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Abstract. Stringent regulations have been established for the 
intravenous administration of potassium to avoid hyperka-
lemia in the clinic. The standard approach, however, often does 
not work well for treating severe hypokalemia. In the present 
study, a rabbit model of hyperkalemia was used to develop 
an tailored rapid potassium supplementation strategy and the 
effectiveness and safety of this new strategy were assessed. 
A total of 20 rabbits with induced severe hypokalemia were 
randomly divided into two equal treatment groups. All of the 
animals were injected with 3% KCl through the auricular 
marginal veins by a micro‑injection pump; the target serum 
potassium concentration was 4 mmol/l. The conventional treat-
ment group was administered a continued potassium infusion 
at the standard infusion rate of 0.4 mmol/kg/h. The tailored 
rapid supplementation group was treated in two steps: First, a 
loading dose of potassium was rapidly injected for 5 min and 
this step was repeated until the serum potassium concentra-
tion was increased to 3.5 mmol/l. After this increase in serum 
potassium concentration, a sustained potassium infusion at 
a constant dose was performed. Electrocardiogram, blood 
pressure, respiratory rate, serum potassium concentration, 
urine volume and vital signs were monitored in real‑time. No 
hyperkalemia occurred in any of the two the groups. However, 
compared with the conventional group, the tailored rapid group 
had a significantly shorter duration of potassium infusion and 
arrhythmia, and a higher survival rate. In conclusion, these 
results demonstrate that the tailored rapid potassium supple-
mentation strategy shortened the time of hypokalemia and is 
a safe and better treatment option to remedy life‑threatening 

arrhythmia caused by severe hypokalemia with a high success 
rate.

Introduction

Severe hypokalemia is a fatal emergent clinical condition in 
which the serum potassium concentration is >2.5 mmol/l (1); 
it presents as general muscle weakness, cardiac arrhythmia, 
and respiratory muscle paralysis. Even though this condition 
is fatal, a swift reversion of the low serum potassium concen-
tration in clinical patients is not allowed due to the strict 
regulations regarding the supplementation of potassium to 
prevent pseudohyperkalemia. This approach is followed in 
most cases; however, it does not work well in cases of severe 
hypokalemia, particularly when the condition is fatal, e.g., 
after long‑term fasting or insufficient food consumption 
with severe diarrhea and vomiting (2), poisoning (3,4), after 
cardiothoracic surgery (5,6), in subjects with hypokalemic 
periodic paralysis (7) and severe malnutrition. Furthermore, 
severe hypokalemia often concurs with various critical 
conditions, including multiple organ failure, severe infec-
tion, as well as fluid, electrolyte and acid‑base imbalances. 
These conditions are accompanied with various underlying 
diseases and complications that require restricted speed and 
volume of venous infusion. This presents a contradiction: 
According to the established regulations, to avoid hyperka-
lemia, the concentration and speed of intravenous potassium 
supplementation should not exceed 40 mmol/l (0.3%) or 
20 mmol/h (1.5 g/h) in adults and 0.4 mmol/kg/h in chil-
dren; furthermore, direct intravenous injection of potassium 
is strictly prohibited (1,8); however, to correct severe hypo-
kalemia in the presence or absence of critical diseases, rapid 
infusion of a small volume of potassium solution may be 
beneficial.

Of note, the American Heart Association (AHA) recom-
mends an empirical intravenous injection of 2  mEq of 
potassium in the first 1 min, followed by an intravenous infu-
sion of 10 mEq of potassium over 5‑10 min in cases where 
hypokalemia led to malignant ventricular arrhythmia or 
inevitable cardiac arrest (9). Although several case reports 
and randomized clinical trial investigations have suggested 
the success of this novel recommendation  (2,10,11), more 
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persuasive, evidence‑based proof is required. Slow potassium 
supplementation may not lead to treatment failure, increase 
the severity of the disease and increase the risk of patient 
death; however, empirical rapid potassium supplementation is 
potentially dangerous. In the present study, an tailored rapid 
potassium supplementation strategy was developed, which was 
based on the hemodynamic principle, as well as the mecha-
nism of potassium distribution and balance, for calculating 
the proper concentration, infusion rate and dose of potassium 
supplement for individuals with bedside monitoring via elec-
trocardiogram (ECG) and the serum potassium concentration. 
In the era of precise medicine, with exceptional cases and 
AHA recommendations (2,8,10,11), this tailored rapid potas-
sium supplementation strategy has the potential to become 
the optimum treatment option in the future. On the basis of 
an integrated approach, it was hypothesized that this strategy 
may restore extremely low serum potassium concentrations 
in patients admitted to emergency departments and intensive 
care units.

Barium (Ba) is a silver‑white alkaline metal that is 
widely distributed in nature. Ba is almost non‑toxic, but the 
toxicity of Ba salt is determined by its solubility; Ba chloride 
(BaCl2) is the most toxic soluble Ba salt (12). Ba may induce 
a low serum potassium concentration via the following two 
synergistic mechanisms: i) Ba ions activate Na+/K+‑ATPase 
in the cell membrane and block the potassium channels; this 
causes potassium ions to be redistributed inside and outside 
of the cell, and extracellular potassium reverses the chemical 
gradient into the cell; ii)  the potassium channel blockade 
makes it difficult for the cell to excrete potassium, resulting 
in high intracellular and low extracellular potassium, which 
causes membrane current inhibition and produces a series 
of clinical manifestations associated with low potassium, 
including muscle paralysis, respiratory failure and fatal 
arrhythmia (13). This is also the major cause of death due to 
acute BaCl2 poisoning (14‑16).

The animal model established in the present study is based 
on the characteristics of BaCl2 poisoning, which not only 
rapidly causes severe hypokalemia, but also easily induces 
arrhythmia. The present study first established an animal 
model of acute fatal severe hypokalemia with BaCl2 and then 
performed a potassium supplementation experiment using 
this model. The purpose of the present study was to compare 
the conventional potassium supplementation method with a 
newly developed the tailored rapid potassium supplementation 
strategy in order to evaluate its efficiency and safety, and to 
provide an experimental basis for the development of an effec-
tive, safe and scientific strategy for the clinical rescue of fatal 
severe hypokalemia.

