-
served under any condition for more than perhaps 5 or 6
hours unless vou oxvgenate them and perfuse them.
unlike human kidnevs which can he maintained up to
24 hours, and they will still function after thev are put
into a recipient. [f vou do the same thing with heart.
vou can't keep it for more than 3 hours or it will be ir-
reversihly damaged. So irreversible damage can he meas-
ured by functional recovery under defined conditions. 1
think we have pretty good ideas now of what kind of
parameters are responsible, or at least are indicators, of
reversible versus irreversible damage. ‘
ERMANS o [ would like to know if anvone has any ex-
perience of intact tissue and the same tissue after homo-
genisation? Are all the parameters lost or modified, or
are some differences hetween the different tissues per-
sisting?

LHOSTE — My question would he, is there any need for
hemogenisation?

DERBYSHIRE 1 can answer that question in part. e
have homogenised muscle tissue and looked at the pro-
ton water relaxation before homogenisation and after-
wards, and we just see the weighted mean relaxation rate
after homogenisation. We see single component expo-
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nential relaxation after homogenisation, and is the
weighted mean of the relaxation rates before homo-
genisation,

DE VRE — Whyv should the sample be homogenised?
The only problem is to get the intact tissue into the
NMR tubes. Those who have worked with 3 mm NMR
tubes know the difficulty of introducing tissue samples
to the bottom of the tube. Some of the samples
get very sticky as soon as vou excise the tissues.
[ believe this is one of the reasons why people have
probably tried to homogenise them, plus the faet
that vou improve the precision on the relaxation time
measurements, These are practical problems but
verv important when they come to accurate values
for relative comparison.

FOSTER -. Can [ just say that we've not actually tried
going as far as homogenising - we've tried quite a variety
of different chopping techniques with our tissues. and
providing that you've got quite a reasonable block of
tissue and vou've not smeared it all over vour tube, it
reallv does not make a great deal of difference. [ suspect
that a lot of the differences that at times 1've managed
to create by smearing things around have been by de-
hvdration of the thing rather than by loss of its struc-
tural integrity. If vou are trving to put something like
grey brain tissue down to the bottom of a 5 mm tube,
it takes you so long that vou've probably lost half the
water. If it’s any use to anybody, I've just started using
“a new technique. I've cut off the bottoms of all of my
5 mm tubes, just a straight cut not flamed smooth. I
now put my tissue in by taking it like a cork—borer
into the piece of tissue and then ram it down hard
into a piece of paraffin wax. The paraffin wax pro-
tons relax very fast and of course 1 don’t see those
with my method and it effectively seals the end. So it
is overcoming some of this problem of getting the tis-
sue into the tube in the first place without too much
disturbance on it.

LHOSTE — That's a good trick. Now we could move on
the second part and compare normal and pathological
tissues,

PODO -. Prof. Bovée, vou have done studies showing
that fat content is very important in making comparison
between breast normal and tumor tissues. Could vou
please comment on this, hecanse people are indeed
generally talking about water, but fat is also a very
important constituent of tissue.

BOVEE — We did experiments on rats and on human tis-
sue. The rat experiments gave nice results - they repro-
duced very well and they gave quite a good distinction
between normal and malignant tissue, But as soon as we
started doing experiments on human tissue, this distine-
tion disappeared, the reproducibility was bad, and it
was impossible to draw any conclusion from the experi-
mental data. Afterwards the reason for this appeared to
be that the human breast tissue (contrary to that of rats)
contained large, varying, amounts of fat. The fat and the
remaining breast tissue had relaxation rates differing a
factor 3 or more, We then analvsed the samples also on
fat content, under the microscope, and by NMR the

latter was done by analvsing the relaxation curves on
double exponential hehaviour, and abstracting from
them the relative amounts of fat and remaining breast
tissue and the time constant concerned. These time
constants were verv different and could therefore be
separated verv well. The samples measured by NMR
were analysed by pathologists. They determined among
other things fat content. From that time on we saw clear
results and we could understand them. There was no si-
gnificant difference hetween the relaxation behaviour of
malignant and normal tissue, if vou looked at the part
of the signal stemming from the fatless tissue. The fat
contents determined by the pathologist compared well
with the NMR values,

PODO — What about the water content in that case?
Moreover, do vou think that this fact could be generalis-
ed through other cases as well?

BOVEE — No, we also determined the water content
from this tissue. Taking into account the amount of fat
we determined the water content of the non—fatty
tissue. The water content of the tumorous tissue and the
normal or benign tissue were the same within the experi-
mental accuracy. There was some evidence that some
benign tumours had long relaxation rates. I've forgotten
the names, but there were some benign tumours which
had considerably long relaxation rates, at high water
contents.

PODO — By themselves?

BOVEE — Yes. We also corrected for the fat content.
DE CERTAINES — Experimental animal tumours give
better results than spontaneous human tumours. This is
the first reason, I think. for important differences
between results obtained in man. The second reason is
the histolological variations in samples. If you have a
blood vessel, or some fat, or necrosis, or haemorrhage in
the sample, then vou will have large variations in relaxa-
tion times. It is easier to have histologicallv pure samples
in animal experimentation than in human tumours. This
is why it is so difficult to apply results obtained from
experiments on animals to human samples. I don’t think
it is possible to discriminate between one tumour and
another, or between benign and malignant tumors, but
do think it may be possibie, if vou have one kind of
tumour, either to follow it after treatment, or to have
some histological indications if you know exactly the
tumour classification. For instance, in meningioma,
there will be variations due to collagen content;in breast
tumours vou have variations with fat, etc. A lot of
variations exist which do not have any direct relation
with the cancer itself,

PODO — Has anvone followed in time the relaxation be-
haviour of tumours in regression under the action of
drugs or physical agents?

LHOSTE — I am not sure that the relaxation times have
been measured under therapy.

BOVEE, — I think there are some examples in the litera-
ture of regression studies of tumours, and as far as I re-
member when they treated the tumour by radiotherapy
or bv chemicals, when the tumour started getting
emaller, the relaxation time T, decreased.



