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Smillie (1) in 1915 reported the sudden col-
lapse of a patient with nephritis seven hours after
the oral administration of 10 grams of potassium
chloride. He attributed this collapse to an exces-
sive accumulation of potassium in the body owing
to impaired excretion. The patient ultimately re-
covered. Smillie also found that sudden death
commonly followed the oral administration of
potassium salts to rabbits with uranium nephritis.
Similar amounts were without effect in control
animals. He reported no chemical determinations
of potassium in the serum or urine. Smillie's ob-
servations have frequently been cited as indica-
tions of the possibility of potassium poisoning in
renal insufficiency. However, the complex extra-
renal changes which occur in uranium nephritis
and the peculiarly specialized character of the
rabbit kidney make it improper to generalize from
these experiments concerning oral potassium
poisoning. There is, on the other hand, reason
for minimizing the danger of toxicity from potas-
sium in human nephritis. High concentrations of
potassium in the serum are rare even in the most
advanced nephritis (2), although these patients
may ingest considerable amounts of meat and
other foods containing potassium, and although
they must continually be liberating potassium
from the breakdown of tissue.

In the present study an attempt is made to as-
certain whether humans or animals can be poi-
soned by oral administration of potassium. Po-
tassium salts were administered to human subjects
with and without renal impairment, and the con-
centrations of potassium in serum and urine fol-
lowed at intervals thereafter. In another type of
experiment, dogs whose ureters had been tied
received potassium salts by stomach tube. Fre-
quent electrocardiographic observations and chem-

'Aided by grants from the Ella Sachs Plotz fund,
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ical determinations of potassium in serum were
used for the detection and estimation of toxic
effects of potassium in these animals (10).

METHODS

(A) General
The method of conducting the observations in fasting

human subjects has been described elsewhere (3). Sam-
ples of urine and of serum were obtained at intervals
before and after the ingestion of potassium salts. Urine
specimens were collected without catheterization. Usu-
ally considerable water was given during the course of
the experiment. Potassium salts were administered
either in capsules, followed by water, or dissolved in
tomato juice. Urea clearances were determined in all
experiments, and in some, sucrose clearances were meas-
ured after preliminary intravenous injections of sucrose.
Both sucrose and urea clearances vary with the glomeru-
lar filtration rate and in renal disease are reduced in
about the same proportion as the filtration rate (3, 4).
Accordingly, they may both be used as relative measures
of glomerular filtration. Potassium was determined as
the chloroplatinate by the method of Hald (5). Clear-
ances were calculated by the general method previously
described (3).

For the animal experiments nine dogs were employed.
All experiments were carried out under nembutal anes-
thesia (40 mgm. per kgm.). A tracheal cannula was
inserted. Urinary excretion was suppressed by ligation
of the ureters. Potassium chloride in isotonic or hyper-
tonic solution was introduced by tube into the stomach
or duodenum. Serial electrocardiograms from lead II
were taken and samples of blood for potassium analysis
were obtained by direct puncture of the heart at the
termination of the experiment.

(B) Electrocardiographic changes as criteria of
potassium poisoning

As the concentration of potassium in the serum rises,
the following sequence of electrocardiographic changes is
observed (6): (1) increased amplitude of the T wave,
(2) depression of the ST segment with development of
a diphasic T wave, (3) disappearance of the P wave,
(4) intraventricular block, and (5) cardiac arrest at
concentrations of serum potassium of 12 to 20 m.eq. per
liter. These changes, save for the last, are reversible.
No one of them is, of course, characteristic; but when
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TABLE I

Fasting excretion and clearance of potassium; no salts
of potassium ingested

potsum Urine Clearances

utes tfigecr 0 A

M.e.
M. eq. cc. CC. CC.

