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INTRODUCTION

Observations concerning the gas exchange during and after exercise
of patients with congestive cardiac failure indicated that such indi-
viduals had an impaired capacity to accumulate a large oxygen debt
(Harrison and Pilcher, 1930b). This finding suggested that the total
buffering power of the tissues was diminished. Studies of carbon
dioxide excretion led to the belief that the non-carbonate, rather than
the carbonate, buffers were affected.

In subsequent studies (Pilcher, Clark and Harrison, 1930) it was
found that the addition of an acid to the blood stream (by exercise,
by administration of ammonium chloride or by inhalation of carbon
dioxide) was sometimes followed by a greater change in hydrogen ion
concentration in patients with congestive heart failure than in normal
individuals. This was regarded as compatible with the hypothesis of
diminished tissue buffering power in heart failure.

All of the changes which have been mentioned were absent in patients
who had never had edema. Such changes as were found in "compen-
sated" individuals could be explained by limitation of cardiac output.
The findings interpreted as indicating decreased tissue buffers were
observed only in subjects who had edema at the time they were
studied, or who had recently been edematous. Since similar findings
were observed in individuals who had edema due to causes other than
disease of the heart, it was concluded that edema per se was a factor
in causing tissue acidosis, the term being used to mean decreased

325



POTASSIUMCONTENTOF MUSCLE

reserve alkali. Such a conclusion was in accord with the observation
of Harrison and Pilcher (1930a) that edema caused decreased utiliza-
tion of oxygen in the tissues and,-by analogy to pulmonary edema-
apparently led to diminished tissue oxygen tension.

It has been thought that "tissue acidosis" was an important factor
in the production of the symptoms of congestive heart failure and
although the findings obtained with the several different methods of
study were compatible with each other it has seemed that a more
direct approach to the problem would be of value. Decreased buffer-
ing power, if present, might be due to (1) increase in acid bodies, (2)
diminution of alkaline substances, or (3) both of these phenomena.
As the acid substances in tissues are subject to rapid postmortem
changes, it was thought that a study of the tissue chemistry had
best-for the time being-be confined to the bases. One of the most
abundant basic substances in skeletal and cardiac muscle is potassium;
the muscle content of this element has therefore been investigated.

METHOD

The tissues were obtained at the postmortem table. Small pieces
(about two grams in weight) of skeletal and cardiac muscle were
dissected free of tendon and fat, care being taken not to squeeze the
specimen. The tissue was immediately weighed in a small weighing
bottle and then heated at 1000 to 110° in a drying oven for three days
or longer. Whenconstant weight has been obtained the dried muscle
was cut with sharp scissors and duplicate analyses were performed on
fractions weighing one to two decigrams.

After several methods of analysis had been found unsatisfactory
the following technique was adopted. Digestion was carried out as
advised by Van Slyke for chlorides (1923). The piece of dried muscle
was put in a 75 cc. pyrex test tube. Three cubic centimeters of
concentrated nitric acid were added. The tube was then covered with
a funnel, the smaller end of which had been sealed in a flame, and
heated overnight in a steam bath. After digestion had proceeded for
sixteen hours or longer the funnel was removed, and the contents of the
tube were evaporated to dryness in the steam bath. In order to
eliminate all ammonia, three cubic centimeters of normal sodium
hydroxide were added and the evaporation to dryness was repeated.
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Two cubic centimeters of distilled water and three cubic centimeters of
normal sulphuric acid were added. The brownish liquid was now
stirred and one cubic centimeter-representing one fifth of the original
piece of dry muscle-was taken for precipitation with the cobalti-
nitrite reagent of Kramer and Tisdall (1921). The subsequent wash-
ing and centrifuging was carried out according to their method with
these exceptions: instead of pipetting off the supernatant fluid we
decanted it after each centrifugalization. Wealso found it convenient
to break up the precipitate by a stream of fluid at each washing rather
than to allow the fluid to flow down the side of the tube. After the
third washing the technique of Kramer and Gittleman (1926) was
followed, the potassium being determined gasometrically in the
Van Slyke-Neill (1924) apparatus.

In the first analyses duplicate determinations from the same tissue
varied as much as fifteen per cent. After we had become more
experienced in the method agreement within five per cent was usually
obtained. It is felt that the values found are accurate relative to
each other and in any case the difference between edematous and
non-edematous muscles are so great as to be well beyond the limits of
error of the method used.

In most of the subjects analyses were made of the two ventricles
and of gastrocnemius musde, but in several instances other skeletal
muscles were also analyzed.