BAKKER — We have done some experiments, again on
mice with radiation treatment. A very large dose was
given in one session and only one type of tumour was
studied. In general the tumour exhibited a small decrease
in relaxation time, We also looked at various normal
tissues. A spectacular decrease in relaxation time after
radiation was ohserved for the spleen. The spleen js-a
radio— sensitive organ - the lymphocytes in it die imme-
diately or within a few hours after irradiation. Most
other tissues did not show radiation effects.

LHOSTE — What do vou call a large dose?

BAKKER . The dose was 15 Gy in one session.
FOSTER -~ Could 1 ask vou - did vou look at the red
cell count at the same time? We've done quite & lot of
work on cases in which we administer to animals drugs
which can cause haemolytic anemia. In those cases you
get a massive reduction in spleen Ty and this is due to
the deposition of red cell dehris. Of course, giving a large
radiation dose, vou almost certainly get anemia as a
ghort- term effect from it, and that could he at least
one of the causes of the reduction in vour spleen Ty,
BAKKER — We measured the radiation effect at one
point in time, and it was 48 hours post—irradiation. Ge.
nerally the mice were in good condition then and sho-
wed no ohservable radiation sickness from that dose.
FOSTER - Thatin fact wouldn’t counter the argument,
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becanse just a very small anemia causea the effect. When
I give dimethylaminoazobenzene it works within 48
hours to start the decrease in spleen 'T'; and the animals
at that stage appear normal in other respects.

DE VRF — Did you observe the effect on T{ and T3 or
both after radiation?

BAKKER — Only T measurements were performed.

DE VRE — Just the T;? Because normally you would
expect T, to he more sensitive than T as a discriminant
of the effect of radiation.

BAKKFER — Results published by Kiviniitty in Strahlen-
therapie in 1975 indicate that both Ty and Ty are affect-
ed by irradiation. Their samples were taken from gyne-
cological patients who underwent radiotherapy.

DI CERTAINES — | have also measured T, and T3 in
spleen after radiations and | have found a decrease in 'I';
and T; in the spleen of mice after radiation, 1 think that
for the NMR follow-—up of tumour during therapy it is
possible to have an effect on the therapy itself. During
chemn.-therapy, if we have variations of Ty and T of
the cells during the cell evcle (according to P'. Beall
and some of our own results) it might be possible to
svnchronize or 1o try to svnchronize in vivo cells or only
to follow the effect of chema. therapy, hut perhaps this
is a dream! Perhaps the most interesting for therapy mo-
nitoring will be phosphorus MR,
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THE PROBLEMS OF CHARACTERIZATION OF TISSUES AND BIOLOGICAL MATERIALS

R. MATHUR-DE VRE

Institut d’Hygiéne et d'Epidémiologte, 1050 Brussels, Belgium

Summary. — It is becoming increasingly apparent that
in vitro tissue characterization by high resolution NMR
is an essential step for fully understanding the signifi-
cance of imaging results. [lowever, many difficulties are
encountered in tissue characterization due to: (i} the
multiparameter dependence of relaxation times includ-
ing inherent biological factors and extrinsic physical
parameters, (ii) the need for standardizing the conditions
for measuremenis such as the resonance frequency and
temperature, and (i) the rapid degeneration of tissues
after biopsy or dissection. 1t is clear thata careful study
is needed to tackle these problems in order to obtain
reproducible and comparable results of the relzxation
times of tissne water from comparalive studies in dif-
ferent laboratories.

Riassunto.  Si va rendendo sempre pii cvidente co-
me la caralterizzazione in vilro dei tessuti mediante
VMR in alia risoluzione sia un passo fondamentale per
comprendere a pieno il significato dei risultati dell’ ima-
ging. Tuttavia, nelle caraticrizzazione dei tessuti, si in-
contrano numerose difficolta dovute a: (i) la dipendenza
dei tempi di rilassamento da diversi parametri, compresi
quelli ineronii a fattori biologici e i parametri fisici
estrinseci, (i) la necessita di standardizzare le condizioni
i misura, quali la frequenza di risonanza e la tempera-
tura, e (i) In degenerazione rapida dei tessuli dopo la
biopsia o dissezione. I chiaro che sono indispensabili
studi accurati per affrontare tali problemi, al fine di ot-
tenere risultali riproducibili o sovrapponibili dei tempi
di rilassanrento dell'aequa nei tessuti, per studi compa-
raiivi in diversi laboratori,

Fissue characterization implics correlating NMR re-
laxation times with the biological state of lissues. Such
stindies can lead to an explieit and precise identification
of the underlving processes responsible for many jrath-
ological and physiological states of tissues, and provide a
biophysical basis for imaging results on non empirical

grounds. In a previous paper [1] the biophysical aspect

of the relaxation behaviour of water in hiological system
were outlined. There is increasing apprehension now that

in the interest of clinical evaluation of NMR for diagno-

sis and research, it is indispensable to complement imag-

ing results with tissue characterization hy high resolution

spectroscopic techniques.

Tissue characterization is required to serve the follow-
ing purposes:

1) comprehensive compilation of T, and T data for
a series of normal and pathological tissues, for in vive
and in vitro system, ie. to build up a system of data
base under known and well --defined experimental condi-
tions;

2) to standardize the experimental protocol and
methods of data analysis required for discrimination of
tissues by 'f') and T, measurements;

3) 1o seek optimum conditions for maximum dis-
crimination of tissue types;

4} to delincate the biophysical basis of discriminat-
ing parameters for detecting malignant tissues and other
Ly pes of lesions;

5) 1o study the relevance of relaxation data from in
vitro studies with in vive results obtained from imaging.

Several problems are encountered in tissue character-
ization by measurements of Ty and Ty in vitro hecause
of the multiparameter character of relaxation times. In
fact 1, and Ty are sensitive Loz 1) a number of inherent
biological factors that perturh in different ways the
waler halance; i) extrinsic physical parameters, such as
temperature, resonance frequeney and sample treatment
(e, preparation and storage}.

