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Relaxation time differences are the sources of most
of the contrast observed in proton NMR images, not
only among normal organs and tissues but between
lesions and the adjacent tissue. Although these
differences are often large, there are low-contrast
situations in which it would be desirable to increase
the visibility of an organ or region. The study of

time-dependent phenomena would also be aided by

the ability to change selected relaxation times delib-
erately. One way to achieve these goals is to admin-
ister substances that change proton relaxation times
in tissues without causing significant toxic effects or
other physiologic changes. Paramagnetic ions and
molecules, those with unpaired electrons, may be
useful for this purpose because the very large mag-

INCE THE DISCOVERY of nuclear mag-
netic resonance (NMR) in liquids and sol-
ids,"? paramagnetic species have been used to
alter the relaxation times T, (spin-lattice) and 7,
(spin-spin) of nuclei. The first such experiment
was carried out by Bloch and coworkers,’ who
used Fe(NO;); in aqueous solution to decrease
the relaxation times of water protons. The addi-
tion of paramagnetic ions to pure water results in
an increase of the relaxation rates, R, and R,
(where R, = 1/T,,), which is directly propor-
tional to the concentration of the paramagnetic
species. If macromolecules are also present, as in
biologic tissues, there will be an additional
change in the water proton relaxation rates. This
effect depends on the interactions of water mole-
cules with the macromolecules in ways that are
still not well understood. It is often approxi-
mately true that the changes in the relaxation
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netic effects associated with such electrons can
drastically decrease water proton relaxation times
at concentrations of the order of 100 to 1000 uM,
which may be reached in certain organs after doses
of 10 to 100 uM/kg. The general characteristics of
such paramagnetic substances are described, and
specific animal experiments with manganous ion and
its complexes, and with stable nitroxide free radicals
and molecular oxygen, are reviewed. The paramag-
netic contrast agents already studied are effective,
and many more are potentially possible, but the most
important questions to be answered are whether
acute and chronic toxicity are low enough to permit
research and diagnosis on humans.

rates produced by several substances in a solution
or heterogeneous system are simply additive. For
example, the relaxation rate change caused by a
mixture of paramagnetic ions in solution will be
the sum of the rate changes expected for each
individual species. If there is an interaction
between two species, such as binding of a para-
magnetic ion to a macromolecule, an enhance-
ment of the relaxation effect of the ion may be
observed.

The first paramagnetic relaxation enhance-
ment (PRE) experiment was described in 1961
and 1962 by Shulman and coworkers,"* who
studied the coordination of paramagnetic ions to
DNA. In 1962 Cohn and Leigh® studied the
binding of Mn?* to creatine kinase and enolase,
and this study was followed by studies of the
binding of the same metal ion to other pro-
teins.”'°

In 1971 Reuben'*'? proposed the use of lan-
thanide ions as PRE probes for the study of
bovine serum albumin; the same class of metal
ions was used by Dwek and coworkers,' in order
to study the three-dimensional conformation of
lysozyme in aqueous solution. In this case, para-
magnetic ions were used as broadening probes,
because their effect on the relaxation rates can be
directly correlated with distances from the coor-
dination site (or sites) to the individual protons in
a molecule. In 1972 Dwek et al'* published a
detailed review of the PRE technique, which was
followed in 1973 by a book on the same sub-
ject.!®
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PARAMAGNETIC METAL IONS AS CONTRAST
AGENTS IN NMR IMAGING

Theoretical Basis

The study of nuclear relaxation effects caused
by paramagnetic probes and free radicals (spin
labels) can provide structural and kinetic infor-
mation by altering selectively the natural differ-
ences in proton relaxation times, just as density
contrast media are used in x-ray imaging, or
radioactive tracers are injected to obtain emis-
sion images.

When dealing with the effects produced by
unpaired electrons on the nuclear relaxation
parameters, we have to take into account the
dipolar magnetic field experienced by the
nucleus, as well as the strength of the local
magnetic fields that result from hyperfine inter-
actions. Since the electronic magnetic moment is
relatively large as compared with the nuclear
magnetic moment, such local fields may be as
high as 10* gauss (G). Moreover, the electronic
spin is usually characterized by very short relax-
ation times (typically 10751077 sec for spin
labels, and even shorter for some metal ions) that
cause rapid fluctuations of the local fields, induc-
ing transitions between the nuclear spin states.
Tumbling motions of the wholec molecule or
internal motions also modulate the dipolar local
magnetic fields, whereas the field arising from
hyperfine interactions does not change with
molecular motions.