The terms "wet muscle" and "dry muscle" are used in this paper
to designate the specimens before and after drying, respectively.
The "percentage solid" is obtained by dividing the weight of the dry
musde by that of the wet muscle. By dividing the percentage of
potassium in dry muscle (obtained by analysis) by the percentage
solid, and multiplying by 100, the percentage of potassium in the wet
muscle was obtained.

Tissues from four patients who had congestive cardiac failure were
studied. Of these, two (F. H. and J. R.) had hypertensive heart
disease, one (R. R.) had syphilitic aortic insufficiency, and the fourth
(E. H.) had rheumatic heart disease with chronic mitral endocarditis.
One individual (M. M.)- had edema not due to heart disease and the
remaining two subjects (O. F. and R.D.) died without edema and
without heart disease. More complete data in regard to the patients
are presented in the tables.
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RESULTS

The analyses of the tissues from the "control" subjects-those
without edema-are shown in table 1, and those of the tissues from
edematous individuals are presented in table 2. In both of the
patients in table 1 the total solid content was greatest in the gastroc-
nemius muscle, least in the right ventricle, and intermediate in the
left ventricle. The potassium content of the two ventricles was
approximately the same, but was less than that of the skeletal muscle.
The average values for the two subjects were 0.270 and 0.395 per

TABLE 1

The solids and potassium content of the cardiac and skeletal muscle of individuals with no edema
and with no cardiac disease

Right ventricle Left ventricle Skeletal muscle of leg

Subject Diagnosis Potas- Potas- Potas- Potas-
Total sium sium Total sium sium Total slum sium
solids in dry in wet solids in dry in wet solids in dry in wet

musle muscle muscles muscles mus musclescles

per cent per cent per cent per cent per cent per cent per per percentcent cad e

R. D. Tumor of brain 20.4 1.41 0.288 22.4 1.22 0.273 26.7 1.12 0.298
20.6 1.20 0.247 23.7 1.16 0.275 27.5 1.16 0.318

Average 20.5 1.30 0.267 23.0 1.19 0.274 27.1 1.14 0.308

O. F. Pulmonary 17.9 1.90 0.340 21.4 1.62 0.345 24.9 1.40 0.369
tuberculosis 1.54 0.289 1.36 0.291 1.64 0.408

18.7 1.58 0.283 21.3 1.34 0.285 26.4 1.45 0.383

Average 18.3 1.67 0.304 21.3 1.44 0.307 25.6 1.50 0.387

cent for the wet heart muscle and 0.308 and 0.387 for the wet skeletal
muscle. These values are of the same order of magnitude as those
found for human tissue by Lematte, Boinot and Kahane (1928),
(0.263 per cent skeletal muscle and 0.314 per cent for cardiac muscle)
and agree very well with the findings of Norn (1929) (0.349 and 0.293
per cent for skeletal and. cardiac muscle, respectively). For this
reason further control studies seemed unnecessary.

The values for total solids of the right ventricles of the patients
dying of congestive heart failure were approximately the same as
those of the controls. The solids of the left ventricles were all some-
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what less in the control subjects (average values were 19.9, 19.4 and
17.6 per cent as compared to 23.0 and 21.3 per cent in the "normals").
This phenomenon was still more striking in the leg muscles of three of
the subjects with congestive failure. These individuals had 18.5,
14.6 and 16.3 per cent total solids, whereas, the control subjects had
27.1 and 25.6 per cent. The fourth subject with cardiac disease (F.
H.) had an abnormally high percentage of total solids in the leg
muscle (30.2). This may have been due to the fact that he had
received "salyrgan" and had had copious diureses the day before he
died.

The potssium content of the ventricular muscle was determined
in three of the four patients with congestive heart failure. In each
instance a marked diminution was found. This was not due to simple
dilution from edema fluid, as the dried cardiac muscle of these subjects
contained approximately thirty per cent less potassium than did that
of the control subjects. The two subjects (J. R. and F. H.) who had
had edema for the longest time, exhibited greater decrease of the
cardiac potassium content than did the subject (E. H.) who had
suffered for a shorter period.

The potassium content of the leg muscle was less in the four patients
with congestive heart failure than in the subjects who died from other
causes. The degree of diminution in the potassium of the wet muscle
was more or less in proportion to the amount of edema at the time of
death, and hence was partially dependent on dilution. This was not
the sole factor, however, for F. H., whose skeletal- muscle contained
less water than that of the control subjects, had a lower potassium
content than either of them.