Thus, lor an explicit correlation of Ty and T3 varia-
tions with specifie pathological conditions, it is impor-
lant 1o recognize andfor to minimize the effects of ir-
relevant factors. Therefore, studies must be performed
under controfled and normalized conditions in order to
oltain comparable, reproducible and meaningful resulls.
Many details related to experimental protocol will be
discussed in subsequent papers of these Proceedings.
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The following problems need to be tackled for the
characterization of tissues in vitro:

a) the rapid degeneration of biological samples after
biopsy or dissection of laboratory animals perturbs the
state of water, and thereby affects the measured values
of relaxation times. This introduces uncertainties in the
studies dealing with relative comparison of relaxation
times unless the methods of preparation and presery-
ation are standardized and controlled. The effects of
sample degradation is a deep rooted problem for in
vitro studies of biological tissues:

b) due to the ease of sample degradation at high
temperatures. the choice of temperature for measure-
ments of Ty and Ty is an important problem. In vitro
measurements at a lemperature corresponding to the
body temperature (377 C) are likely 0 give irreproduci-
ble results, hence measurements showld be performed
preferably at lower temperature (for example at +5° to
+157C). and the values extrapolated for comparison
with in vivo resalts. Relaxation times are sensitive to
temperature changes {1]. It is likely that the error intro-
duced by extrapolating the values of the relaxation
times ohserved at lower temperatures to higher temper-
atures (using aceurately determined activation energies)
is less important than the irreproducihility and uncer-
tainties arising (rom measurements at high temperatures:

) the frequency dependence of relaxation times of
tissues water [1] requires that the values he compared
at identical frequencies. Not only the true values of
relaxation time 1) andd T2, bt the relative differences
between nornal and cancerons cells [2] are also depend-
ent on the resonance frequency, The problem of com.
paring the results from different lahoratories using spe-
flrometers operating at different frequencies mav be re-
solved by obtaining some calibration curves for the fre-
queney dependence of Ty and T, for a model svslem
with the state of waler akin to cell water and reproduc.
ible preparation:

dy the measurements of T, and Ty by high resolu.
tion MM are very sensitive to the inhomogeneity of the
sample, Tissue samples packed in NMIR (ubes present a
fairly inhomogeneons mass for precise measurements of
refaxation tinwes (particularhy F2 ) and may give rise Lo
fow securacy of measurements in certain cases, Shonld
the excised samples e homaogeneized hefore measure.
inents? 1t should he noted (hat homogenization can
drastically alter (le integrity of the intra  and vxtra
cellular water, dn (his case Uhe state of water persisting
alter homogenization does not represent the real stale of
the brological tissues aneer vonsideration, and the corre-
lation ol the refaxation tnes with the properties of

water will not reflect the true differences in pathological
and physiological conditions. It is expected that the dis-
crimination of relaxation times will be attenuated in the
homogeneized samples. Here one faces the dilemma of
increasing the precision of measurements at the risk of
losing the essential hiological information:

¢) the medical applications of proton NMR require
devices to detect with high accuraey small variations in
Ty and T, valiues irrespective of the precision of abso-
lute values:

f) the relaxation data from in vitro studies are often
compared with in vivo results, This entails several pro-
blems such as: i) the state of “water balance® in living
cells and tissues is likelv to be significantly different
from that in non-living tissues by the verv difference
in their biological states, and the degradation effects
in vitro: ii) high resolution studies give very accurate
but average values of Ty and T,, whereas imaging
represents the spatial distribution of intrinsic T, and T,
values in the heterogeneous biological space: iii) in vitro
studies are often performed at higher frequencies than
those normally emploved for imaging setup for patients.

g) the problem of the appropriate choice of index
parameters lies in the fact that they should be sensitive
enough to detect small differences in the state of water
and quick in manipulation to allow a series of measure.
nients within a reasonable time. The complementary
nature of Ty and T, relaxation mechanisms necessitates
that studies be performed using both T; and T;. The
commonly emploved parameters are T, and T, at a
fixed frequency and temperature. Certain functions of
relaxation times are likely to he more informative dis-
criminating parameters for identification of the bio-
logical state of tissues.

Conclusions

Several problems related to tissue characterization
originate from the inherent biophysical background of
the relaxation behaviour of water in biviogical systems,
and from extrinsic physical parameters. It is clear that
these problems need to be tackled genuinely in order to
obtain reproducible and comparahile results of the relax-
ation times of tssue water required for tissue character-
ization. 1t may be noted that while NAR imaging is use-
ful for Tocalizing in the heterogeneous biological space
those soft Lssues that exhibil an abnormal behaviour,
tissue  eharacterization helps in identifving explicitly
the underlving processes responsible for such abno-
malities.
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INFLUENCE OF AGE AND THERMAL TREATMENT
ON THE PROTON NMR RESPONSE OF MUSCLE

M. VILLA

Dipartimento di Fisica “A. Volta”, Universitd degli Studi, Pavia, Italy

Summary. — Major differences between the in vivo
and in vitto NUR response of tissues mav exist which
are related to biochemical changes induced by death,
thermal treatment and even by a careful handling of the
sample. On the other hand, experimental evidence is pre-
sented indicating that the proton YHR response of mus-
cular tissues is scarcely affected by the procedures of
sample preparation followed in most laboratories. This
fact suggests that in vitro studies may provide reliable
estimates of how seasitive VMR tomography will be in
discriminating between normal and diseased muscles.
The spin-lattice and spin--spin relaxation processes of
protons are, usunlly, “more exponential” in normal
muscles than in diseased or demaged muscles. The signif-
icance of this observation is discussed and it is suggested
that a properly defined “non--exponentiality factor”
will show a great sensitivity to the pathological condi.
tion of the muscular tissue.’