In solutions, spin exchange and diffusion pro-
cesses may carry information from the paramag-
netic center to the bulk solution. For example, in
the case of two environments, free and bound, the
relaxation rates in each one are significantly
modified by chemical exchange processes, and
the observed rates are given by'*""’

T = Tit' + pug (T + 7)™ (1)
Tab. = Tsr' + P [ Tom (T +72)) + Awy’]
(T5x + o) + Ak, (2)

where 1/ T\;and 1/ Ty are the nuclear relaxation
rates in the free environment, 1/ 7Ty, and 1/ T,
are the nuclear relaxation rates in the bound
cnvironment, 1/7, is the rate of chemical
exchange, Aw, is the difference in chemical
shifts, and p,, and g are, respectively, the mole
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fraction and the number of ligand nuclei bound
to the paramagnetic center. An experimental
paramagnetic contribution can be defined, which
is directly related to the relaxation parameters in
the bound environment:

T =T — Tt = pod Timd (3)
T5' = Tooy — Tai' = prg Tom- (4)

Equations 3 and 4 explain why a very low
concentration of paramagnetic centers is suffi-
cient to obtain significant paramagnetic contri-
butions to the relaxation rate. For example, for
purc water containing Gd** ions, Ty = 265 sec,
T,. = 107% sec, and a concentration of Gd** of
the order of 0.10 mA/ is sufficient to shorten the
T, by more than one order of magnitude.

The full equations for 1/T;, and 1/T, are
complicated and contain several parameters, and
usually it is very difficult to determire the vari-
ous contributions from the experimental parame-
ters,'®%

For such reasons we only outline schematic
expressions that can be useful when dedling with
paramagnetic relaxation phenomena. The effec-
tiveness of certain paramagnetic species acting
as relaxation centers depends upon the following
variables:

1. the effective magnetic moment

2. the scalar coupling constant

3. the actual correlation time (eg, ions with

very short electron spin relaxation times,
such as Co®*, are very poor relaxation
probes)

4. the temperature (which influences the

chemical exchange region)

5. the value of the external magnetic field

It is obvious that the probes that are most
effective relaxation agents in vitro are expected
to be good contrast agents in vivo, at low concen-
trations, if they are selectively concentrated in
particular organs or tissues, or in normal or
pathologic regions in the same organ or tissue.

General Considerations About the Use of
Paramagnetic Metal Ions as Contrast Agents
for NMR Medical Imaging

. It has been recognized®' that pathologic condi-
tions such as edema and infarction will manifest
themselves, as far as the NMR phenomenon is
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concerned, by either different water concentra-
tion or changes in the relaxation times (both T;
andT,) between involved and uninvolved regions.
Such differences are in many situations small,
sometimes of the order of 10% of the R, or R,
values, which may not be enough to provide good
contrast for NMR imaging.?

Because it is known that metal ions and their
complexes often concentrate selectively in abnor-
mal tissues, and that paramagnetic ions increase
the relaxation rates of water protons at low
concentrations, several series of experiments
were carried out in which rats and dogs were
injected with dilute solutions of manganous chlo-
ride in physiologic saline solution and the relaxa-
tion times and manganese concentrations were
measured in vitro in tissue samples. Table 1
shows the average cffect of 0.1 mmol/kg of body
weight of Mn®* injections on the water proton
spin-lattice relaxation rates (at 4 MHz) in dog
tissues, sampled 30 min after injection.

The possibility that naturally occurring para-
magnetic ions might contribute significantly to
the observed relaxation rates in vivo has been
raised but never proven.” The potential for diag-
nostic applications of NMR relaxation times has
been enhanced by the development of zeugmato-
graphic imaging techniques, which make possi-
ble the measurement of relaxation effects in
intact macroscopic living organisms.>** The
pronounced relaxation effects of very small con-
centrations of paramagnetic ions on water relax-
ation in biologic systems® have led to the sugges-
tion that the deliberate introduction of such ions
into living systems might give rise to interesting
and uscful changes in relaxation times.?®

