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Kinetics and distribution of TI-201 were studied in myocardium of rats with
chronic dietary induced Mg deficiency. Rats were fed the Mg-deficient diet for 30
days and were then injected Intravenously with 0.2 mCi of T1-201. Comparable
control animals were fed a standard laboratory diet. One-half hour after injection,
rats were killed and a segment of myocardium was washed with nonradioactive
Krebs solution in a special chamber. Radloactivity in the tissue was recorded con-
tinuously for 1 hr. A three-compartment model (extracellular, main intracellular,
and subcellular) was found to describe adequately the kinetics of TI-201. In myo-
cardium of Mg-deficient animals, significant changes in values of transport rate
constants and compartment sizes for TI-201 indicated a moderate decrease in ex-
tracellular compartment and a threefold enlargement in subcellular compartment
(presumably mitochondrial) at the expense of the malin intracellular compartment,
which underwent a marked reduction. Bulk TI-201 uptake in myocardium of Mg-
deficient rats was unchanged. The findings are interpreted as being consistent with
mitochondrial alterations reported in Mg-deficient animals. Clinical implications

are discussed.
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Magnesium, a predominantly intracellular cation,
plays an important role in maintaining the integrity of
the myocardium. Clinically, a Mg deficiency due to in-
adequate nutrition or abuse of diuretics or alcohol may
reduce myocardial resistance to stress by other agents
(1). Furthermore, experimental Mg deficiency has been
shown to cause functional and histological cardiac
damage (/,2).

There is evidence elicited by us (3) and others (4-6)
that Mg deficiency induces marked changes in potassium
kinetics and distribution within the myocardium.
Thallium ion has been shown to resemble K physiologi-
cally, although significant kinetic differences have been
found between them (7,8). However, in diagnostic car-
diovascular applications of radionuclides, Tl ion can be
considered an analog of K.
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Previously we reported (9) that T1-201 is distributed
throughout three compartments in the myocardium and
that relative compartment sizes for T1-201 change with
regard to experimental condition (rest compared with
exercise) and sampling time (0.5 hr compared with 3 hr
after radionuclide injection). In view of the known effects
of Mg imbalance on distribution of myocardial K, we
undertook the present investigation to clarify the effects
of dietary Mg deficiency upon TI-201 kinetics in rat
myocardium. Results indicate that chronically induced
dietary Mg deficiency alters significantly the distribution
of T1-201 within myocardium.

MATERIALS AND METHODS

A group of male Wistar rats about 10 wk old was
given a Mg-deficient diet* containing 3 ppm Mg as sole
food for 30 days. Another group serving as control re-
ceived a standard diet containing approximately 800
ppm Mg. Water for drinking (0.8 ppm Mg) was provided
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ad libitum for both groups. On the 30th day of Mg-
deficient diet administration, rats were anesthetized with
intraperitoneally pentobarbital sodium (50 mg/kg) and
injected intrajugularly with 0.2 mCi of 20! TIClI of specific
activity greater than 200 mCi/mg in 0.2 ml of 0.9%
NaCl.

One-half hour after injection, rats were guillotined and
bled. The thoracic cavity was opened quickly and the
heart excised. The anterior coronary artery served as a
guide for consistent sampling of the same region of the
left ventricle in all animals. Segments of left ventricle 0.5
mm in thickness were quickly obtained. Each segment
(about 10 X 8 mm in cross section) was subjected to a
continuous outflow with nonradioactive Krebs solution
in an apparatus specially constructed in the laboratory
(10). In the experiments with specimens from rats on the
Mg-deficient diet, the Mg in the Krebs solution used for
the continuous washing was adjusted to 0.6 mmole/l,
which approximated the Mg concentration in plasma of
these Mg-deficient rats.

With a well scintillation detector attached to a spec-
trometer and printer, radioactivity in the myocardial
segment was recorded before starting the washout (to
time) and every 10 sec thereafter for 1 hr. Although
counts were obtained every 10 sec, the following times
were chosen for the processing of data in the computer
input: from 0 to 120 every 10 sec; from 120 to 360 every
20 sec; from 360 to 840 every 30 sec; from 840 to 1800
every 40 sec; from 1850 to 3600 every 50 sec. This point
selection provides a greater statistical weight on the
initial part of the outflow curve. This is desirable for two
reasons: (a) higher radioactivity counts are more accu-
rate; (b) since the curve declines faster at the beginning,
important information might otherwise be missed.