Riassunto. — Tra le risposte NMR in vivo ed in vitro
possono esistere in linea di principio differenze rilevan-
ti, dovute alle modifiche biochimiche indotte dalla mor.
te, dal trattamento termico e persino da un accurato
trattamento del campione, Yaltra parte, vengono qui
presentate evidenze sperimentali che indicano che la ri-
sposta 'H NMR di tessuti muscolari é scarsamente in-
fluenzata dalle procedure generalmente usate per prepa-
rare i campioni. Questo fatto suggerisce che gli studi in
vitro possono fornire stime affidabili della sensibilita
della tomografic NMR nel discriminagre tra muscoli nor-
mali e patologici. I processi di rilassamento spin—reticolo
e spin—spin sonc generalmente “pit esponenziali” nei
muscoli normali che in quelli patologici o danneggiati,
Viene discusso il significato di questa osservazione e si
suggerisce che un opportuno fattore di “non esponenzia-
litd” possa presentare una grande sensibilits olle condi-
zioni patologiche di un tessuto muscolare.

Introduction

Broadband proton magnetic resonance (PMR) studies
of tissues have a low level of technical difficulties and

highlv reliable data exist. Since most of the experiments
have heen performed in vitro. the question arices of
whether handling of the sample has significantly altered
the in vive PMR response of the tissue. A further ques-
tion concerns the PMR sensitivity to a pathological con-
dition. It would be most helpful to have a definite feel.
ing of the extent to which in vitre studies vield the re-
sponse of living tissues and provide useful information
for N\MR tomography. Due to the great complexity of
the samples, an answer to these questions should be de.
rived from a critical analvsis of existing experimental

. data. For this reason, a brief overview of the literature

will be given on the effects of the sample handling pro-
cedures upon the NMR response. without commenting
upon the interpretations offered for the experimental
ohservations.

Overview of the literature

The spin--spin (or T;) relaxation process appears to
he highlv sensitive to details of the sample preparation
and different shape of decay for the transverse magneti.
zation have been observed in different lahoratories {1.2].
Pearson et al. [3] found a nearly exponential spin—spin
relaxation process in freshly excised muscles: non--expo-
nentiality developed after onset of rizor and/or freeze—
thaw cvcles. Qualitativelyv similar observations on the ef-
fect of rigor have heen made by Fung and Puon [4].
Belton and Packer [3] noted variations of spin—spin re-
laxation process in the frog gastrocnemius as a function
of the time spent by the frog in captivity. In a careful
studv of the spin-lattice {or T;) process in skeletal
muscles Chang et al. [6] found that this process is slight-
ly non- exponential; hoth the effective Ty and the a-
mount of non-exponentiality undergo characteristie
changes in the first few hours following extraction.
While we were unable to observe any non—exponentiali-
tv in whole frog gastroenemius [T], we could see such an
effect on T, as a function of time after excision: while
there were no significant differences hetween T, imme-
diately after and 12 hours after excision. the spin—lat-
tice relaxation time increased by about 10% in the first
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2.3 hours and then decreased. The phenomenon was
reproducible and fullv unexplained.

In the literature quoted above there are often state-
ments about the effects of storing the samples below
room temperature. A favorite procedure [8]for keeping
the samples over times of the order of one dav is to store
them over ice. which appears not to change Ty, Some
Authors [8] prefer a storage at —30°C which is likeh to
keep the muscle over extended period of time. We were
unable to detect differences larger than the variability
among individuals in the Ty behaviour of normal human
muscles stored at  30° € in scaled containers for times
between one week and six months, (n the other hand, a
bateh of muscle biopsies left for a long time (one to
four vears) in the freezer showed major changes:
brown—to- black colours, reduced water content and T
values up to five time shorter than those of well preserv-
ed muscles. Comparison between T; and Ty in freshiy
excised tissues and in tissues kept one dav at 4% C con-
firmed that the muscular tissue is rather insensitive to
short term storage procedures [9]. On the other hand,
other tissues, taken in particular from colon and lung,
showed a PMR response which was modified by the
storage. No unique pattern in these modifications was
however found [9].

Pathological conditions are known to affect the PMR
response of tissues and to cause changes of the relaxa-
tion times which can be rather substantial [10, 11].
Cancer is known to cause slightly increased relaxation
times in most tissues. This change appear to be related
to the higher water content of the tumoral tissues [12].
While longitudinal and transverse relaxation times taken
separately do not allow a good discrimination between
normal and tumoral tissues, a more reliable diagnosis
can be made by using the sum of the relative changes
with respect to normal of both Ty and Tg. The longi-
tudinal spin -lattice relaxation time of heart slightlv
increases in acute ischemia as well [13]. A recent in
vitro analvses of the spin lattice relaxation behav-
iour in muscles of patients affected by a variety of
neuropathies [14] mostly, buth not uniquely, showed
a decrease of T, with respect to the control group.
On the other hand, the Ty process was substantially
less exponential in diseased muscles than in the normal

ones [14].
Discussion

The literature shows that handling procedures and
phvsiological conditions have an effect upon the

“shape™ of decay of the transverse magnetization. while
the spin—lattice relaxation process is much less affected
by these factors. An explanation for this observation
may be the following. NMR relaxation time in biological
svsterns alwavs represent an average of Ty or Ty over
relatively large regions of the sample. A non--exponen-
tial relaxation process, or an increase of the non—expo-
nential character means that the sample is not homoye-
neous over these “large regions”. The size of these re.
gions is of the order of the distance over which water
molecule  diffuses during the experimental time (i.e.
times of the order of T; or Ty). Thus, a non- expo-
nentiality in the proton T; relaxation in a tissue indicat-
es that an inadequate average is obtained over a region
(.01 mm in diameter. The inhomaogeneity should he 3..4
times larger in order to cause a non- exponentiality of
the spin -lattice relaxation process. A number of phe-
nomena can canse this inhomogeneity: preferential con-
densation of water in certain compartments, hiochemical
changes of macromolecules affecting different cells in
different wavs, ete. A discussion of this problem, with
some rather preliminary conclusions, has been reported
[4]. It is stressed here that the message contained in the
non-exponentiality of the relaxation processes is emi-
nently “macroscopte” and it is erroneous to extract
from it populations of water fractions with different
physical properties,

