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INTRODUCTION

Potassium is the most abundant intracellular ion in the 
body and its levels play a crucial role in normal ho-

meostasis. The vast majority of total body potassium exists 
within the intracellular fluid compartment and only about 
2% of it exists in the extracellular fluid (Giebisch, 1998; 
Bove, 2010).  Almost 80% of cellular K is stored in mus-
cle, red blood cells, liver and bones (Giebisch, 1998). Im-
pairment of potassium homeostasis is common and can be 
iatrogenic, for example, caused by the use of diuretic drugs 
or due to diseases, e.g., chronic kidney disease (CKD), my

ocardial infarction, etc. (Ong, 2008; Nilsson et al., 2017).

Potassium ion is substantial for functionality of muscle and 
nerve cells like homeostasis of cell volume, resting mem-
brane potential’s maintenance and transmission of action 
potentials. In cardiac and skeletal myocytes; hyperkalemia 
decreasing cell excitability through depolarization of the 
membrane (Kemel et al., 1996, DiBartola and de Morais, 
2012; Sahni et al., 2013) Also it can give rise to abnormities 
in cardiac conduction as a sequel of its ability to change the 
cardiac action potential (Viera and Wouk, 2015). 
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Chronic kidney disease, crush injuries and some medi-
cation were considered the main causes of hyperkalemia. 
However the mild hyperkalemia can often be asympto-
matic, the severe hyperkalemia can be a life-threatening 
condition and evidenced by cardiac arrhythmias, mus-
cle weakness or muscle paralysis and death so it requires 
emergency treatment. Electrocardiography is the first test 
that should be performed in a patient with suspected hy-
perkalemia to early discover its lethal complication like 
cardiac arrhythmias (Bayes-Genis, et al., 2018; Williams 
and Killeen, 2019; Marti et al., 2019; Arnold et al., 2019; 
Simon et al., 2020). 

Hypokalemia as a common electrolyte disturbance has 
the potential to increase the risk of arrhythmia. In gener-
al, hypokalemia is defined as a serum potassium level less 
than 3.5 mmol/L, whereas the potassium level became less 
than 3.0 mmol/L called moderate hypokalemia and when 
became less than 2.5 mmol/L called severe hypokalemia 
(Schulman and Narins, 1990; Habbab and EL-sherif, 
1992; Gennari, 1998; Martinez-Vea et al., 1999; Pezhou-
man et al., 2015). Hypokalemia results mainly from re-
nal losses, low potassium intake and trans-cellular shifts 
(El-Sherif and Turitto, 2011). Potassium level in blood de-
creases in some case like diarrhea, persistent vomiting and 
use of medications like diuretics and steroids. Potassium 
imbalance can lead to strenuous clinical effects particularly 
on the cardiovascular and neuromuscular systems (Phillips 
and Polzin, 1998). Hypokalemia is one of the common 
electrolyte disturbances as a side effect of diuretics (Wasfi 
et al., 2017). 

As a non-invasive, readily available and cost effective way, 
electrocardiographics (ECGs) often used by veterinarians 
to evaluate the dog or cat’s cardiovascular stability prelimi-
nary. The ECG waves are created as cardiac cell action po-
tentials depolarize or repolarize specific areas of the heart 
(Tag and day, 2008). The current study was carried out 
to clarify and compare the influence of induced - hyper-
kalemia and -hypokalemia on the heart conduction sys-
tems of dogs using ECG.

MATERIAL AND METHODS

Animals
This study was carried out on 18 adult healthy mongrel 
dogs (average BW: 17.5±2.5 Kg). All dogs were clinically 
healthy with no evidence of heart diseases by all means 
of physical and clinical examination. Three weeks prior to 
the experiment, dogs were individually housed separately 
in kennel units. These animals were regularly immunized. 
Dogs under experimentation were allocated into 3-groups 
(n=6 each); 1) animals in group-1 were infused with 2-ml 
of potassium chloride (KCL) solution with 0.1 mmol/L 

KCL per kg body weight (BW) (1000 mmol/L)/hour, 2) 
animals in group-2 were infused with 2-ml of KCL solu-
tion with 0.3 mmol/L KCL per kg BW (3000 mmol/L)/
hour, and 3) animals in group-3 was treated with furo-
semide (40 mg IV/daily) for 14 days. The serum samples 
and ECG examination were taken at a regular time inter-
vals (every 30 minute) for a time of 3 hours duration: i.e., 
Time-0 (T0, control), T1=30 minutes, T2= 60 minutes, 
T3= 90 min, T4 =120 minutes, T5 = 150 minutes, and T6 
=180 minutes during and following KCL infusion. ECG 
was performed twice daily.  In each group, the mean of the 
readouts obtained at these different time points was shown 
for each parameter. The whole duration of the experiment 
was 14 days. 