The printout value of counts in the course of time for
each experiment constituted the input data for the
compartmental analysis model with transport rate con-
stants (k;;) as primary parameters used to describe the
kinetics of T1-201 in myocardium. The SAAM (Simu-
lation, Analysis And Modeling) computer program (11)
was used to solve the compartmental model. The model
considers TI-201 partitioned into a three-compartment
model consisting of 1) extracellular (EC), 2) intracel-
lular (IC), and 3) subcellular (SC) space (Fig. 1).
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FIG. 1. Model of TI-201 distribution in myocardium consists of three
compartments: (1) extracellular (EC); (2) main intracellular (IC), and
(3) subcellular (SC). Intercompartmental transport rate constants
are symbolized by k.

For further details see references (/2,/3). From nu-
merical values for the kj; it is possible to calculate (/2,/3)
the relative compartment sizes (q;/qr) for T1-201 at the
beginning of the outflow (to).

In order to obtain a measure of total TI-201 uptake,
the remainder of rat’s left ventricle was weighed and its
activity counted. Results are expressed as percentage of
activity in tissue to total injected dose, divided by left-
ventricular mass.

Samples of plasma and left ventricular tissue were
collected from the rats. Tissue samples were digested
with 0.75 N HNO; for 48 hr. Both tissue and plasma
samples were diluted appropriately and Mg concentra-
tion determined by atomic absorption spectrophotom-
etry.

RESULTS

The adequacy of the Mg-deficient diet was assessed
by measuring the Mg levels in plasma and heart tissue
at the end of the diet period. Results are summarized in
Table 1 where it can be seen that both plasma and heart
tissue Mg concentrations were significantly lower in the
Mg-deficient rats as compared with those fed the stan-
dard diet.

Typical examples of data plots for Tl-201 outflow
from myocardium are shown for a rat fed the standard
diet (Fig. 2) and for a rat fed the Mg-deficient diet (Fig.
3). Both experimental and theoretically calculated
datum-point plots appear as a single curve (uppermost
tracing) made up almost exclusively of coincidental
points because adjacent points are nearly indistin-
guishable within the limits of resolution of the graph. The
three curves labeled 1, 2, and 3 (Figs. 2 and 3) indicate

TABLE 1. COMPARATIVE VALUES OF Mg ION IN PLASMA AND MYOCARDIAL SEGMENTS OF RATS
(MEAN =+ s..)
Standard diet Mg-deficient diet
Mg ion (N =10) (N = 10) p<*®
Blood plasma mmole/| 1.0 £ 0.05 0.56 + 0.04 0.0005
Left ventricular tissue mEq/kg wet mass 17.2 4+ 0.30 9.85 %+ 1.17 0.0005
* By Student’s t-test, single tailed on account of expectancy of lower Mg concentrations in experimental group.
Volume 24, Number 5 403
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FRACTION OF MAXIMUM RADIOACTIVITY

FIG. 2. Kinetics and distribution of TI-201
in left-ventricular myocardial segment
obtained 0.5 hr after l.v. injection of this
tracer into rat fed a standard diet. Upper-
most tracing is plot of TI-201 outflow
((@)experimental; (l)theoretical; (A)co-
incidental points) in total tissue segment
where experimental and theoretically cal-
culated curves appear as single curve
owing to good agreement of the two sets
of data. Three lower curves describing
Ti-201 in each compartment are com-

puter-simulated, and represent (1) extra-

TIME IN MINUTES

the fraction of radionuclide in each compartment as
obtained from the computer output. These compart-
ments represent EC, IC and SC spaces respectively in
the proposed model. Note the marked preponderance,
initially and throughout, of Compartment 3 (SC) in the
specimen corresponding to the rat fed the Mg-deficient
diet (Fig. 3).

In Table 2 values for the transport rate constants (k;;)
are compared. All, except ko;, which represents outflow
of T1-201 to the surrounding fluid, changed in a statis-
tically significant manner for myocardial samples from
Mg-deficient rats. Of particular interest are the 78%
decrease in k3 and 79% increase in k3, indicating an
accumulation of T1-201 in Compartment 3 (SC). Rela-
tive compartment sizes (q;/qr) are tabulated in the lower
half of Table 2. Specimens from Mg-deficient rats
showed significantly smaller Compartments 1 (EC) and

cellular, (2) main intracellular, and (3)
subcellular compartments.