mim- me.Min- per per per per
utres p'er utes minute mint- mitt- mitt-

liter x 0 ute ute ut
1 Arthritis 0-33 50.2 10.0* 143 40

33-65 53.2 10.6* 122 76
65-93 35.5 7.1* 122 60

2 Diabetes 45 5.00 0-42 53.9 10.8 111 42
42-95 70.9 14.2 110 40

128 4.60 95-128 43.4 9.0 108 41

3 Hyperthyroidism 112 5.15 6-71 47.3 9.2 170 67
71-115 36.9 7.4 126 55

4 Nephrosclerosis 8 5.00 0-37 42.8 8.6 92 47
37-81 46.9 9.4 82 36

133 5.00 81-129 32.8 6.6 68 30

S Pyelonephritis 5 5.40 0-36 50.3 9.7 16 9
36-92 46.0 8.9 18 9

144 5.65 92-135 40.1 7.1 15 8

* Assuming serum potassium of 5.0 m.eq. per liter.
t Time from beginning of experiment.

found in sequence they are sufficiently specific to serve

as criteria by which the presence and degree of cardiac
potassium poisoning may be detected.

RESULTS

(A) Observations on human subjects

Five experiments, with fasting human subjects,
are summarized in Table I. In Subjects 1, 2 and
3 glomerular filtration, as measured by the sucrose

and urea clearances (3, 4), was normal; in Sub-
ject 4 somewhat reduced, and in Subject 5 severely
impaired. In all five, however, the fasting rate
of excretion of potassium was approximately the
same, averaging about 0.05 m. eq. per minute,2
and varying over the extreme range of 0.03 to
0.07 m. eq. per minute. The excretion rate was

no lower in Subject 5 than in the others. Since,
the serum concentration was normal in all experi-
ments, this means that fasting potassium clearance
was usually about the same in all subjects, whether

2The average fasting excretion rate of 0.05 m.eq. per
minute corresponds to 2.9 grams of potassium daily. On
the assumption that in the breakdown of tissue 1 gram
of potassium is released for every 2.5 grams of nitrogen
(2), this corresponds to 2.9 X 2.5 X 6.25 = 45 grams of
protein broken down daily. This is a reasonable figure
for tissue catabolism.

or not glomerular filtration was reduced. In
magnitude it was about 10 cc. per minute; this was
about one-twelfth or one-fifteenth of the average
glomerular filtration rate in normal subjects (7),
but amounted to nearly half the glomerular filtra-
tion in Subject 5. This means that in the sub-
jects with impaired function a normal fasting ex-
cretion rate of potassium was maintained by a
great decrease in the usual proportion of potas-
sium per unit of filtrate reabsorbed by the tubules.

The response of two subjects with normal renal
function to the ingestion of potassium salts is
recorded in Table II A. In the first subject (la)
the rate of excretion of potassium increased over
fivefold. The serum concentration rose but
slightly, so that the clearance of potassium rose to
an almost equal extent. In the second subject
(2a) the increase is partially masked by an ab-
normally high fasting excretion rate of potassium,
due to some unknown cause. Here too, however,
an excretion rate many times the normal fasting
value continued for some hours after ingestion
and (since the serum concentration rose but little)
was associated with a marked- elevation of the
potassium clearance. In spite of this increased
excretion rate, elimination of the ingested potas-
sium was slow. In Experiment la only about
one-third was eliminated in two hours, while in
Experiment 2b only about three-fourths had been
recovered from the urine in five hours.

The course following the administration of po-
tassium salts in five subjects (lb, 2b, 3b, 4b, 5b)
exhibiting varying degrees of renal impairment is
outlined in Table II B. In these subjects, too,
the rate of excretion increased definitely follow-
ing the ingestion of potassium, but not as much
as it did in the normal subjects of Table II A.
The maximal increase in potassium concentration
in the serum was about the same in nephritic as
in normal subjects but the elevated concentration
persisted for a longer period in the more severe
nephritics. Since the initial level was a little
higher in some of the nephritic subjects, the final
total concentration attained was sometimes a trifle
higher. However, the concentration never ex-
ceeded 8 m. eq. per liter with doses of the size
here given. Attempts to administer potassium
salts in amounts greater than these were unsuc-
cessful, since cramp-like epigastric pains followed
by nausea and vomiting regularly intervened. In
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TABLE II