The degree of decrease in the potassium content of the dry muscle
from the'leg was in proportion to the length of time the patient had
been edematous rather than to the amount of edema at the time of
death. The dry muscle potassium content of the control subjects
was approximately the same for cardiac and skeletal muscle. The same
relationship held true-at a lower level-in the two subjects who had
had edema for a relatively long time. However, F. H., who had had
edema for a much shorter time, had considerably less potassium in the
dry muscle of the leg than in that of the heart.

Skeletal muscle from the arm was analyzed in two of the patients
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with heart disease. One of these (E. H.) had marked edema of the
arms. The potassium content of the dried muscle of the arm was
markedly reduced, being about the same as that of the equally edema-
tous leg muscle. The other subject (R. R.) had no obvious edema of
the arms. He had massive edema of his legs which had been present
for three weeks. The wet muscle of the arm contained about eighty
per cent more potassium than that of the leg, and the dry muscle of the
arm about thirty per cent more than that of the leg.

The results which have been presented thus far appear to indicate
that the diminution in potassium content is related to edema per se
rather than to heart disease. In order to test this hypothesis, analyses
were performed of the muscle of a subject (M. M.) who had edema but
no disease of the heart. The edema was confined to the legs. The
potassium content of the wet muscle of the arm was more than twice
that of the legs. The dry muscle of the arm was richer by fifty per
cent in potassium.

The following tentative pre.mises appear to be justified by the facts
that have been presented:

1. The potassium content of the cardiac and skeletal musde of
individuals dying with chronic congestive cardiac failure is diminished.

2. This diminution appears to be related directly to edema.
3. The degree of diminution of the potassium content of the dry

muscle appears to be dependent on the duration rather than on the
degree of edema at the time of death.

4. The first effect of edema in this respect appears to consist in a
diminution of the potassium content of those muscles which are edema-
tous. The potassium content of the non-edematous muscles may
become diminished at a later date, possibly as a secondary compensa-
tory phenomenon, but the data on this point are not conclusive.

DISCUSSION

The exact physico-chemical mechanism by which potassium is lost
is not shown by our work, nor is the significance of the loss of potassium
as a specific ion rather than as a basic substance.

The loss of potassium seems, however, to be in confirmation of the
hypothesis of diminished tissue alkaline reserve mentioned in the
introduction of this paper. It is possible that potassium lack is
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compensated by an increase in other basic substances, but this seems
unlikely in view of our previously reported work (Harrison and Pilcher,
1930a and b; Pilcher, Clark and Harrison, 1930). Further study on
this question is in progress.

The exact effects of loss of potassium cannot be definitely stated
as yet. It is probable that it is accompanied by diminution in alkaline
reserve of the heart muscle, as well as of skeletal muscle. Such a
diminution may, as shown by Hill and his co-workers (1922) lead to
"fatigue" of the muscle. Further, according to other investigators,
notably Gremels and Starling (1926), Patterson (1915), Eppinger,
Kisch and Schwarz (1927), and Takeuchi (1925), procedures which
may tend to increase the acidity of the heart muscle cause dilatation
of the heart. Indeed, Patterson, Piper and Starling (1914) suggested
that cardiac fatigue resulted in dilatation of the heart for the perform-
ance of an amount of work previously done at a normal diastolic
volume. Many writers (Osler (1919), Mackenzie (1925b), Krehl
(1916), Vacquez (1924), MacCallum (1920)) believe dilatation to be'
an important cause of congestive heart failure. Hence, it seems possi-
ble that the loss of potassium, itself primarily a result of heart failure,
may be an important factor in causing subsequent "breaks in com-
pensation."

It is also possible that loss of potassium from skeletal muscle may be
related to the clinically well recognized "cardiac asthenia" and
weakness.

The findings reported here raise the question as to whether changes
resulting in loss of potassium may not be reversed by the administra-
tion of potassium. Further work is in progress on this subject.

SUMMARY

1. The potassium content of the skeletal and cardiac muscle of
individuals dying of congestive heart failure was found to be less than
that of subjects dying without edema.

2. The potassium content per unit of dry weight of edematous muscle
was less than that of non-edematous muscle. This was true whether
the edema was due to heart disease or not.

3. The suggestion is offered that loss of potassium with consequent
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diminution in the buffering power of the heart muscle constitutes a
physico-chemical factor in the production of "cardiac fatigue."

4. In patients with congestive cardiac failure the decrease in potas-
sium is believed to have been originally an effect of heart failure, but
is considered as probably a secondary but important cause of subse-
quent "breaks" in compensation.
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