Table 1. Average EHfects of 0.1 mmol/kg of Mn?*
Injections on 4 MHz Water Proton Spin-lattice Rates in
Dog Tissues Sampled 30 min After Injection

R s™")
Mn’.’
Tissue Control Injected

Myocardium (normal) 3.2 16.3
Myocardium (infarcted) 2.9 6.0
Lung 2.7 8.0
Liver 5.8 36.2
Spleen 3.4 7.2
Abdominal muscle 3.7 5.1
Large intestine 3.1 12.7
Small intestine 14.4
Kidney {medulla) 2.0 8.5
Kidney {cortex} 3.8 16.4
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As a prelude to the usc of contrast agents in
NMR imaging, we have studied the effects of
injections of manganous salt solutions (MnCl,,
Mn-Citrate, Mn-EDTA) on the water proton
spin-lattice (7;) relaxation times in organs of
rats and dogs. Manganous ion was chosen for the
initial studies because it is both a very effective
relaxation reagent>*'* and only moderately
toxic. Also, the long-term toxicity has been
widely studied and the distribution of injected
manganous ion in mammalian tissues and its
elimination have been investigated.’® It was
also shown that there is a significant enhance-
ment factor for the relaxation of water protons
by manganous ion in rat plasma, that manganous
ion concentrates in vitro in samples of myocar-
dium, and that the distribution of stable manga-
nese in organs of rats and dogs at dosages in the
range of 0.01 to 1.0 mmol/kg of body weight
resembles that of much smaller dosages of
radioactive manganese isotopes,” ™ as shown in
Figure 1.

Finally, the analysis of Mn’* extracted from
the tissues can be easily and precisely done by
atomic absorption spectroscopy,* allowing corre-
lations between R, values and Mn®* concentra-
tions to be established, as shown in Fig. 2. It is
interesting te note that although the final distri-
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Fig.1. Comparison of the relaxation rates in rat tissues

1 hr after injection of 0.1 mmol/kg of body weight of MnCL,
with controls.
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Fig. 2. The relationship between the relaxation
rate ( T,) of the water proton NMR signalin rat liver, at
4 MHz, and the total manganese concentration. The
dashed line shows the same relationship for manga-
nous ion in pure water.

bution may depend on whether manganese is
injected as a free ion or in the form of a complex
(such as Mn-citrate or Mn-EDTA), the para-
magnetic relaxation enhancement observed for
the different organs studied appears to be the
same.

In addition to Mn?*, other paramagnetic
metal ions such as Gd**, Fe’*, Ni?*, Cu?*, V?*,
and Cr’* could be used. In Table 2 approximate
values for the 4-MHz water proton relaxation
times of 1.0-m A solutions of these paramagnetic
ions are given as interpolated from data pre-
sented by Morgan and Nolle® for the depen-
dence of T, and T, on the strength of the
magnetic field.

Table 2 suggests that Gd** should be the best
in vivo relaxation agent, not only because it is the
most effective T, relaxation agent in vitro but
also because T is equal to T,, minimizing the
spectral broadening proportional to 73, which
would reduce image resolution.

R, (sec™)
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Cr’+, Fe*, Cu?*, and Ni%* are also potentially
useful as contrast agents, but the acute toxicities
of copper and nickel and even of iron are higher
than that of manganese. Also, iron is present in
the body at very high levels, making it difficult to
rclate relaxation effects to the distribution of
injected iron. Further efforts need to be directed
to the scarch for the most suitable contrast
agents, with low enough toxicity to make possible
their eventual use in medical diagnosis.

Table 2. Water Proton Relaxation Times in 1 mM
Aqueous Solutions of Paramagnetic lons at 4 MHz>*

T 7.

(s} (s}
Ni*t* 1.3 1.3
Cu** 0.5 0.5
v 0.2 0.07
Ccrtt? 0.1 0.1
Fett* 0.1 0.05
Mnt* 0.06 0.02
Gd*** 0.04 0.04
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In addition to metal ions, other paramagnetic
substances such as nitroxide stable-free radicals
and molecular oxygen may be used, as will be
discussed later.