2 (IC), and a threefold enlargement of Compartment 3
(SC).

Dietary Mg deficiency did not alter the bulk T1-201
uptake expressed as percent ratio of radioactivity in
left-ventricular tissue to injected radioactivity per g of
tissue (Table 2).

DISCUSSION

There is paucity of data regarding the influence of
metabolic alterations on myocardial T1-201 kinetics and
distribution. An increase of myocardial bulk TI-201
concentration in animals was noted with concomitant
injection of T1-201 and sodium bicarbonate (/4); a re-
cent study revealed that a drastic increase in K concen-
tration of the perfusate medium modified the kinetics
and compartmental distribution of TI-201 in rabbit

FRACTION OF MAXIMUM RADIOACTIVITY

FIG. 3. Curves and symbols as in Fig. 2,
but from rat maintained on a magnesium-
deficient diet. Note higher values initially

and throughout the study for Compartment

30 40
TIME IN MINUTES
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3 (SC), compared with those for rats fed a
standard diet (Fig. 2).
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TABLE 2. VALUES OF TRANSPORT RATE CONSTANTS® (k,
SIZES' (q/qy) FOR TI-201 IN MYOCARDIAL SEGMENTS OF RATS (MEAN = s.e.)

sec™') AND RELATIVE COMPARTMENT

t By Student's t-test, double tailed.

of bulk uptake).

Parameter Standard diet Mg-deficient diet

of interest (N=10) (N=10) p<t
10%ko1 19.5 + 1.47 211+ 1.70 NS
10342 2124+ 0.10 145+ 0.15 0.002
1032, 2.89 £ 0.22 0.98 £+ 0.085 0.001
10323 0.59 £ 0.048 0.13+ 0.016 0.001
1033, 0.24 £ 0.016 0.43 £+ 0.044 0.001
qQi/ar 0.34 £+ 0.023 0.25 + 0.024 0.02
q2/qr 0.46 £ 0.018 0.17 £ 0.013 0.001
Q3/qr 0.20 £ 0.023 0.58 + 0.032 0.001
(aLv-100)/(ap-myy)5 0.71+ 0.04 0.79 £ 0.03 NS

* Transport rate constant (k;) is the fraction of TI-201 in compartment j (2nd subscript) that enters compartment i ( 1st subscript)
in unit time. Values of ky, which have the dimension sec™", are multiplied by 10 to facilitate comparison.

fRelativeom\pammslzesmcalﬂatedasmﬂosbotwmwhmvakmdk;(l&ﬂ).&d\qsymuesmmw
(activity) of TI-201 in its compartment and gy the total quantity in the tissue at the beginning of the outfiow (t;).

§ Percent ratio of radioactivity in left-ventricular tissue (a,v) to injected dose (ap) divided by mass of tissue (my) in g (a measure

ventricle (15). Therefore, we felt that an investigation
in which the compartmental distribution of T1-201 within
the myocardium under dietary mineral ion deficiencies,
particularly of Mg, would be of value.

In the present study it is noteworthy that in Mg-de-
ficient rats total T1-201 remained unaltered in myocar-
dium whereas marked changes occurred in the com-
partmental distribution of TI-201. These findings reveal
the importance of the cellular factors in T1-201 distri-
bution, and illustrate the usefulness of investigating
organ compartmental distribution of a given electrolyte
(or chemical substance in general) as well as total
amount. In this context, we note that long ago Davson
and Danielli (16) and Adolph (17) pointed out that the
partition of electrolytes between extra- and intracellular
fluids is of greater physiological importance than the
total amount.

Extensive evidence concerning the validity, accuracy
and limitations of studying compartmental T1-201 by the
present method has been presented earlier (8,9). It was
shown therein that most of the thallium in myocardium
is normally intracellular (q; + q3). In Mg-deficient rats
there was a significant reduction (from 0.34 to 0.25,
Table 2) of TI-201 in the extracellular space (q,).
Quantitatively, however, the most remarkable effect of
dietary Mg deficiency was the translocation of TI-201
(from 0.20 to 0.58, Table 2) into Compartment 3 (q3)
representing subcellular space mostly at the expense of
the main intracellular space (q,).