Materials and methods

Experimental animals. The Animal Ethics Committee of 
Sichuan University (Chengdu, China) approved all of the 
procedures performed in the present study. A total of 30 adult 
healthy male and female Japanese white rabbits (weight, 
2.5 kg; age, 12‑14 weeks) were purchased from the Animal 
Center of Sichuan Province (Chengdu, China), and kept for 
3‑5 days in single cages. Animals were housed at a tempera-
ture of 22‑24˚C and a relative humidity of 30‑40% with free 

access to food and water and a 12 h light/dark cycle prior to the 
start of the experiment.

Establishment of animal disease model. The conditions of the 
current study are based on preliminary experimental results 
from acute toxicity experiments assessing barium chloride in 
rabbits (17). Barium chloride gavage and continuous potassium 
supplementation monitoring were performed under anaesthesia. 
All rabbits were 12 h prior to the beginning of the experiment 
and ate immediately following potassium supplementation. 
After weighing, a 22‑gauge catheter was inserted and placed 
in the central ear artery of each rabbit for blood pressure moni-
toring and blood sampling by connecting a T‑branch tube. The 
rabbits were anesthetized by an intraperitoneal injection of 
urethane (1,000 mg/5 ml/kg). After successful anesthesia, the 
rabbit was fixed on the operation bench and a urinary cath-
eter was inserted into the empty bladder. A needle electrode 
was then inserted and connected to the BL‑420E+ Biological 
Function Experimental System (Chengdu TME Technology 
Co., Ltd., Chengdu, China) for real‑time recording of ECG, 
blood pressure, respiratory rate and oxygen saturation. BaCl2 
[dose at which 50% of animal mortalities occurred in 14 days 
(LD50), 168 mg/5 ml/kg] was delivered by oral gavage. Every 
30 min or whenever arrhythmia occurred, blood samples of 
0.5 ml were extracted from the central ear artery of the rabbits 
to determine the serum potassium concentration. When the 
serum potassium concentration reached <2.5 mmol/l and was 
accompanied with arrhythmia, the fatal severe hypokalemia 
model was considered established. The experimental rabbits 
which did not meet the above criteria regarding the serum 
potassium levels and ECG were ruled out.

Randomized grouping principle. The model animals were 
randomized using the ‘repeated fair coin‑tossing method’. A 
total of 20 rabbits with severe hypokalemia were randomly 
divided into two treatment groups (n=10  per group): 
Conventional potassium supplementation group (conventional 
treatment group) and tailored rapid potassium supplementa-
tion group (tailored rapid treatment group).

Potassium supplementation methods. Potassium chloride 
infusion was performed through the auricular marginal vein 
by a micro‑injection pump, and the target serum potassium 
concentration was 4 mmol/l.

For the conventional treatment group, the total amount of 
potassium supplement was calculated by the formula [4‑actual 
serum potassium concentration (mmol/l)] x weight (kg) x0.2; 
this was infused into the auricular marginal vein at the concen-
tration of 3% and at the infusion rate of 0.4 mmol/kg/h (18,19). 
If necessary, the potassium deficiency was recalculated and 
potassium solution was infused to obtain the present concen-
tration. Potassium supplementation was stopped if the target 
serum potassium concentration was reached or if the animal 
died in the experiment.

The tailored rapid treatment group was administered a 
loading dose and a maintenance dose. The loading dose, calcu-
lated by the formula [4‑actual serum potassium concentration 
(mmol/l)] x weight (kg) x0.07, was infused into the auricular 
marginal vein at a uniform infusion rate within 5 min; this dose 
was repeated until the serum potassium concentration increased 
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to 3.5 mmol/l. Subsequently, a maintenance dose, calculated 
by the formula [4‑actual serum potassium concentration 
(mmol/l)] x weight (kg) x0.2, was injected with a micro‑pump at 
the infusion rate of 0.4 mmol/kg/h. All the potassium solutions 
were prepared and infused at a concentration of 3%. In the case 
where the serum potassium concentration did not increase to 
the target concentration, the respective steps were repeated for 
a maintenance dose. Potassium supplementation was stopped if 
the target serum potassium concentration was reached or if the 
animal died in the experiment (Fig. 1).

Observation parameters. In the experiment, the serum potas-
sium concentration was measured prior to and at the end of each 
potassium supplementation cycle until the serum potassium 
concentration reached the target level. All urine excreted during 
the potassium supplementation procedure was collected for 
the measurement of volume and the potassium concentration. 
The duration of potassium infusion, the amount of potassium 
infused, mean arterial pressure (MAP), respiratory rate (RR), 
ECG and adverse effects were recorded. From then on, serum 
potassium concentrations were measured once per day in the 
14‑day observation period. In addition, the respiratory rate 
of rabbits was observed without anaesthesia and ECGs were 
monitored via electrodes. The death of rabbits was continuously 
observed following potassium supplementation and no rescue 
measures were taken prior to mortality, and the serum potas-
sium concentration was determined again before death.

Calculation method for observation parameters. The serum 
potassium concentration prior to potassium supplementation 
(mmol/l) was measured after successfully establishing the 
model, and was defined as the serum potassium concentration 
before the beginning of potassium supplementation treatment.

The serum potassium concentration after potassium 
supplementation (mmol/l) was defined as the serum potassium 
concentration after stopping the treatment or at death of the 
animal.

The duration of potassium infusion (h) was the time 
interval of potassium supplementation treatment.
The actual total amount of potassium supplement (mmol) was 
the total amount of serum potassium ions in the body from the 
beginning to the end of the potassium supplementation.