Use of Manganese for the Study of Myocardial
Infarction

In 1976 Frank and coworkers? showed that 4
hr after ligation of the canine anterior descend-
ing coronary artery, a region of incrcased water
proton spin-lattice (7)) relaxation times and of
increased water content developed, distal to the
ligation, with small effects on the T, values
(increases of the order of 10 to 20%) between the
involved and uninvolved regions of the myocar-
dium. They also found greater differences
between animals than between normal and
infarcted myocardium in each animal. There-
fore, it seemed desirable to investigate the possi-
bility of differentially altering such effects by the
administration of paramagnetic reagents. For
the reasons aiready mentioned, our choice has
been manganous jon.** A series of five dogs were
initially studied, four with manganese injections
and one control, with qualitatively consistent
results.

The dosage of manganese injected 1 hr after
ligation of the descending coronary artery was
0.1 mmol/kg of body weight, and the hearts were
excised 30 min after the injection, divided into a
number of tissue blocks, and the 7, values mea-
sured at 4 MHz, using a 180°-7-90° pulse
sequence. Least squares semiexponential fits
were used to obtain single relaxation times. The
water contents were mecasured, and the Mn?*
concentrations in the tissues were analyzed after
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Left Anterior
Descending Coromary Arlery

Fig. 3. Diagram of an infarcted dog heart {dog 004 in
Table 3), showing the region of infarct {in which R, is less
than 6 sec™’') stippled.

extraction of the metal ion with dilute nitric
acid.”

In Fig. 3 we present the results obtained with
one animal; the ischemic region corresponds to
the shaded area. A summary of the results
obtained with the five animals is given in Table 3
(dog 005 is the control). Figure 4 shows the
similar results obtained by Chauncey and co-
workers,*® using Mn-54.

In a related experiment, the entire heart was
imaged immediately after being excised. After a
60-min ischemic period a normal saline solution
containing manganous ion at a dosage of 0.1
mmol/kg of body weight was injected through a
cannula placed in the left lower pulmonary vein.
Thirty minutes later the animal was heparinized

Table 3. Paramagnetic Relaxation Effects in Canine Myocardium After Ligation of a Coronary Artery

Mnl#
mmol/kg Tissue Mean T Mean R,

Dog No. Body Weight Classification® {msec) {sec™") Mean AR, (ARWIAR),
0005 0.0 Normal 315 3.18 {0) —

fschemic 348 2.86 {0} —
0004 0.1 Normal 130 7.69 4.51

Ischemic 274 3.65 0.79 57
0003 0.1 Normal 55 18.5 15.3

Ischemic 152 6.58 3.72 41
0002 0.01 Normal 272 3.67 0.49

Ischemic 343 2.92 0.06 8.2
0001 0.1 Normal 44 22.8 19.6

Ischemic 128 7.81 4.95 4.0

*The animal was sacrificed 30 min after injection of the solution and 90 min after ligation.
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Fig. 4. Cross section of dog heart showing regional
concentrations of Mn-54 in normal and infarcted myocar-
dium, 4 hr after administration of Mn-54. The shaded area
indicates the region of infarct. Concentration of Mn-54 in
normal myocardium is normalized to 100%. Concentration
of Mn-54 in center of infarct is only 24% of normal.*®

and all the vessels to and from the heart ligated in
order to excise the heart while both of the
ventricles and atria were filled with blood. The
image was obtained at 4 MHz, using the satura-
tion-recovery method with 90° pulses. The num-
ber of independent projections was 961, in a
linear magnetic field gradient corresponding to a
resonance frequency variation of 200 Hz/cm.
The image was reconstructed by a two-stage
filtered back-projection algorithm onto a 65 x
65 x 65 array. In Figure 5 the image is shown,
using a special display technique in which an
operator-interactive program®’ was employed to
identify a region of relatively low signal intensity
containing a lower concentration of manganese.
Four frames from a movie are shown, with the
surface of the myocardium displayed as if it were

Mg )

Fig.6. Behavior of the steady-state mag-
netization after the 90° pulse, in a repeated
{180°-50 msec-90°-1000 msec) sequence in
the exposed liver of a rat.
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Fig. 5. Four frames from a movie displaying a rotating
transparent myocardial surface with an opague infarct.”’

transparent and the presumed ischemic region of
the left ventricle shown as opaque.

This experiment was not actually analogous to
the in vivo situation. From in vivo studies it is
known that although manganese is cleared from
the blood very quickly, becoming concentrated in
organs such as the heart, liver, and kidney, the
distribution is dynamic and homeostatically con-
trolled. After death such active mechanisms are
suppressed, and there will be a tendency for the
metal ion to diffuse from the tissues to the blood,
until a static equilibrium is reached. This change
in distribution of manganese can completely
alter the appearance of the image.