While the non—exponentiality of the relaxation pro-
cesses does not give useful information about the state
of water in a complex biological svstem, it provides a
way of classifying the state of a tissue. Let be m (t) a
normalized quantitv that decavs from of value of 1 (at
time t=0) to 0. With mg (ty=exp(—t/Ty¢) is indicated
an exponentially decaving function that at t=0 has the
same time derivative a8 m(1). The non—exponentiality
factor can be defined as

n=(t, - 10)/
where the times ta, tg are defined by the equation
0.1 = Mg (to) = m(ta)

Since information about pathologieal conditions are
contained in the non--exponentiality factor. it is impor-
tant to select a samiple handling procedure which does
not change 7 or which maodifies it in a predictable way,
It was found that a storage of muscles at --20°C in seal-
ed containers for periods of 5—6 months did not affect
the non- exponentiality factor of the spin—lattice relax-
ation process.

‘ REFERENCES

1. HAZLEWOOD, C. F., CHANG, D. C., NICHOLS, B. L. & WOESSNER, D. E. 1974. Nuclear magrnetic resonance transverse relaxation

times of water protons in skeletal muscle. Biophys. 1. 14: 583.606,

2. FOSTER. K. R., RESING, H. A. & GARROWAY, A, N, 1976. Bounds in “'bonded water”; transverse nuclear magnetic resonance re-

laxation in barnacle muscle, Science 194: 324.326,



=l

147

3. PEARSON, R. T.. DUFF, L. D., DERBISHIRE, W_ & BLANSIARD, J. M. V. 1974, An NMR investigation of rigor in porcine muscle.

Biochim, Biophys. Acta, 362: 188.200.

CFUNG, B.M. & PUON, P. 8. 1982, Nuclear magnetic resonance transverse relaxation in muscle water. Biophvs, J. 33; 27.37.

. BELTON, P. 8, & PACKER, K. J. 1974 Pulsed N MR studies of water in striated muscle . [II. The effects of water content. Biochim.

Biophys. Acta. 354: 305.314.

CCHANG, D. C., HAZLEWOOD, ¢, F. & WOESSNER, D. E. 1976. The spin--lattice relaxation times of water associated with early

post mortem changes in skeletal muscle. Biochim. Biophys, \cta. 437: 253-258.

. VILLA, M. 1970, Thesis. Struttura e mobilitd dell'acqua nel tessuto muscolare studiata mediante tecniche NMR. University of Pavia.

. LING, C. R., FOSTER, M. A. & MALLARD, J. R. 1979. Changes in the NMR relaxation times of adjacent muscle after implantation

of malignant and normal tissue. Br. /. Cancer. 40: 898-902,

. GOLDSMITH, M., KOUTCHER, ]. & DAMADIAN, R. 1978, NMR in cancer. XI. Application of the N\MR malignancy index to

human gastro-intestinal tumors, Cancer 41: 183.191.

10.SMITH, F.W., MALLARD, ]. R., REID, A. & HUTCHISON, J. M. 5. 1981. Nuclear magnetic resonance tomographic in liver disease,

The Lancet. May 2: 1963-1966.

IL.DOYLE, I, H,, PENNOCK, J. M, BANKS, L. M., MC DONNELL, ML) BYDDER, G, M., STEINER, R E._YOUNG, L R.,

CLARCKE, G. ]., PASMORE, I. & GILDERDALE, D. ]J. 1982. Nuclear magnetic resonance imaging of the liver: initial experience.
Am. J. Roentgenol. 138: 193.200,

12.FUNG, B. M., WASSIL, D. A, DURHAM, D. L., CHESNUT, R. W., DURHAM, N, N, & BERLIN, K. D. 1975, Water in normal

muscle and muscle with a tumor. Biochim, Biophys. Acta, 385: 180-187.

13.WILLIAMS, E. 5., KAPLAN, J. I, THATCHER, F., ZIMMERMAN, G & KNOEBEL, 8.B. 1980. Prolongation of proton spin—lattice

relaxation times in regionally ischemic tissue from dog hearts. J. Vucl. Med. 21: 4494353,

14.BORGHI, L., SAVOLDI, F., SCELSL, R. & VILLA, M. 1983. Nuclear magnetic resonance { N\MR ) response of protons in normal and

pathological human muscles. ). Exp, Veur. (in prese.).



Ann, Ist, Super. Sanitd
Vol. 19, N. 1 (1983) pp, 149.150

Discussion on protocols for the preparation of biological samples for characterizing tissues

Maderator: J. 8. Orr

ORR -~ We have to look at the possibilities of having
some general agreement on procedures for preparation
of samples for in vitro studies of proton properties. The
two speakers appear to me to he saving almost the same
thing - perhaps 1 counld ask them if thev could loth
azree to work to the same procedures,

VILEA  Yes, we basicallv agree, except that | have
some difficulties now in accepting the lowest tempera-
ture possible. The liquid nitrogen passage is the onlv
point where 1 don’t agree, because all food storage ex-
perts say that the lowest is not alwavs the best. It seems
to me that one should avoid holh storage at extremely
low temperatures and too large a tvpe of exclusion
temperature which is provoked by the fast drving in
liquid nitrogen. This is only hecause | found in the
literature that this can adversely alfect the conservation
of the products. Mavbe it is worthwhile to stick with
simply the dry ice type of procedure, just for the trans.
fer and immediate fast cooling, and avoid any passage in
liquid nitrogen. For the rest | completely agree with
M.me De Vre,

DE VRE . My point of proposing liquid nitrogen is to
ensure fast freezing. In the bepinning we used dry ice
for freezing, but I think from the point of view of the
rate of freezing, it is preferable to use liquid nitrogen,
We stored the samples inadeep freezer at ahout -60° C.
IRR Would workers he willing 1o make some small
change in their prejudices in order to he working in
exactly the same way?