The net amount of potassium supplement (mmol) was the 
actual total amount of potassium supplement‑ the amount of 
potassium excreted through the kidneys.

The total urinary volume (ml) was the total urinary 
volume from the beginning to the end of the potassium 
supplementation.

The amount of potassium excreted through the kidneys 
(mmol) was the urine potassium concentration x the total 
urinary volume.

The amount of extracellular fluid (ECF) potassium (mmol) 
was the serum potassium concentration x the body weight (kg) 
x0.2.

The ECF potassium alteration [post‑ vs. pre‑potassium 
supplementation (mmol)] was the ECF potassium concentra-
tion after potassium supplementation‑the ECF potassium 
concentration prior to potassium supplementation.

The amount of the transcellular potassium shift 
(mmol) was determined as the net amount of potassium 

supplementation‑ECF potassium alteration (post‑ vs. pre‑potas-
sium supplementation).

The criteria for arrhythmias associated with hypokalemia 
were as follows: Ventricular arrhythmias, including various 
types of ventricular pre‑mature beats, ventricular tachycardia 
and ventricular fibrillation.

The duration of cardiac arrhythmia was the time of begin-
ning and disappearance of each arrhythmia.

Sample testing method. The serum potassium concentration 
was determined using the following method: Blood samples 
were collected from the central artery of rabbit ears and 
placed into the ABL800FLEX automatic biochemical‑blood 
gas analyser (Radiometer, Copenhagen, Denmark). The serum 
potassium concentration was measured using the ion selective 
electrode method.

The urine potassium concentration was determined as 
follows: Urine samples were analyzed using the DxcUnicel 
800 Synchron automatic biochemical analyser (Beckmann 
Coulter, Brea, CA, USA) and the samples were measured via 
the indirect potential method.

Statistical methods. SPSS.16 software was utilized to perform 
statistical analysis (SPSS, Inc., Chicago, IL, USA). The results 
for all measurement variables were first tested for normal distri-
bution. Variables with a normal distribution were expressed 
by arithmetic means with standard deviations, while variables 
with an abnormal distribution were expressed by the median. 
Student's t‑tests or analysis of variance F‑tests (followed by an 
LSD or SNK post‑hoc test) were used to evaluate differences 
in the mean values of variables with a normal distribution, 
and the rank‑sum test was used to evaluate differences in 
variables with an abnormal distribution. Categorical variables 
were summarized by frequency counts with percentages, while 
the chi‑square test or Fisher's exact test were used to evaluate 
differences between groups. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Establishment of the rabbit model of hypokalemia. Following 
the administration of BaCl2, only 20 in 30 experimental 
rabbits reached the experimental requirements. The serum 
potassium concentration of these 20 experimental rabbits had 
significantly declined at 0.5 h (P<0.05), maintained a stable 
decrease at 1‑1.5 h (P<0.05) and exhibited a further gradual 
decrease until 2 h, when it reached <2.5 mmol/l (P<0.05), 
and arrhythmia occurred (Fig.  2). At this time‑point, the 
establishment of the fatal severe hypokalemia model in the 20 
experimental rabbits was considered to be successful, and the 
potassium supplementation experiments were started.

No significant differences between the two groups in body 
weight, serum concentration of K+, Na+ and Cl‑, blood pH, arte-
rial partial pressure of oxygen and PCO2, MAP, heart rate and 
RR were observed (P>0.05; Table I).

Comparison of serum potassium concentration at pre‑ 
and post‑potassium supplementation, as well as duration 
and dose of potassium supplementation between the two 
groups. The serum potassium concentration prior to the 
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experiment, the actual amount of potassium supplement and 
the net amount of potassium supplement were not significantly 
different between the two groups (P>0.05). However, the 
serum potassium concentration after potassium supplemen-
tation and the potassium increment post‑ vs. pre‑potassium 
supplementation in the tailored rapid treatment group were 
significantly higher than those in the conventional treatment 

group (P<0.05); Furthermore, the duration of potassium 
supplementation in the tailored rapid group was significantly 
shorter than that in the conventional group (P<0.05), and the 
actual amount and the net amount of the potassium supple-
ment per hour in the tailored rapid treatment group were 
significantly higher than those in the conventional treatment 
group (P<0.05; Table II).

Figure 1. Schematic diagram of potassium supplementation method. A total of 20 rabbits with severe hypokalemia were randomly divided into two treatment 
groups: Conventional potassium supplementation group (conventional treatment group) and tailored rapid potassium supplementation group (tailored rapid 
treatment group), with 10 rabbits in each group. These two different methods were used to perform intravenous potassium supplementation in these two groups, 
and the target potassium concentration was 4 mmol/l.
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Comparison of renal potassium excretion during the potas‑
sium supplement treatment between the two groups. When 
the potassium supplementation was completed, because of 
the short time of potassium supplementation in the tailored 
rapid treatment group, the urine volume in this group was less 
than that in the conventional treatment group (P<0.05), but the 
average urine volume per hour in the two groups exhibited 
no significant difference (P>0.05). Although the urine potas-
sium concentration and renal potassium excretion velocity 
in the tailored rapid treatment group were higher than those 
in the conventional treatment group (P<0.05), the total renal 
potassium excretion was lower than that in the conventional 
treatment group (P<0.05; Table II).

Comparison of transcellular potassium shift during the 
potassium supplement treatment. Prior to supplementation, 
no significant difference in the ECF potassium concentration 
was present between the two groups (P>0.05). After potas-
sium supplementation, the ECF potassium concentration in 
the tailored rapid treatment group was significantly higher 
than that in the conventional group (P<0.05). Although the 
rate of transcellular potassium shift in the tailored rapid treat-
ment group was higher than that in the conventional treatment 
group, the total amount of the transcellular potassium shift in 
the tailored rapid treatment group was lower than that in the 
conventional treatment group (P<0.05; Table II).