Similar experiments were carried out by Gold-
man and coworkers,*® Pohost and coworkers,*
and Brady and coworkers.*® In such experiments
the mangancse dosage was 0.05 mmol/kg of
body weight, and the contrast observed in the
NMR images (performed on the excised hearts

time (minutes )

rorent of death
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Fig. 7. Behavior of the steady-state
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empty of blood) was very good, with excellent
concordance between the size of the infarct as
determined by NMR and by conventional meth-
ods. From related experiments, Alfidi and co-
workers*! have concluded that the use of contrast
agents such as Mn** “has proved fruitless when
used in concentrations which might be useful to
humans.” In their work, however, the concentra-
tion of Mn?* used was 9 x 10~° mmol/kg of body
weight, much smaller even than the concentra-
tion of naturally occurring manganese in animal
hearts, and even too low to cause significant
changes in simple aqueous solution (eg, pure
water hasa T, of 2500 msec at 4 MHz, and at the
same frequency a 0.004 mAf solution of Mn**
hasa T, of 2170 msec).

Gore and coworkers*” have also used manga-
nese to discriminate between soft tissues of rab-
bit in vivo and have shown subtraction images of
the liver and posterior parts of the lungs, 10 and
40 min, respectively, after injection of 0.018
mmol/kg of body weight of Mn?*, showing very
clear discrimination between the gallbladder and
the surrounding liver.

One important result we observed in our stud-
ies is that the route of excretion of Mn?* may be
altered if MnEDTA rather than MnCl, is
injected. The chelated form of manganous ion is
excreted through the kidneys rather than
through the liver, giving a high concentration of
manganese in the urine.

Similar observations have been made by Cot-
zias et al.*

IN VIVO REAL-TIME-STUDIES WITH LOCAL
COILS

One important question concerning studies of
Mn?* as a paramagnetic relaxation agent in

magnetization after the 90° pulse in a
repeated (180°-50 msec-90°-1000 msec)
sequence in the exposed liver of a rat
following an i.v. injection of 0.05 mmol/kg
of body weight of MnCl,.
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Fig. 8. (A) Behavior of the steady-state magnetization
after the 90° pulse in a repeated (180°-50 msec to 90°-1000
msec) sequence in dog blood following an i.v. injection of
0.05 mmol/kg of body weight of MnCl,. The baseline
fluctuation marked by the arrow at 60 min was caused by a
slightly magnetic hypodermic needle. (B) Behavior of the
relaxation rate R, in dog blood following an i.v. injection of
0.05 mmol/kg of body weight of MnCl,, monitored in a
classical way, taking blood samples and measuring the T, in
vitro in test tubes.
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tissues is whether the effects are the same in
living tissues and in excised specimens. Studies
done in vivo and postmortem on rat exposed
livers, using as receiver a local surface coil, and a
180°-7-90° pulse sequence from a Helmholtz
transmitter coil, monitoring the magnetization
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with a value of 7 of the order of 50 msec,
demonstrated that the 77 does not change with
death or for several hours afterward (similar
observations had already been made by monitor-
ing the in vitro T, of rat hearts over periods of 24
hr). Figure 6 shows the magnetization for 30 min
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before and after death. Using the same tech-
nique, the T, relaxation in the liver of a living rat
before and after an i.v. injection of 0.05 mmol/kg
of MnCl, was monitored, as shown in Figure 7.

The rate of uptake and washout of Mn?* from
the blood of dogs, following an injection of 0.05
mmol/kg of body weight, using a similar tech-
nique to monitor the magnetization and a sole-
noidal local coil as receiver, is presented in
Figure 8A. In Figure 8B are shown previous
results obtained by taking blood samples and
measuring the 7T in vitro in test tubes.

Our results on Mn?* clearance from the blood
parallel those of Atkins and coworkers” who
used Mn-54 (Fig. 9A), Bertinchamps and co-
workers®? who used Mn-54, and Cotzias and co-
workers®® who used Mn-56 (Fig. 9B). In the
carlier work, it was found that the disappearance
of radioactive manganese from the blood was
extremely rapid and could be analyzed in terms
of three exponential components.