(A) Subjects withou renal impairment; response to ingestion of potassium salts

Potassium ingested Serum potassium Urine potassium Clearances
TotalNum- Diagnosis amountber agoi ieCon- Excre- Amount excreted PotSucoe Ue|Time Amount Time cen- Time tion excreted sium Sucrose Urea

tration rate

M. eq. M. eq. per CC. cc cc
minutes* m. eq. minutes* per minxutes* minie m. eq.t m. eq. per per per

liter X1o minute minute minute
IA Hypertension 0 67 3 4.75 0-42 45.6 1.9 8.7 139 65

68 5.75 42-80 244.0 9.3 42.3 208 94
127 5.50 80-124 238.0 10.5 42.8 207 103

21.7

2A Hodgkin's 83-143 100 0 4.80 0-53 280.0 (14.8) 58.0 157
disease 53-80 143.8 (3.9) 30.1 91

150 7.65 80-125 224.0 10.1 29.3 95
248 6.25 125-240 345.0 39.7 50.5 61
376 5.00 240-375 238.2 32.1 42.2 56

81.9

(B) Subjects with renal impairment; response t4 ingestion of potassium chloride

lB Nephrosclerosis 134 67 0 4.90 0-58 22.4 (1.3) 4.6
67 5.00 58-140 63.5 5.2 12.1 71 56

162 5.45 140-208 64.0 4.4 10.2 49 32
211 6.25 208-270 61.5 3.8 9.8 71 29

13.4

2B Acute nephritis 105-115 67t 0 0-95 45.2 (a.2) 9.0 20
207 6.25 95-202 79.3 8.5 14.1 22
246 6.50 202-240 114.3 4.4 18.0 36 26
296 5.90 240-270 74.1 2.2 11.4 25 16

270-292 68.9 1.5 11.3 23 15
16.6

3B Acute nophritis 79-146 107 0 6.35 0-42 54.7 (2.3) 8.6 9
79 6.95 42-79 48.9 (1.8) 7.9 10

196 7.45 79-122 66.2 2.9 10.0 13
232 7.65 122-189 83.7 5.6 11.6 9
300 7.70 189-227 104.5 4.0 13.9 8
409 7.95 227-297 87.0 6.1 11.3 6

297-350 114.0 6.0 14.9 12
350406 89.9 5.0 11.5 7

29.6

4B Chronic nephritis 106-146 134 0 4.90 0-48 32.5 (1.6) 8.6 9
48-104 § 2.2 estimated

104-135 49.0 1.5 9.5 8
180 6.75 135-174 73.7 2.9 12.5 9

174-251 -§ 6.2 estimated
357 7.35 251-301 84.0 4.3 12.2 9

301-357 93.3 5.2 12.9 11
22.3

SB Chronic nephritis 156-241 94 84 5.00 0-90 41.3 (3.7) 8.3 17
150 6.05 90-155 75.8 (4.9) 13.8 23
238 6.70 155-234 99.2 7.8 15.6 24
326 6.95 234-322 110.3 9.8 16.2 19
404 7.50 322401 112.0 8.8 15.5 18

26.4

* Time from beginning of experiment.
t Figures in parentheses are not included in the summation of the amount excreted.
t Vomited. § Collection incomplete.
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Experiment 3b "collapse," similar to that de-
scribed by Smillie, occurred. The patient became
very pale, sweated profusely, the pulse became
rapid, the -blood pressure fell, and he lost con-
sciousness for an instant. He then vomited a
small amount of fluid after which the symptoms
disappeared completely and he felt entirely nor-
mal. The serum potassium was 7.70 m. eq. per
liter at the time of the attack, and continued to
rise to 7.95 later, although the patient had re-
covered completely. This makes it unlikely that
the episode was due to cardiac potassium poison-
ing. It appeared rather to have been a transient
reflex vasodilatation in a subject with acute ar-
terial disease, perhaps induced by gastro-intestinal
irritation, i.e., a vagotonic associate of nausea and
vomiting.

Since the increase in the rate of excretion of
potassium is less than that in normal subjects,
elimination is correspondingly delayed, so that
even after five and six hours only one-quarter or
less of the ingested potassium had been eliminated.
Nevertheless, as has been observed, the serum
concentration is only moderately elevated. The
reason for this presumably lies in the mode of
distribution of potassium in the body. Also, in
these cases its absorption may have been greatly
delayed.