DE VRE I like to ask a question to Dr. Villa. In
vour experiments vou wrapped all the samples in an
gluminium foil and then transferred small picces of them
into NMR tulies when they were cald at - 200r  10° (),
Wonldn't you expect some effeet of moisture condensa-
tion during the transfer? This can he avoided Iy (rans
ferring samples in NMR tobes hefore freezinral  20°C
and tightly closing them,

Dr. VILLA
following: first of all, it lielps to define a swall space in
which the sample is kept, secondly it lielps in fast

The rationale of the aluminiunt (ol is the

cooling. The decision to manipulate the sample in the
freezer, instead of inserting it immediately in the (st

tube depends on the choice taken by the medical sehonl
in. which vou are working. That means, if there are
prople that I can trust, able 1o directh insert in the
atrgical room Lhe sample inside a 5 mm NV test tube,
Fwould go along with vour suggestion. Or if 1 ean have
the type of test tube that vou have, it would prolably
be possibde 1o have (he personnel in the sirgical room
to produce direetly the NIR test tabe, Bot 1 Lave
found it much more flexibde tohave aslightly laraer sam-
ple that Lean atore directly in the (reezer. Then Lean take
a piece to determine the waler content, a piece for elee.
tron microscopy, a piece for MR and so on, 1t is just o
problem of ehoice, and as long as vou have a procedure

that does not change the temperature of the sample
during manipulation — this is rather important — I am
rather confident in the normal wrapping in freezer and
manipttlation and so on.

DERBYSHIRE  1think a great deal is going to depend
on what vou define as the ohject of the exercise, If vou
are talking about tissue viahility, that is one thing
Alternatively, if you are working for the food industry
(most of my sponsorship comes from the food indnstry),
vou are talking ahout the nutritional value of the food
and  the textural properties of the food after it has been
frozen, and maintaining those. Bul to sav one thing to
Dr. Villa, if, for example, vou take fish muscle . fish
muscle will atill degrade at 20° C.and the food industry
is trving a eompromise since it's a lot more expensive to
store foodd at - 30° than itisat  20° and .23° mav he
30% would be better from
the point of view of keeping the tissue intact. What we
do find is that, whatever vou define as the ohject of the
exercise, cell viahility or the mechanical properties
alterwards, the rate of cooling and the rate of heating
are critical, If vou look at cell viahility and the rate of
cooling, vou get a curve that goes to a peak, then down
and then increases again. In order to explain that, vou 've

an acceptable compromise,

got to think of the mechanisms of damage. At lower
rates of cooling, vou are exposing the cell to asmotie
shock hecause, as the ice Torma, the adds are, hecanse of
the sheer volume space, the first nuelration occurs in the
extra cellular medivm, and as a result of (hat, ice
ervstals start 1o grow in the extra eellular medinm,
waler transfers from inside the cell to outside, the salt
and the suzar contents of the cells increase, and this mav
innduce some damage, That's one cause of damage, so
what you are doing at the lower rates of conling with an
inereased rate of cooling, vou are deereasing the amount
ol cellular damage, hecause von are caoling more (qurich-
v. Ax vou then go on to cool down even more rapidiy
vouye g hetter chanee of forming an ice crvstal inside
the cell. There's a straight competition hetween intra

and extra cellular ice formation v o get an ice erystal
formed inside the eell 4 don’t think there bave heen any

reportedt cases where the cell bas survived that formation
ol anice crvatal internallv. So here we are seeing a sort
of salt damage  osmotic shock, then we are seeing dam-
age e to the iee cevstal Tormation inside, and on this
ride we are really cooling <o rapidly that we are forming
a glass inside the cell, <0 we are not exposing it o jee
ervalal Tormation. The eell shonld survive this il we
could cool sulficiently rapidly, But what  happens
i that this maximum and this minimum depend tpon
the particular cell vou are talking about, and pon cell
volume, s onare poing 1o talh about a tissne, i objee
with this zort of shape, the rate of cooling that von can
produce iside s very limited by thermal conductivity
of the medinm itself. So P slightly concerned aont
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vour specification of a safe level, because some hio-
degradation occurs at even —20° : but low temperatures
would be better. I think we are going to have some
problems if vou trv and specifv a rate of cooling, an
arbitrary rate of cooling for all sizes and all tissues.

DE CERTAINES -. 1 don't entirelv agree with the
protocol of freezing. I find that in some cases vou
have, after freezing, the same results for [’y but you may
have more variations for T,. Perhaps when a better
protocol is not possible, freezing could be nsed. There
have been some attempts in Grenoble, on brain tamors,
but only for T,. I know that for T;. we have found
some variations after freezing. As [ said. it is perhaps

all right in some cases when a better protocol is not
feasible. but as a general rule, [ don’t think it is good
to freeze and thaw.

DE VRE - The values do depend on the rate of freezing.
We used different positions of a tissue sample, in half a
dozen different NMIK tubes and subjected them to dif-
ferent freezing conditions and degradation. The 1 re-
suits were found to be irreproducible by freezing sam.
ples at a verv slow rate (ahont —20° C) in an ordinary
freezer. On the contrarv. the T, values were more con-
sistent for samples frozen in liquid nitrogen. | do agree
that probably certain changes are induced. hut we found
the results more reproducible than for slow freezing.