Atkins® conéluded from his studies that the
rapid clearance of Mn-54 from the blood and the
high myocardial concentration of manganese are
compatible with it being a good agent for myo-
cardial imaging. His data show also a good
correlation between the distribution of micro-
spheres and manganese concentration (Fig. 10)
in normal and infarcted myocardium, which sup-
port the idea that the different concentrations of
manganese in normal and damaged tissue may
be due, in great part, to different perfusion.

Experiments on manganese partition and
clearance carried out with very small concentra-
tions of radioactive Mn isotopes may give rather
different results from those carried out with the
higher concentrations of stable manganese used
as a relaxation agent, since both turnover rates
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Fig. 10. Relationship of **Sr-labeled microsphere con-

centration and ®*Mn concentration in samples of myocar-
dium of a dog in whom the left anterior descending coro-
nary artery had been tied.”

and distributions have been found to be functions
of the total manganese concentration, as shown
in Figure 11.%° -

One important point concerning the studies
presented up to now is related to the fact that the
NMR relaxation processes in tissues must be
understood, in order to interpret fully the results
obtained by NMR medical imaging. In fact, in
dealing with biologic samples, one can expect
more than a single relaxation rate, due mainly to
tissue heterogeneitics. The study of multiple
components in tissues, either in vitro or in vivo, is
a difficult problem that requires careful com-
puter analysis; the data can best be analyzed by
the use of a special computer program* for
decomposition of multiple exponential data,
including statistical analysis of the significance

Fig. 11. Effect of injected Cr**, Mn**,
and Fe?* (first arrow) on the turnover of
Mn-54 in mice. The second arrow shows
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Fig. 12.

A comparison of a single-component and two-component analysis of spin-lattice relaxation measured at 4 MHz in

the exposed liver of a living rat, using a surface receiver coil. The Mn?* was injected as a 60-mM solution of MnCl, in normal

saline, to give a dose of 0.1 mmol/kg of body weight.

of the rates and amplitudes.* Figure 12 shows
the results of applying such an analysis to in vivo
T, data measured on rat liver, using a local
surface coil and a 180°-7-90° pulse sequence
before and after a MnCl, injection of 0.05 mmol/
kg of body weight.

MANGANESE TOXICITY

The long-term toxic cffect, known as chronic
manganism, is well known, producing several
neurologic and psychotic disorders, which in the
late stages resemble Parkinson’s disease.**-**

The acute toxicity is almost unknown. In
Table 4 the few available data are summarized.

In several years of work in this laboratory with
rats and dogs the observed acute effects have
been primarily cardiac. Dosages of 0.1 mmol/kg
of body weight in rats are almost always lethal,
but injection of EDTA can block the effect and
restore the normal ECG pattern.

For dogs, dosages of MnCl, at 0.05 mmol/kg

of body weight have no serious effect on the
heart, and MnEDTA has little or no effect at the
same dosage. This suggests that the acute car-
diac toxicity of manganese depends upon the
concentration of free manganous ion in the blood.
Careful studies still neced to be done before
manganese can bec considered for contrast
enhancement in human NMR medical imaging.

LANTHANIDE TOXICITY

Studies done by Mela and Chance with mito-
chondria have shown that lanthanide ions at
concentrations of 0.07 to 0.1 mg/g of protein
inhibit the accumulation of Ca®* in rat liver
mitochondria, as measured by murexide,** or
as shown by the inhibition of other mitochondrial
reactions induced by the energy-dependent accu-
mulation of Ca®*, such as pH changes in the
membrane and the redox changes of the respira-
tory chajn components.”* ' On the basis of such
studies with Ho’*, La**, and Pr**, it seems likely

Table 4. Acute Toxicity of MnCl,-4H,0

Dosage Values

Animal Route Dose mg/kg mmole/kg Time of Death Ref.
Mouse s.c. LD 180-250 0.91-1.26 — 55
Guinea pig s.C. LD 180 0.91 12 Hours 55
Rabbit s.C. LD 180 0.91 12 Hours 55
Rabbit i.v. MLD 64.8 0.33 — 55
Dog i.v. LDy, 201.6 1.0 — 56
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that serious acute toxicity may be expected from
Gd3+

NITROXIDE STABLE FREE RADICALS AS
CONTRAST AGENTS

Nitroxide stable-free radicals are synthetic
organic molecules with an unpaired electron, and
have been used for the last two decades as spin
labels for in vitro biologic studies.** They have
been proposed as contrast agents for NMR medi-
cal imaging by Brasch and coworkers,* who have
suggested the general abbreviation NSFR.