The increase in concentration of potassium in
the serum following the ingestion (8) or injection
(9, 10) of potassium salts is only about one-third
as great as that which would be expected were its
distribution purely extracellular. In other words,
about two-thirds of the absorbed potassium leaves
the extracellular fluid. This amount can be ac-
counted for on the assumption that a uniform rise
of potassium concentration of the same magnitude
as that in serum water occurs throughout the
cellular water. However, segregation of some or
all of this potassium in some particular tissue is
equally consistent with the facts. Hahn, Hevesy
and Rebbe (11), using a radioactive isotope of
potassium, have demonstrated an absence of dif-
fusion equilibrium between cellular and extra-
cellular potassium. This indicates that potassium
ions exchange relatively slowly across the cell
membranes of the body, and so perhaps makes the
hypothesis of uniform distribution in all body
water somewhat less probable. The interpretation
of their experiments, in which the concentration

of radioactive potassium in various tissues was
determined, is not entirely clear; possibly some
special accumulation in bones took place. What-
ever the mechanism, it is certain that the body does
have the capacity to store at least two parts of
potassium elsewhere for each part that accumu-
lates in the extracellular fluid. This means that,
with respect to potassium, the body has a buffer
capacity by which increases in the concentration
of this element in the serum, after ingestion of its
salts, are minimized. The quantitative importance
of this buffer mechanism may best be seen by con-
sidering a typical example. This has been done
graphically in Figure 1, using data of Experiment

100
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0

DISTRIBUTION OF ADDED POTASSIUM

0 100 MINUTES 200 300

FIG. 1. PROPORTIONSOF THE INGESTED POTASSIUM (A)
STILL UNABSORBEDFROMGUT, (B) ABSORBEDAND PRES-
ENT IN THE BODYAND (c) EXCRETEDIN THE URINE

The amount present in the urine was determined by
chemical analysis. That present in the body was calcu-
lated on the assumption that one-third of the ingested
potassium was present in the extracellular fluid. The
increase in concentration of potassium in the serum water
was multiplied by the volume of the extracellular fluid
(assumed to be 15 liters), and this figure in turn multi-
plied by three to obtain the total amount distributed in
the body. The amount still present in the gut was calcu-
lated by difference. Since the factor three is based
largely on experiments with intravenous injections in
dogs and in a very few human subjects, it is quite an
approximate one. Therefore, these calculated values are
only approximate, but serve to illustrate the several com-
ponents in the system. From the data of Experiment 3b,
Table II B.

3b of Table II B. Absorption from the gut is
slow, being complete only after some five hours.
Excretion in the urine is also very gradual. At
the end of five hours the greater part of the potas-
sium can be accounted for within the body. Be-
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cause a large proportion finds a temporary reposi-
tory outside the extracellular fluid, the increase in
the concentration of potassium in serum water is
only about one-third as great as that of a substance
limited to an extracellular distribution.

Although excretion rate is not as greatly ele-
vated in patients with renal insufficiency as in
normal subjects, it increases sufficiently to cause
the clearance of potassium to rise. This enables
the excess potassium to be eliminated without a
great change in the potassium of serum and, al-
though elimination is slow, it is sufficiently in-
creased above normal so that the ingested potas-
siumii could be eliminated within twenty-four
hours.

Discuissiont of the observationis ont humnan subjects
The experiments with human subjects which

lhave just been described indicate the reasons for
the rarity of potassium poisoning in human ne-
phritis. In summary they are as follows:

(1) The fasting clearance of potassium is not
reduced in renal disease, so that the basal excre-
tion of potassium continues without increase in
potassium in the serum.

(2) The distribution of the potassium ion be-
yond the confines of the extracellular fluid pro-
vides a temporary storage site for large amounts
of potassium without muclh increase in serum
concentration.

(3) The relatively slow gastro-intestinal ab-
sorption of potassium prevents transient high con-
centrations of potassium in the serum.