Comparison of the occurrence of arrhythmia after potas‑
sium supplementation between the two groups. When cardiac 
arrhythmia occurred, the serum potassium concentration was 
not significantly different between the two groups (P>0.05). 
However, the duration of cardiac arrhythmia in the conven-
tional treatment group was longer than that in the tailored 
rapid treatment group (P<0.05; Table II).

Comparison of the changes in circulatory and respiratory 
parameters pre‑ and post‑potassium supplementation. 
At the three time‑points, namely at baseline, and pre‑ and 
post‑potassium supplementation, the MAP and RR exhibited 

no significant difference between the two groups (P>0.05). 
Furthermore, the MAP prior to the potassium supplementa-
tion for each of the two groups was lower than the basal MAP 
(P>0.05), and the MAP was elevated after the potassium 
supplementation (P<0.05) and became almost equal to the 
basal MAP (P>0.05; Fig. 3). The RR prior to the potassium 
supplementation was higher than the basal RR (P<0.05), 
while the RR decreased after potassium supplementation 
(P<0.05) and was almost equal to the basal RR (P>0.05; 
Fig. 4).

Comparison of adverse events and death during the experi‑
ment. In each of the two groups, no hyperkalemia occurred 
during the potassium supplementation process. At the end of 
the experiment, all of the rabbits (100%) in the tailored rapid 
treatment group were alive, while only six rabbits (60%) were 
alive in the conventional treatment group; the cause of death 
was associated with hypokalemia. Two rabbits died during 
the course of potassium supplementation, as the increase 
in the serum potassium concentration was too slow, leading 
to the occurrence of arrhythmia, respiratory failure and death. 

Figure 2. Establishment time to establish the model of fatal severe 
hypokalemia. The serum potassium concentration is expressed as the 
mean ± standard deviation (n=20). *P<0.001 compared with baseline; #P<0.05 
compared with all other time‑points.

Table I. Comparison of the baseline state of the two groups prior to creating the model.

Variable	 Conventional group (n=10)	 Tailored rapid group (n=10)	 P‑value

Weight (kg)	     2.4±0.2	     2.4±0.1	 0.990
Sex (female/male)	 5/5	 5/5	 1.000
K+ (mmol/l)	     4.0±0.4	     4.0±0.7	 0.908
Na+ (mmol/l)	 137.2±4.5	 140.2±6.1	 0.226
Cl‑ (mmol/l)	 108.7±3.6	 106.5±5.7	 0.314
Blood pH	     7.4±0.1	     7.4±0.1	 0.977
PO2 (mm Hg)	   91.1±7.9	     89.1±16.4	 0.724
PCO2 (mm Hg)	   27.2±4.2	   28.9±0.1	 0.338
MAP (mm Hg)	   84.2±6.5	   81.8±7.1	 0.376
Hr (beats/min)	   332.1±24.2	   334.7±17.9	 0.185
RR (breaths/min)	   59.4±9.9	   61.1±7.4	 0.399

PO2, arterial partial pressure of oxygen; PCO2, arterial partial pressure of carbon dioxide; MAP, mean arterial pressure; Hr, heart rate; RR, 
respiratory rate.
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Another two rabbits died at 1 day after the end of the potas-
sium supplementation, as the serum potassium concentration 
decreased, leading to death. In addition, in the 14‑day observa-
tion period, the total number of bleeds for the rabbits in the 
conventional treatment group was 18.4±7.2 times and the total 
blood volume withdrawn during multiple blood draws was 
0.004±0.001 l/kg, but those in the tailored rapid treatment 
group were 25.7±3.7 times and 0.005±0.001 l/kg, respectively 
(Tables II and III).

Discussion

In clinical practice, it is difficult to correct fatal severe hypo-
kalemia via conventional potassium supplementation. In the 
potassium supplement experiments of the current study, the 
dose/speed of potassium administered in the conventional 
treatment group may have been too low, leading to the mortality 
of 4/10 animals. This serves as a limitation of conventional 
therapy and should be considered when designing a novel 

Table II. Comparison of observation parameters pre‑ and post‑potassium supplementation between the two groups.

	 Conventional	 Tailored rapid	
Variable	 group (n=10)	 group (n=10)	 P‑value

Serum potassium concentration prior to potassium supplementation (mmol/l)	 2.1±0.3	 2.2±0.2	 0.601
Serum potassium concentration after potassium supplementation (mmol/l)	 3.6±0.6	 4.6±0.4	 0.001
Potassium increase post‑ vs. pre‑potassium supplementation (mmol/l)	 1.5±0.8	 2.4±0.3	 0.003
Duration of potassium infusion (h)	 4.7±1.4	 2.1±0.7	 <0.001
Actual total amount of potassium supplement (mmol)	 4.0±0.9	 3.6±0.4	 0.174
Actual infusion rate of potassium supplement (mmol/h)	 0.9±0.1	 1.9±0.5	 <0.001
Net amount of potassium supplement (mmol)	 2.6±0.4	 2.6±0.2	 0.927
Net infusion rate of potassium supplement (mmol/h)	 0.6±0.1	 1.4±0.4	 <0.001
Total urine volume (ml)a	 13.6±4.7	 6.4±1.8	 <0.001
Rate of urine output (ml/h)	 2.9±0.6	 3.2±0.3	 0.177
Urine potassium concentration (mmol/l)	 108.4±19.7	 164.9±18.1	 <0.001
Amount of renal potassium excretion (mmol)	 1.5±0.5	 1.0±0.3	 0.037
Rate of renal potassium excretion (mmol/h)	 0.3±0.1	 0.5±0.1	 <0.001
Amount of ECF potassium before potassium supplementation (mmol)	 1.0±0.2	 1.1±0.1	 0.899
Amount of ECF potassium after potassium supplementation (mmol)	 1.8±0.3	 2.2±0.2	 0.001
ECF potassium post‑ vs. pre‑potassium supplementation
(mmol)	 0.7±0.4	 1.2±0.2	 0.002
Amount of transcellular potassium shift (mmol)	 1.8±0.6	 1.4±0.2	 0.043
Rate of the transcellular potassium shift (mmol/h)	 0.4±0.2	 0.8±0.3	 0.003
Serum potassium concentration at the occurrence of arrhythmia (mmol/l)	 2.1±0.3	 2.1±0.4	 0.769
Duration of cardiac arrhythmia (min)	 71.8±9.8	 19.6±8.9	 <0.001
Animals with occurrence of hyperkalemia (n)	 0	 0	 1.000
Surviving animals (n)	 6	 10	 0.043
Total number of bleeds in 14‑day period (n)	 18.4±7.2	 25.7±3.7	 0.010
Total blood volume withdrawn from the animals in 14‑day period (ml)	 9.3±3.6	 13.1±1.9	 0.010