Discussion on a possible categorization of measured values
Moderator: F. Podo

poDO — The discussions held in the previous sections
indicated the importance of reaching a common agree-
ment in the definition of an appropriate standardization
of measurements and of coordinating a coliection of
VR relaxation data obtained on the hasis of such
criteria,  Results reported in the previous literature
couid also be reviewed on these bases. Such a working
plan should lead to a rapid and systematic assessment
of the feasibilitv and applicability of the NAR approach
to the problem of tiseue characterization by NMR and
hapefully provide the clinician with useful diagnostie
tools, The question is now whether it would be useful
to establish a data bank on NMR relaxation data or some
other form of fast exchange of information among labo-
ratories. M.me De Vré has given us a copyv of a “Biolo-
gical NMR Data Bank Form™ distributed by the Society
for Magnetic Resonance [maging. Bethesda. The infor
mation required to be provided by this form is the follo-
wing: 1) date of submission, investigators, address, city,
state, area code and telephone. 2) General information:
title of project: machine information: model, frequency,
nucleus, sample temperature at measurement (°C), pulse
sequence, patameters measured: method of data analy-
sis: initial slope (me), least square fit, multicomponent
fit: mode of imaging: sample information: type of sam-
ple, volume (cc): time delav before measurement
(hours): method of storage: fresh or refrigerated or
frozen, etc.: time of storage: reproducibility of this
tvpe of tissue (* ms, % of error): patient information:
designate in data table patient ID numbers, sex, age,
weight, ethnic origin (optional), hormone status, medi-
cation and pathological diagnosis to facilitate compa-
rison with other studies, 3)NMR data:sample; parameter;
value (mean t SD,  SE); 4) Conclusions. 5) Reference
to publication. One possibility would be that evervone
of us get in touch with this data bank. Another possi-
bility would be that anvone using his own librarian faci-
lities would trv to have a data bank in his own institute.
A third possibility might be that of trving to establish
a European data bank on the basis of common proto-
rols, or to activate some other mechanism of fast
exchange of information. 1 would like now to open the
discussion on these points .

LHOSTE — Could I just add a comment. It would also
be very useful to have standard samples which might he
exchanged among laboratories in order to compare mea-
surements from one centre to another. [ remember this
was done for EPR ahout fifteen or twentyv vears ago.
We prepared samples which were sent over the world
and two vears later we came back with our results,
and the spread was by a factor of 10, concerning the
number of spins in the sample,

PODO — An exchange of standard samples would also be
very useful and the protocols for their preparation and
handling are verv important.
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ORR - As Dr, Podo said. protocols for sample prepara-
tion are vital. For these to he useful, we must also have
protocols regarding the data that will be collected. The
best wav to set this up and to impose the discipline
necessary is to have a standard data collection form.
The best way to get people to fill these up is to have
somewhere to send them. Therefore we need four
things: we need the protocols for sample preparation.
we need the protocols on the data to he collected, we
need a mechanism for receiving and for analvsing the
data, and finally the fourth thing that Prof. Lhoste
mentioned, a svstem for standardized calibration to be
used in all the laboratories participating.

DE CERTAINES There are two different problem
here. The first concerns the protocols and the second
the data bank itself. For protocols, it is clear that the
same criteria cannot be applied to proton in vitro studies
and to phosphorus studies, for instance. | shall onlv talk
abhout proton Ty and T, in vitro protocols. If vou trv
to understand what causes Ty and T. variations in
tumours, it i8 fundamental to have a lot of studies on
histological variations in each kind of tumour. Itis not
possible to ohtain good results unless vou have 300 or
400 patients. Only one center can never have so manv
patients over a short period of time. Therefore the pro-
tocals now being used by the three French centers is
interesting for that reason. That is only a small part
of the problem but it is pertinent. The data bank is
another problem again. I am not sure that the infor-
mation like that in the paper vou have read is enough
to understand the results. You ought to have the age
of the patients, the conditions under which the tissue
was extracted for in vitro studies, and a lot more infor-
mation besides. It just isn't possible to have all that
information on one small piece of paper. [ think it
iz more interesting to have a specific bibliographic data
bank to have rapid access to studies, on breast tumors
in vitro at 20 MHz and 4°C, for instance. It is for
this reason that we decided to trv to constitute a data
bank of bibliographical references, and not of direct
data information. Our data bank (MEDAGRA-RMYN)
is now being elaborated, and it should he completely
operative at the end of the vear. [t will also be acces-
sible to international information processing.
CORTELLESSA - Tam the Director of the Data Mana-
gement Service here in our Institute, and I just want
to make a guick observation, First of all, [ think (and
we are experimenting already in some fields from phy-
sics to medicine), | think that the present state of word
processing allows us to skip the step of a data form,
I would like to say that if the information is given,
even if it is not fullv standardized (I hope that vou
understand that 1 am trving to make an extreme sta-
tement when the truth is in between), word processing
is 80 powerful today that we may not ask to fill in stan-
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dardized forms. That has nothing to do with protocols
of course - we are only talking ahout collecting infor-
mation to he stored in the data bank. What is interesting
is that there is the minimal set of information that vou
want to compare. This seems to he onlv a matter of
informatics, hut it tells us that it is easv to take the
first step, just comparing the information as it is, as
it has alreadv heen collected by evervone. We would
like to volunteer to be one of 1 don’t know how many
who want to participate in this European data bank
exercise, We would like to collect the information and
try to order the information and trv to distribute it -
I mean. the first step hefore the data bank, that is
stmply a step that 1 call the clearing-house, where
vou collect the information even if it is not vet fully
standardized or half standardized. Then from the
first step. trv to treat the information, distrilute it
and have bhack the ohservations from the audience
or from the subjects who are interested I partici-
pating in the exercise, and then. as a next step, go
to a real data hank. it is particularly important to
process the existing information se that a minimal
gset mayv be extracted for further standardization.
It seems to me that this is relevant for the specific
subjects and topics vou are talking about, because
there is still some work to he done from the point
of view ol the standardization. So 1 don’t know how
far my proposal may go, but the proposal is to trv
to collect the information after, hopefully, a mini-
mal effort of standardization, go on treating the infor-
mation to see what happens, and then for the next step
to trv to have the informalion eollected on a more
standardized data collection form. We are trving this
way especiallyv with physicians in ltaly, amd vou know
that physicians are reallv difficult to treat because every
phyvsician has his own view, but it seems that we are
succeeding in doing this, with a two-step approach,
First, to see how valuable the treatment of information
is and then convincing the suhject that it is possible to
standardize. We are readyv, and of course if there is a
step to be made we mav divide the tasks e.g, in the field
ol bibliography (which I'm not going to enler into),
with the lstituta Superiore di Sanila heing the central
focal point for many automatic Libliography svstems
and we know that hibliographic information is very
valuable especially in order o heep people together
on a speeific subject.