(4) Even with the most severe renal disease
the clearance of potassium rises significantly above
the fasting level following the ingestion of potas-
sium salts. The as.ociated increase in excretion
rate permits the extra ingested potassium to be
eliminated after some hours.

(5) It is difficult to administer amounts of
potassium too great to be cared for by the storage
and excretory capacities witlhout inducing nausea
and vomiting.

However, the possibility that potassium poison-
iiig may under some circumstances occur in renal
insufficiency has not been excluded. Since ex-
periments designed to test this possibility are ob-
vionisly too daiiger-otis to attemnpt Nxvit11i hium1ani sub-
jects, resort was had to animiial experimentation.

(B) Experimlenits with dogs

(1) Control experiments.
Potassium salts were iintroduced directly into

the duodenum of two normal anesthetized dogs in
order to insure the most rapid possible absorption.
In spite of this, the potassium of serumi rose but
slightly after four to ten hours, anid only the
earlier electrocardiograplhic changes appeared.
Rapid absorption from the gastro-intestinal tract
certainly took place under these conditions, as was
apparent in experiments similar in every respect
save that the ureters were obstructed. Failure to
produce a notable accumulation of potassium in
the body fluids appears, therefore, to have been
due to rapid excretion rather thani faulty absorp-
tion. Evidently, the rate at which potassium may
normally be excreted by the kidneys easily equals
the maximal rate of absorption from the gastro-
intestinal tract. It is therefore reasoniable to con-
clude that fatal poisoning from oral ingestion of
potassium cannot occur in the presence of normal
renal function.

(2) Experiments with dogs with ligated
ureters.

(a) Delay in absorption of potassium salts
introduced into the stomach.

When solutions of potassium chloride were in-
troduced into the stomach by tube, electrocardio-
graphic or chemical evidences of potassium poi-
soning usually failed to develop for an hour or
more. Pressure on the abdomen forced back
through the stomach tube as much fluid as had
been administered, indicating that the absence of
potassium effects was due to failure of absorption.
The cause for this was at once apparent on open-
ing the abdomen. The pylorus was so tightly
contracted that even with vigorous miianiual miianipu-
lation it was impossible to force the stomach
contents past it into the duodenum.

The fluid was permitted to remain in the stom-
ach of three animals. One animal slhowed the
first electrocardiographic signs of potassium poi-
soning after thirty-five minutes, and died after
an hour. The other two still survived at the end
of ten hours, but with unmistakable electrocardio-
graphic changes characteristic of pre-terminal po-
tassium poisoning and with concentrations of
potassiuiii in the serumii of 10.1 and 10.9 iin. eq. per
liter, respectively. It seems probable that the
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long survival was due to cessation of absorption
of potassium due to circulatory failure after the
potassium concentration had risen to a level nearly,
but not quite, sufficient to produce death. There
is other evidence that such circulatory failure does
occur (12).

(b) Duodenal administration of potassium.
Potassium chloride was administered by means

of a tube passed through the pylorus via a gas-
trostomy in order to avoid delay in absorption
due to pylorospasm. In three experiments this
was done after a previous unsuccessful attempt

FIG. 2. SERIAL ELECTROCARDIOGRAMSOBTAINED IN A DOG WITH LIGATED URETERS FOLLOWING THE ADMIN-
ISTRATION OF TWICE ISOTONIC KCI SOLUTION BY TUBE INTO THE DUODENUM

All records from lead II. Dog, 7.5 kgm.
(A) Control.
(B) No change seventeen minutes after 1 liter of solution before ureters were tied.
(C) Depression of ST segment and beginning diphasic T wave fifteen minutes after ligation of ureters and ad-

ministration of another liter of KCI.
(D) Disappearance of P waves, slight intraventricular block, marked ST segment depression, diphasic T wave

thirty-five minutes after ureteral ligation.
(E) Marked intraventricular block and some slowing fifty minutes after ligation.
(F) and (G) Sudden ventricular flutter, followed witliin two minutes by coarse ventricular fibrillation.
(H) Arrest two minutes later. Concentration of potassium in serum 13.0.
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to bring about absorption by introduction into
the stomach, while in three others no such prior
attempt had been made. Prompt and vigorous
purgation occurred in all three experiments, and
much of the solution administered was quickly
lost in this way. All six animals died within a
few minutes to an hour, depending on the rate at
which the potassium chloride was administered.
That death was due to cardiac potassium poisoning
appears certain from the characteristic sequence
of electrocardiographic changes in each instance
(Figure 2, A to E), and from the high concen-
trations of potassium in the blood just before
death. These were 9.8, 10.8, 12.4, 13.0, 13.0,
14.4 m. eq. per liter, respectively, and fall in or
just below the range associated with cardiac arrest
from intravenous potassium (6).