ECF, extracellular fluid (serum). aThe volume of renal excretion in the tailored rapid treatment group is lower due to the shorter duration of 
infusion.

Table III. Mortality of rabbits in the conventional treatment group.

	 Duration of potassium		  Serum potassium concentration at death
Subject no.	 infusion (h)	 Time of death (h)	  (mmol/l)	 Cause of death

  1	 3.6	 3.6	 2.5	 VT, VF, RF
  4	 4	 24.3	 2.4	 VF, RF
  8	 3.6	 3.6	 2.9	 VT, VF
10	 4.3	 28.5	 2.2	 VT, VF, RF

VT, ventricular tachycardia; VF, ventricular fibrillation; RF, respiratory failure.
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strategy in future experimentation. The feasibility to pursue 
the strategy of ‘tailored rapid potassium supplementation’ to 
achieve rapid reversal of the fatal condition of severe hypoka-
lemia was explored in the present study. For this, a novel rabbit 
model of BaCl2‑induced severe hypokalemia was established, 
which was subjected to conventional treatment or a novel and 
more rapid treatment strategy comprised of initial bolus injec-
tions, followed by maintenance infusion.

First, the required dose of potassium supplement that rapidly 
increases the serum potassium concentration to the required level 
through the circulation was calculated. The occurrence of cardiac 
arrest is determined by the extracellular potassium concentration 
of cardiomyocytes, which is more likely to be influenced by the 
speed and location of potassium infusion (2,8,10,11), and it also 
determines the tolerance of the heart to rapid potassium supple-
mentation (11). The body's circulation volume is ~7% of the 
body weight (20). For an adult with a body weight of 60‑100 kg, 
the circulation volume would be 4‑7 l. The stroke volume of a 
normal adult in the resting state is 65‑70 ml; thus, for a heart 
rate of 60‑100 beats/min, the cardiac minute volume is 4‑7 
l. However, the circulatory blood volume of rabbits is ~7‑10% 
of body weight (21) and the cardiac output of rabbits weighing 
2.6 kg is ~0.28 l/min (22), which is close to the proportions of 
humans. In general, the cardiac output is approximately equal to 
the circulation volume; thus, theoretically, injection of potassium 
supplement at a dose of [(target serum potassium concentration 
‑ actual serum potassium concentration) x circulation volume] 
within 1 min does not cause hyperkalemia. Therefore, to ensure 
uniform distribution of potassium in the blood, the experimental 
design of the present study comprised an intravenous bolus of 
potassium supplement over 5 min to ensure safety to the heart.

According to the principles of hemodynamics, circulating 
blood has an obvious dilution effect on a high potassium 
concentration. Before the potassium chloride solution infused 
from the peripheral vein or the central vein reaches the left heart, 
it follows the blood circulation path involving the vena cava, 
right atrium and right ventricle, pulmonary artery, pulmonary 
vein and left heart, as well as the aorta and its branches. Due to 
the presence of a capillary network in the entire body, together 
with the elasticity of blood vessels, muscle compression, pump 

suction and pressure changes due to the respiratory movement 
of the thorax, the potassium chloride solution in the blood 
flows via blood vessels, and it is repeatedly diluted and mixed 
with the blood. Therefore, even if the potassium chloride solu-
tion is directly injected, following which it flows from small 
blood vessels, a time lag occurs before it reaches the heart; by 
the time the solution reaches the heart, the potassium chloride 
concentration of the initial injection is reduced. In addition, in 
the circulating blood, a certain amount of the potassium ions 
is taken up by red blood cells and alveolar cells to compensate 
for potassium deficits; furthermore, certain potassium ions are 
taken up by other tissue cells for energy metabolism, and a part 
of the potassium ions is discharged in situ. This continuous 
process and the process of dynamic reduction further gradually 
reduces the concentration of potassium from the initial injec-
tion. Thus, while the concentration of potassium at the time 
of injection may be relatively high, it becomes diluted by the 
time it reaches the heart and does not cause any hyperkalemia. 
For instance, in the present study, the lowest cardiac output per 
minute of a normal adult in the resting state (4 l) was assumed 
to make a calculation for continuous intravenous infusion of 
potassium solution at the infusion rate of 20 mmol/h, in theory, 
the amount of potassium that reaches the heart is increased 
by only 0.083 mmol/l. The same cardiac output, which was 
injected with 20 mmol potassium for 5 min, reached the heart 
at only 0.42 mmol/l. The dilution effect of circulating blood to 
reduce the high potassium concentration is thereby sufficiently 
explained. With this regard, for calculating the appropriate 
load to treat severe hypokalemia, the following formula was 
used: (Target potassium concentration ‑ measured potassium 
concentration) x0.07. An intravenous injection of this dose was 
given over 5 min, which is a feasible approach. The lowest limit 
of the normal serum potassium concentration is 3.5 mmol/l, 
which is a relatively safe concentration (1,23). Therefore, it may 
be reasonable to increase the serum potassium concentration 
to 3.5 mmol/l as soon as possible, in order to abrogate all types 
of fatal complications, including arrhythmia, and reduce the 
risk of mortality for the patient in a timely manner. Although 
the tailored rapid potassium supplementation strategy of the 
current study violates the traditional speed and dosage of 

Figure 3. Comparison of MAP pre‑ and post‑potassium supplementation 
between the two groups. Values are expressed as the mean ± standard devia-
tion (n=20). *P<0.001 vs. the base MAP of the conventional group; #P<0.001 
vs. the MAP prior to potassium supplementation of the conventional group; 
*,&P<0.001 vs. the base MAP of the tailored rapid group; #,&P<0.001 vs. the 
MAP prior to potassium supplementation of the tailored rapid group.