FOSTER

il 1 couldt address that question, we have seen all the

As far as standardization is concerned,

varions things that make us nonstandard, and a great
many of the things that we have heard about have
been suggestions like, T think this conld make one
sel ol results different, 1 think thi= could ... 7| ete..
I cant help feeling that there are two things that we
really ought o trv: ane of them is perhaps 1o set up
a sort of amall rescareh programme or at least some-
thing along those lines at a verv small level, where
one or two lahoratlories from our group whe are approa-
ching their studies in rather different wavs atieny
to get them to do the same tvpe of study on the same

material. I'm afraid | am thinking of biological material
rather than just a hottle that could be handed round
from one to another, because of the varations inherent
in the biological svstem as well, but to set up, say, a
standard breed of rat and take their samples as near
standard as they can, and see what results they get.
That would at least tell us how non-standard we actually
are, hecause 1 dont think we appreciate that at the
moment. The second thing is that T think it would
be perhaps very useful if we counld establish one or
two lahoratories in each of our countries and get them
to have a lot of communication between each other
g0 they can act as a national centre to which anvone
who wants 1o refer their own particular method can
go, so that someone in Britain sets up a standard
svstem  which is comparalle to that in every other
country, and if T want to cross-cheek on something
I've got, T can go there and sav “look, will you do
a measurement on this for me?”, and then | can know
how far my own svstem is varving awav from what
it usedd to be and from what other people are doing.
1 think this would bring us towards a better under-
standing of, on the one hand, just how non-standard
we are, and on the other hand help us to standardize
our actual results. I'm thinking here entirelv of course
of in vitro measurements.

SCHANDT — T eee some difficulties in performing expe-
riments in two countries with rats of the same breed,
or something like that. I have a suggestion: we could
use commerciallv available cell lnes which can be
hought by all the centres in the different countries,
and we could cultivate the cells under standardized
conditions and then measure in vitre T, or T, and
compare those results. [Potentially this is a way for
reaching a standardization between different centres,
D CERTAINES Cells in culture are more difficult
to measure by NMRB than tissue samples, and I'm not
sure that we can obtain the best results with them.
For protocols in France, for instance, we have taken
as relerence the liver of Wistar rats of 200 grams, and
we have not found important variations. With cells
in culture, however, with centrifugation and other
problems of separation. it is more difficult to define
a reference svstem.

SCINVIDT - We could do hoth,

DECERTAINES - Perhaps,

REINHARDT I would like to suggest that it
would also he interesting to have the image data availa-
ble, not only the data in the pratocol. 1t is very difficult
te handle such a large amount of data, but if you
trv 1o apply statistical analvsis procedures to have
multiexponential analvsis on these data, | think it's
necessary to have a high number of images, and the-
refore it would le avantageous to use images which
have Leen obtained at different institutions and places.
But it’s evident that there ave other problems if vou
If vou
are planning some future activities, 1 think this point
should be considered, namely to establish image data

are using different measurements and so on,

hanks as well,



VILLA — 1 have a practical proposal. What it seems
to me comes out from this proposal of establishing
a data bank is that this should be started somehow,
and probably it i3 convenient to start it in rather a
preliminary form. To do this, I would say that the
Istituto Superiore di Sanita should act as a centre
for collecting this data base and 1 would suggest to
do this in rather a “hvbrid” tvpe of form. That means
to reach an agreement on some kind of protocol and
zome suitable standardization, to send data and/or
references to Dr. Podo. These data can then be entered
in the computer and the information distributed in a
tvpe of bulletin, mavhe categorized in an appropriate
way. After several months of this work, enough feeling
about the utility of this data base can probably be
gathered to make suggestions on how to organize it. Ina
second moment, one could probably set up a network in
which everv laboratory cen feed directly the data to a
central computer and can retrieve the data directly from
the central computer.

LITOSTE - T think the best thing would be that people
who seem more involved in this problem could discuss
together tonight and propose something tomorrow, re-
membering that the spreading of data is very useful, but
the spreading of preliminary or incomplete data is
dangerous.

PODO .. 1 don’t think that only one centre should he
in charge of this collection and exchange of information,
It wonld be good to have at least one centre for each
country, or mavhe for two countries.

DE CERTAINES - if vou have a multi-focus svstem,
surely vou must have the same codification Tor publi-
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shed data at the beginning of the bank. For example,
we've had a codification system for six months and
if we have to change, we will need to know the new
codification rapidly because it will take us six months
to do so. For a multi-focus system I think it is necessary
to have exactly the same codifications right from the
beginning.

CORTELLESSA —  I'm sorrv but there is no need
whatsoever to have the same codification. If you give
me the information and vour code, the so-called trans-
codification is normal procedure, We're not asking
anybody to use unique codes. We use word processing,
and we use information processing. The only problem is
that if you send us a set of numbers without telling us
what the numbers are, it is difficult becaunse it is cryp-
tography - it is difficult but not impossible. Butif each
centre has its own codes and these codes are exchanged
the problem is solved. Let me put it in another way,
we have enough computing power to use all the other
codes and to translate from one code to another. But
this is another point, because it strongly depends on
how large a computer vou have in the focal point
in each country. With a large enough computer - as
we have - there is no problem whatsoever, To me, to
try to ask to use the same codes means five vears of
discussion about the codes hefore we even hegin. So [
think that it is possible to have a multi-centre, multi-
focus system if evervbody is not going to ask the others
to do this exercise on changing the codes, but just use
the programmes to read other people’s codes. I'm not
saving that it is possible, | know that it is possible
to do that.