In a few of these experiments exitus did not
occur following cardiac slowing and arrest. In-
stead, the rate was maintained for some time in
the face of increasing intraventricular block until
suddenly ventricular flutter and coarse fibrillation
appeared (Figure 2, F, G). It seems reasonable
to suppose that in these experiments circulatory
failure occurred as the result of intraventricular
block, delaying further absorption of potassium
so that the final stages of slowing and arrest did
not appear.

DISCUSSION

Evidently, it is possible for fatal poisoning from
oral potassium to occur under certain experimental
conditions. The essential conditions are suppres-
sion of urinary secretion and direct introduction
of the potassium solution into the duodenum.
In the dog, at least, this second condition is dif-
ficult of attainment after ordinary oral adminis-
tration owing to pylorospasm. The relatively
slow absorption of potassium and the severe epi-
gastric pain, cramps and vomiting observed in
human subjects after potassium salts are adminis-
tered strongly suggest that in man, too, pyloro-
spasm may occur. No pylorospasm occurred in
control experiments in which water or normal
saline was introduced into the stomach of a dog
with ligated ureters. This spasm after potassium
chloride is therefore not simply a response of the
pylorus of such an animal to the ingestion of any
fluid. However, there is no evidence that the

production of pylorospasm is a unique property
of the potassium ion, as other irritant salts were
not tested.

The animal experiments, therefore, indicate
that, while oral potassium poisoning may occur,
the conditions necessary for its production are not
likely to occur in human subjects with nephritis.
In a deeply anesthetized animal with complete
anuria, enough potassium may eventually pass
the pyloric sphincter to cause death. In man,
comparable doses are, of course, not given; and
even with smaller amounts vomiting acts to re-
move a great proportion of the material adminis-
tered. Moreover, a distinction must be drawn
between the situation in nephritis and that in
complete anuria. In the nephritic patient renal
function is rarely completely suppressed. The
rate of excretion of potassium, though reduced, is
sufficient to eliminate that coming from tissue
breakdown, as well as a certain excess. Conse-
quently, the small amounts passing the sphincter
and absorbed from the duodenum can be gradually
eliminated, while the distribution in the body
minimizes the transient increase in concentration
of circulating potassium. On the other hand, in
complete anuria (such as that following mercury
poisoning), there is obviously much more pos-
sibility of potassium poisoning, since the delays
of absorption and the wide distribution are of
temporary value only. Indeed, in animals with
complete urinary obstruction, gradual elevation of
serum potassium due to tissue breakdown is the
rule (13). The danger of giving even small
amounts of potassium by mouth under such cir-
cumstances is self-evident.

CONCLUSION

1. Cardiac death due to potassium absorbed
from the gastro-intestinal tract can be produced
experimentally in dogs whose ureters have been
tied.

2. Direct introduction of potassium salts into
the stomach induces spasm of the pylorus, pre-
venting absorption and delaying death. Rapid
death occurs when potassium salts are introduced
directly into the duodenum of animals with ligated
ureters.

3. It is unlikely that the conditions necessary
for fatal poisoning by oral potassium administra-
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tion can occur in patients with nephritis so long
as urine is being excreted. The relatively slow
absorption, the vomiting when large doses are
given, the mode of distribution in the body and,
most important of all, the continued ability of the
most severely damaged nephritic kidney to ex-
crete potassium all combine to make such poison-
ing very difficult to bring about.

4. Poisoning from oral administration of potas-
sium is a more distinct possibility with complete
anuria from any cause.
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