Figure 4. Comparison of RR pre‑ and post‑potassium supplementation 
between the two groups (n=20). Values are expressed as the mean ± standard 
deviation (n=20). *P<0.05 vs. the base RR of the conventional group; #P<0.05 
vs. the RR prior to potassium supplementation of the conventional group; 
*,&P<0.001 vs. the base RR of the tailored rapid group; #,&P<0.001 vs. the RR 
prior to potassium supplementation of the tailored rapid group.
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potassium administration, it is feasible for use in fatal severe 
hypokalemia. Furthermore, as the circulatory blood volume 
and cardiac output of rabbits are similar to that of humans the 
current study may be converted for human use.

After the serum potassium concentration of 3.5 mmol/l was 
reached, a maintenance dose of potassium supplement was given 
for continued correction of the extracellular potassium deficiency 
and to achieve a balance of potassium in the body fluids. The 
maintenance dose was calculated using the following formula: 
(Target serum potassium concentration ‑ actual serum potas-
sium concentration) x weight (kg) x0.2. The normal amount of 
fluid in the human body accounts for ~60% of the body weight, 
and the body fluid is distributed as intracellular and extracel-
lular fluids, which account for 40 and 20%, respectively. Most of 
the intracellular fluids are present in the skeletal muscle, while 
the extracellular fluids comprise plasma and interstitial fluid 
(5 and 15% of the body weight, respectively). Potassium ions 
are mainly distributed in three relatively independent regions: 
Intracellular fluid pool, blood circulation pool and tissue space 
pool. As the osmotic equilibrium of potassium between the 
blood circulation pool and the tissue space is adjusted rapidly, 
occurring within a few minutes, these areas are considered as 
one. In clinical practice, the ratio of the potassium concentration 
pre‑potassium injection vs. baseline was calculated from the 
serum potassium concentration and the body weight, assuming 
that the ECF accounts for 20% of the body weight. The amount 
of potassium deficiency in the ECF was thereby determined and 
subsequently corrected.

Real‑time monitoring and real‑time decision making were 
performed during the present study. With the micro‑injection 
pump and ECG monitor, and the extensive use of point‑of‑case 
testing, the infusion rate and concentration of the infused 
potassium solution was adjusted according to real‑time 
serum potassium concentration to pursue the ‘tailored rapid 
potassium supplementation’ strategy. In clinical practice, the 
amount of potassium supplement is calculated by the potas-
sium deficiency in the ECF, and due to the urinary excretion of 
a proportion of the potassium dose, it is actually still difficult 
to reach the set target (1,24,25). In the present study, it was not 
possible to measure or estimate the amount of intracellular and 
transcellular potassium shift directly, and in previous clinical 
studies, the effect on potassium excretion from the kidneys and 
the clinical manifestations and severity of hypokalemia were 
different, and the excretion and distribution of potassium may 
have been influenced by drugs. Therefore, after the calculated 
supplementary dose is given, the serum potassium concentra-
tion should be detected in the peripheral blood vessels in a 
different location from that of the potassium injection, and the 
dose should be accordingly adjusted until it reaches the target.

The three major factors that affect potassium supplementa-
tion are potassium intake, potassium excretion and transcellular 
potassium shift. Intravenous potassium supplementation is 
still the first choice to rescue patients with fatal hypokalemia. 
Usually, critical patients who cannot tolerate oral potassium 
and have poor cardiopulmonary function are encountered in 
the clinic, which restricts the quantity and speed of infusion. 
Therefore, these conventional methods are not able to elevate 
the serum potassium concentration to a safe level in a short time, 
but rather increase the heart capacity load. More importantly, 
due to the slow infusion according to current restrictions, it 

takes a long time to treat patients with fatal hypokalemia, and 
the potassium concentration may not be sufficiently increased 
within the time‑window during which rescue is possible. In the 
present experimental animal study, the duration of potassium 
supplementation in the tailored rapid treatment group (2.1±0.7 h) 
was significantly shorter than that in the conventional treatment 
group (4.7±1.4 h). The actual infusion rate (1.9±0.5 mmol/h) 
and the net infusion rate (1.4±0.4 mmol/h) of the potassium 
supplementation in the tailored rapid group were significantly 
higher than those in the conventional group (0.9±0.1 and 
0.6±0.1 mmol/h, respectively). This implies that the tailored 
rapid potassium supplementation is superior to the conventional 
method in restoring the serum potassium concentration.

The kidney is the major organ for potassium excretion and 
balance. The body's potassium intake and excretion are always 
balanced under normal conditions. The amount of potassium 
excreted by the kidneys fluctuates daily, with variations of 
>10‑fold (23); this is mainly determined by the amount of intake. 
When the intake is reduced, the urinary excretion of potassium 
decreases, and vice versa; however, even under the condition 
of severe potassium deficiency, the kidney still pursues the 
activity of potassium excretion (26‑28). In the present study, 
the renal function in the two groups of rabbits was normal. 
The urine potassium concentration (164.9±18.1 mmol/l) and 
the potassium excretion rate (0.5±0.1 mmol/h) in the tailored 
rapid group were higher than those in the conventional group 
(108.4±19.7  mmol/l, 0.3±0.1  mmol/h; P<0.05), which was 
associated with the higher dose of potassium supplement in the 
former group. This result is similar to those of Bundgaard and 
Kjeldsen (26) and Lin et al (27). However, in the present study, 
the total urine volume (6.4±1.8 ml) and the total renal potas-
sium excretion (1.0±0.3 mmol) in the tailored rapid treatment 
group were significantly lower than those in the conventional 
treatment group (13.6±4.7 ml, 1.5±0.5 mmol; P<0.05). Due to 
the shortened time of potassium supplementation in the tailored 
rapid group, the urine volume and the total amount of potassium 
excreted from the kidney were reduced; thus, the net amount of 
potassium in 5 min after rapid potassium supplementation was 
greatly improved, and therefore, this novel strategy improves the 
serum potassium concentration more effectively.