Such compounds have been shown, in recent

work,®% to be particularly useful as contrast

agents for demonstrating abnormalities of the
blood brain barrier (BBB) and for urographic
studies. One particular compound of the family,
given the designation TES, was used because it is
water soluble and rapidly excreted into the urine
after intravenous injection. Also according to the
same authors, the ability of TES to be covalently
bonded to a ‘variety of molecules, drugs, and
particles may permit the synthesis of tissue-
specific contrast agents. Some of these com-
pounds have high chemical stability in aqueous
solution over a broad range of pH (1.7 to 10.0) at
temperatures of as high as 100°C.

TES was used as a contrast agent for NMR
imaging of the brains of animals having experi-
mentally induced bacterial cerebritis or radiation
damage, because TES scems to cross the blood-
brain barrier (BBB) only at sites of damage.*
The authors report an increase of 45% in con-
trast, in studies of bacterial brain abscesses, for
images made 20 min after an intravenous injec-
tion of TES, but note that the degree of contrast
decreases 60 min after the administration of the
contrast agent.

The T, values decrease at the center and rim of
the abcess, but the 7, values seem to remain
practically unaffected. From postmortem analy-
sis it is apparent that there are variations in-the
concentration of the contrast agent, which is
lower in the necrotic center of the abscess than in
the rim, and much smaller 1 cm distal to the
rim.

In the case of experimentally induced radia-
tion damage, the authors report a T contrast
enhancement of about 19%, but again no changes
in the T, values. According to the same authors,
the potentiality of TES for brain studies is great
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because of the lack of other contrast agents that
are able to identify subtle breakdown in the
BBB.Y

TES was also proposed® as a urographic con-
trast agent and tested in animals with experi-
mentally induced unilateral renal ischemia, renal
vascular congestion, and hydronephrosis; TES is
rapidly excreted in the urine with a clearance
cquivalent to glomerular filtration rate, at rela-
tively low dosages (0.04 to 0.9 g/kg of body
weight or 0.14 to 3.2 mmol/kg of body weight).
The TES-enhanced spin-echo renal images dem-
onstrate the presence of diseascs or abnormalities
in the kidney, which could not be seen in the
nonenhanced images. The relaxation efficiency
of this NSFR was stated to be comparable to that
of Cu®* or Fe’* in similar concentrations. In the
urographic studies, TES did not appear in the
cerebral spinal fluid, suggesting again that it
does not cross a normal BBB. , '

The toxicity and metabolic fates of such com-
pounds are poorly known, and no final compari-
son with paramagnetic transition metal ions is
possible at the present moment.

MOLECULAR OXYGEN AS A PARAMAGNETIC
CONTRAST AGENT

The results presented with paramagnetic ions,
and even with nitroxide stable free radicals,
although promising, still pose problems for use in
humans, because of the limited information on
toxic effects.

It would be preferable to use a paramagnetic
substance that is nontoxic and whose metabolism
is well known. Many suggestions have been made
for the use of molecular oxygen. It is present in
all tissues, and at an arterial tension of 100 mm
Hg there are ~ 3 ml of O, dissolved in each liter
of blood,* corresponding to a concentration of
6 x 10° molecules of O,/ml. It has been experi-
mentally proven® that in water the relaxation
rate change is proportional to the concentration
of dissolved O,. According to Gore and cowork-
crs,? in tissues and at normal oxygen tensions,
paramagnetic oxygen will contribute only 1 to
2% toshe total relaxation rates; this contribution
can possibly be increased if oxygen-enriched air
is breathed for several minutes. In experiments
with rabbits,” images of the thoraxic region,
obtained before and after 15 min the animal
began breathing pure oxygen, have been
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obtained. In the presenee of oxygen there was an
apparent increase in contrast between heart mus-
cle and blood, which disappeared when normal
air-was breathed again. In a similar experiment
with a human volunteer, breathing 100% oxygen
during scanning, Alfidi and coworkers reported
an increased intensity (corresponding to a
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decrease in the T, values) of the intraventricular
septum and of the blood in the left ventricle.*!
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