Although the kinetic approach of compartmental
analysis does not directly identify cytological compo-
nents, independent workers have shown that heart mi-
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tochochondria are organelles capable of considerable
thallous-ion uptake (/8). Furthermore, ultramicroscopy
has revealed that Mg deficiency for as little as 12-14
days causes mitochondrial swelling (/9). The finding
that Compartment 3 (subcellular) showed a considerable
thallous-ion accumulation in myocardium of chronically
Mg-deficient rats is consistent with the above observa-
tions (/8,19). Loss of Mg from heart mitochondria is
most likely responsible for inability to maintain physi-
ological ionic gradients between these organelles and
main cytoplasm. These defects may impair metabolic
and respiratory functions of the mitochondria, producing
myocardial alterations seen in Mg-depleted patients and
animals (20). It has been found very recently that Mg
can exert a protective effect from ischemia on myocar-
dium (21).

It is also of interest that the changes in sizes of com-
partment induced by Mg deficiency—decreased EC (q;)
and IC (qy), with considerable increase of SC (q3)—are
qualitatively in the same direction as those seen after
strenuous exercise (8,9); again, mitochondria have
shown to enlarge markedly after exercise (22,23).
Quantitatively, however, the change in SC TI-201 dis-
tribution induced by Mg deficiency is far more pro-
nounced than that seen after exercise (8,9).

One of the factors that seemingly has limited the
widespread clinical use of thallium-201 chloride as a
myocardial imaging agent is the poor correlation of its
results with other findings. In this context, studies on
kinetics and distribution of TI-201 in myocardium
and/or other tissues may throw light on the mecha-
nism(s) whereby this ion is handled by cardiac muscle.
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For instance, the increased size of Compartment 3 after
exercise (9) is due principally to increased ks;, the
transport rate constant representing transfer from
Compartment 2 into 3, while the same result in Mg de-
ficiency can be to a large extent attributed to decreased
k23, the transport rate constant representing transport
from compartment 3 into 2. Thus, with regard to
mechanisms, these findings may suggest that exercise
determines an increased uptake of Tl- 201 in Compart-
ment 3 (presumably mitochondria) whereas Mg defi-
ciency induces a fixation or delayed release of TI-201 in
this Compartment 3.

Because distribution of T1-201 in myocardium is re-
lated to both regional blood flow and efficiency of ex-
traction by myocardial cells (24), one would expect that
the larger the proportion of myocardial TI-201 contained
in the SC or innermost compartment, the longer it would
remain in the myocardium. This situation has been
proven to occur when animals are injected with T1-201
after strenuous exercise (9). The clinical counterpart of
this phenomenon is the fact that vigorous exercise before,
and for a short time after, TI-201 injection into the
subject gives better myocardial images than those ob-
tained at rest.

Since we have shown experimentally that in chronic
dietary Mg deficiency (a) bulk TI-201 uptake in myo-
cardium is unchanged, and (b) the subcellular (SC)
distribution of TI-201 resembles that in myocardium
after strenuous exercise, these facts provide solid grounds
for the conclusion that Mg deficiency seen clinically is
not likely to impair the quality of heart scintigraphy; it
also may explain why poor quality TI-201 scintigrams
in Mg-deficient patients have not been clinically reported
in spite of the relatively frequent occurrence of Mg de-
ficiency in the age group incurring higher incidence of
coronary artery disease.

FOOTNOTE

* Teklad Rest Diets, Madison, W1.
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25th Annual Meeting
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July 31-August 4, 1983 The Waldorf Astoria Hotel New York, New York

The 1983 Annual Meeting of the American Association of Physicists in Medicine will commemorate the historic occasion
of the 25th Anniversary of the AAPM. The meeting will be held July 31-August 4, 1983, in the Waldorf-Astoria Hotel, Park
Avenue, New York City, New York. A comprehensive, exciting scientific program is being planned, as well as a full schedule
of social and sightseeing activities for participants and guests alike.

The AAPM cordially extends an invitation to all of its members and other professional individuals to participate and to
submit scientific papers and/or exhibits in medical physics and related subjects.

For abstract forms and additional information on the scientific aspects of the meeting contact:

Stephen R. Thomas, Ph.D.
Scientific Program Coordinator
E465 Medical Science Building, ML 579
University of Cincinnati
Collegq of Medicine
Cincinnati, OH 45267
(513)872-5476

Information on hotel, local arrangements and commercial exhibits may be obtained from:

Jean St. Germain, M.S.
Chairperson, Local Arrangements Committee
Memorial Sloan-Kettering Cancer Center
1275 York Avenue
New York, NY 10021
(212)794-7391
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