The transcellular potassium shift is another important factor 
that affects potassium supplementation. As numerous factors 
are involved in the shift, the potassium concentration in the ECF 
and the amount of potassium excretion from the kidney cannot 
completely reflect the total potassium loss; therefore, it is scien-
tifically inappropriate to calculate the required total amount 
of potassium only on the basis of the lack of potassium in the 
ECF. The present study also indicated that even after potassium 
supplementation according to the above, the serum potassium 
concentration did not reach the pre‑set target level, which is not 
only associated with the renal excretion of potassium, but also 
with the transcellular potassium shift. When the body lacks 
potassium, the transcellular potassium shift rate increases, and 
the speed and amplitude of serum potassium concentration 
increase are reduced; consequently, the potassium injection 
volume increases significantly, and the rate of potassium infu-
sion is probably underestimated (26). In the present study, the 
total amount of transcellular potassium shift (1.4±0.2 mmol) in 
the tailored rapid treatment group was significantly lower than 
that in the conventional treatment group (1.8±0.6 mmol), which 
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was due to the shortened time of potassium supplementation. 
The extracellular potassium concentration and the efficiency of 
potassium supplementation at the end of the experiment were 
also increased in the tailored rapid treatment group.

In the present study, complications and the risk of mortality 
were compared between rabbits with severe hypokalemia 
subjected to the two treatment strategies. It was observed that 
the tailored rapid treatment group (19.6±8.9 min) had a signifi-
cantly shorter duration of arrhythmia induced by hypokalemia 
than the conventional group (71.8±9.8 min) and an improved 
prognosis. At the end of the experiment, the survival rate in 
the tailored rapid treatment group was 100%, while that in the 
conventional treatment group was only 60% (P<0.05). Certain 
retrospective studies suggested that intravenous infusion of 
potassium chloride at high concentrations (1.5‑9%) with high 
speed (20 mmol/h) to correct mild to moderate hypokalemia 
is relatively safe and efficient, and no cases died of low 
potassium or hyperkalemia in the process of potassium supple-
mentation (10,17,28,29). Hamill et al (10) reported 48 cases 
of critical adult patients with potassium levels of <3.5 mmol/l 
who received potassium chloride infusions (20, 30 or 40 mmol 
in 100 ml normal saline over 1 h) for patients with serum 
potassium levels of <3.5 but >3.2 mmol/l, 3.0‑3.2 mmol/l, 
and <3.0 mmol/l, respectively. All hypokalemia patients with 
normal renal function were effectively treated to increase the 
serum potassium levels in a safe and dose‑dependent manner. 
In a study by He et al (18), 128 critical patients with hypoka-
lemia (serum potassium <3.5 mmol/l) were randomly divided 
into the therapy group and the control group, which were 
given 9 and 1.5% of potassium chloride solution, respectively, 
intravenously with the aid of a micropump, with an hourly 
equal quantity of KCl in the two groups. All patients toler-
ated the infusion without evidence of hemodynamic changes, 
hyperkalemia or acute heart dysfunction, and hypokalemia 
was efficiently treated. Kruse et al (29) observed the effects 
of potassium chloride infusion in 495 subjects at a medical 
intensive care unit with a mean pre‑infusion potassium level 
of 3.2 mmol/l. The infusion sets consisted of 1‑8 consecu-
tive individual infusions, each containing 1.5% potassium 
chloride solution at the infusion rate of 20 mmol/h. The mean 
post‑infusion potassium level in all patients was 3.9 mmol/l. 
No temporally associated life‑threatening arrhythmias were 
noted; however, there were 10  instances of mild hyperka-
lemia. Kruse  et  al  (30) examined the difference between 
the infusions through the central and the peripheral vein at 
the same speed with an average concentration of potassium 
chloride of 2.9 mmol/l in 40 patients with hypokalemia. In all 
subjects, the potassium concentration significantly increased 
in comparison with the baseline. The mean peak potassium 
concentration was 3.5 mmol/l. No complications, including 
arrhythmias or changes in cardiac conduction intervals, 
occurred (30). In order to observe whether this conventional 
treatment method is equally effective in the treatment of fatal 
severe hypokalemia, the present study was performed, and the 
dose and speed of injection used in the previous patient study 
were converted according to the animal weight. The present 
study used the same concentration range (3% KCl) and speed 
of intravenous infusion of potassium chloride (0.4 mmol/kg/h) 
in the conventional group as that recommended by previous 
studies (1.5‑9% at 20  mmol/h); however, the results are 

different from those of the previous clinical study. In the 
conventional group, the death of two rabbits occurred in the 
process of potassium supplementation, as the increase of serum 
potassium was too slow. In the present study, a lower level of 
serum potassium (<2.5 mmol/l) was used to define severe 
hypokalemia; however, the previous conventional method 
dealing with fatal severe hypokalemia remains insufficient. 
Similar results have been reported in certain case reports. 
In a study on 13 children with severe hypokalemia (serum 
potassium, 0.7‑1.5 mmol/l), Welfare et al (2) indicated that 
hypokalemia was not adjusted and 7 cases died of low serum 
potassium levels even though the dose and speed of potas-
sium supplement were enhanced by 30% of the conventional 
recommendation. Furthermore, the previous studies reported 
no deaths during potassium supplementation, and did not 
observe whether hypokalemia or hyperkalemia occurred after 
potassium supplementation (10,18,29,30). However, the present 
study observed not only the death of animals during potassium 
supplementation in the conventional treatment group, but also 
at 1 day after the end of treatment, which was due to a low 
serum concentration of potassium. Despite the experimental 
design of the present study, animal death in the conventional 
treatment group occurred in the 14‑day observation period, 
indicating that there was still a rebound of hypokalemia after 
conventional potassium supplementation. As the potassium 
balance in the intracellular and extracellular fluid after intra-
venous potassium supplementation requires to be maintained 
for 15 h or even longer (1), the kidney continues to excrete 
potassium. If potassium intake is insufficient, hypokalemia 
symptoms reoccur. The 2000 Guidelines for Cardiopulmonary 
Resuscitation and Emergency Cardiovascular Care recom-
mended that if cardiac arrest from hypokalemia is imminent 
(i.e., malignant ventricular arrhythmias), rapid empirical 
injection of potassium is required (9), which is supported by 
several successful clinical case reports (2,31). Welfare et al (2) 
reported that one case of an 8 month‑old patient with the 
severe hypokalemia (0.7 mmol/l) survived after he was given 
a 5 times faster than conventional (2 mmol/kg/h) intravenous 
potassium supplement and an extremely high dosage of potas-
sium (14.5 mmol/kg/day), without any sign of hyperkalemia 
during potassium supplementation (2). In cases of hypokalemia 
caused by aldosterone‑producing adenoma, which were treated 
with potassium infusion at a speed of 36 mmol/h for 2 h and 
for 5 consecutive days, hyperkalemia did not occur (31). The 
present experimental design is inspired by the inadequacy of 
the conventional treatment method and guidelines to improve 
the efficiency of rescuing fatal severe hypokalemia. The potas-
sium supplementation strategy was designed such that it would 
increase the concentration of serum potassium rapidly to a 
safe level (3.5 mmol/l) by intravenous bolus load of potassium 
solution, and reverse the fatal condition rapidly, and after that, 
to decrease the speed of continued supplementation to make 
up for the loss of extracellular potassium, so that the balance 
of potassium in the intracellular fluids and ECF is restored. 
The experimental results of the tailored rapid treatment group 
of the present study are consistent with these reports (2,31) and 
the previous hypothesis. In addition, in the present study, blood 
was repeatedly collected from the central ear artery of rabbits, 
and the volume of blood taken each time, the total number 
of bleeds and the total blood volume withdrawn during 
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several blood draws over a 14‑day period in the two groups 
were within the safety margins for rabbits, no shock occurred 
and no fluid replacement was required, and the design of the 
present study was suitable.

The safety of intravenous rapid infusion of potassium must 
be ensured, as it may be linked with a risk of hyperkalemia and 
associated fatal arrhythmia. In the present experimental study, 
no hyperkalemia occurred in any of the two groups subjected 
to different potassium supplementation strategies. However, 
the conventional potassium supplementation strategy was not 
safe for fatal hypokalemia. The animal experiments of the 
current study revealed that the mortality rate of the conven-
tional group was 40%, the cause of which is associated with 
low serum potassium levels and insufficient potassium infusion. 
Certain studies suggest that aberrations in the serum potas-
sium concentration cause fatal ventricular arrhythmia, which is 
mainly determined by the potassium levels at the heart, and also 
depends on the heart's tolerance to potassium, which is closely 
associated with the speed of potassium supplementation and the 
location of the infusion, but there is no significant association 
with the concentration of the potassium infusion (2,10,11). In 
the present study, potassium solution was injected into rabbits 
through the ear vein, which is located far from the heart; the 
step‑wise dilution by the circulating blood reduced the potas-
sium concentration that reached the heart. When potassium is 
rapidly infused, the kidney also rapidly drains it simultaneously; 
this phenomenon is termed ‘more intake, more discharge’. The 
potassium trans‑cellular shift, the non‑renal mechanism of the 
potassium balance, was also another important factor. To main-
tain the balance of potassium in intracellular fluids and ECF, the 
speed of transcellular potassium shift may increase rapidly after 
rapid potassium supplementation. During the process of the 
dynamic reduction of potassium in the circulation, the concen-
tration of the potassium solution was gradually reduced; thus, 
no hyperkalemia occurred. The present results indicated that 
the rapid injection of a high concentration of potassium solu-
tion may prevent hypokalemia‑associated mortality over a short 
time, while the low‑dose, slow infusion strategy is currently 
implemented to avoid hyperkalemia, as 40% of the animals in 
the conventional group died due to the slow speed of potassium 
supplementation. It may be indicated that the conventional 
potassium supplementation strategy overestimates the risk of 
injecting potassium rapidly, particularly for the treatment of 
fatal severe hypokalemia.

The treatment mode of potassium supplementation cannot be 
generalized; specific patients require treatment decision‑making 
based on specific circumstances. It is required to determine 
an appropriate balance between a low and a high potassium 
concentration, closely monitor ECG and serum potassium 
concentration, calculate the dose of potassium supplement and 
reasonably adjust the treatment; this may save affected patients 
from life‑threatening conditions in a timely manner and improve 
the success rate of the treatment. The tailored rapid potassium 
supplementation strategy was also confirmed to be effective and 
safe in the aforementioned experiment.

In conclusion, the present study demonstrated that the 
tailored rapid potassium supplementation strategy shortens the 
time to treat hypokalemia and is a safe and better treatment 
option to reverse life‑threatening arrhythmia caused by severe 
hypokalemia, with a high rescue success rate. Thus, the present 

study provided a novel concept on intravenous potassium 
supplementation, termed ‘the tailored rapid potassium supple-
mentation strategy’, which provides a more efficient, safer and 
more reasonable method for clinicians to treat patients with 
fatal severe hypokalemia.
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