Electrocardiographic examination
ECGs were conducted while animals in a right lateral 
recumbence position. The examinations were carried out 
using a single-channel ECG recorder (Cardioline, Delta1 
plus). The ECG was set with a speed of 50 mm per second 
and with a sensitivity 10 mm = 1 mV. Following the crite-
ria set by Tilley (1992), the evaluation was done using lead 
II, but when it was necessary the aid of lead II and III was 
indicated.

Biochemical analysis
Serum potassium level was determined using a flame pho-
tometer in accordance with the protocol set previously 
elsewhere (Bhattacharya et al., 1978).

Statistical analysis
One-way analysis of variance (ANOVA) test was used to 
value the influence of the effect of serum K changes on 
different echocardiographic parameters, followed by Tuk-
ey’s Honestly Significant Difference (Tukey’s HSD) test as 
post hoc test. All means were compared against the con-
trol group (0 time) using Dunnett’s test. The analysis was 
performed using Stata 16 software (StataCorp. 2019. Stata 
Statistical Software: Release 16. College Station, TX: Stata 
Corp LLC). Results are reported in mean ± SEM (Stand-
ard Error of Mean). The used value of P was less than 0.05 
to indicate statistical significance.

RESULTS

Hyperkalemic groups
As shown in table-1, the mean of basal serum K level was 
5.03±0.1 mmol/L. The serum K in the dogs of the first 
group remained constant (5.01±0.1mmol/L) without any 
observable ECG changes. However, in dogs of the second 
group, serum K level was significantly increased (5.01±0.1 
mmol/L, p<0.0001) compared with the control measure-
ments. Additionally, we found that the raised K level led to 
ECG changes that appeared after 1 hour of K infusion. As 
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Table 1:  Comparison between serum potassium and electrocardiographic measurements in both hypokalemic and 
hyperkalemic dogs.
Variables Control# Hypokalemia Hyperkalemia

(0.1mmol/l)
Hyperkalemia
(0.3mmol/l)

P-value

Serum K (mmol/L) 5.03±0.1 4.17±0.15* 5.01±0.1NS 5.75±0.2** <0.0001
P wave duration (s) 0.03±0.001 0.03±0.001NS 0.04±0.01NS 0.02±0.001NS 0.315
P wave Amplitude (mV) 0.18±0.03 0.20±0.01** 0.16±0.09NS 0.08±0.01** <0.0001
PR duration (s) 0.14±0.02 0.13±0.02 NS 0.15±0.06 NS 0.13±0.01 NS 0.668
QRS duration (s) 0.07±0.002 0.05±0.003* 0.05± 0.01* 0.05±0.002 * 0.027
R wave Amplitude (mV) 1.35±0.09 1.59±0.06** 1.32±0.08 NS 1.49±0.01** 0.008
T wave duration (s) 0.04±0.001 0.03±0.001 NS 0.03±0.001 NS 0.03±0.001 NS 0.983
T wave amplitude (mV) 0.24±0.02 0.07±0.01** 0.21±0.05 NS 0.31±0.03 ** <0.0001
QT Interval (s) 0.43±0.01 0.24±0.07 ** 0.41±0.02 NS 0.25±0.03** 0.031
RR interval (s) 0.88±0.11 0.75±0.04 ** 0.85±0.10 NS 0.76±0.03** 0.001

# mean of all groups prior to hypo and hyperkalemic treatments.
All means were compared against the control group using Dunnett’s test. *, **, NS: indicated p< 0.05, 0.01 and non-significant, 
respectively. 
mV: millivolt, s: second

shown in Figure 1, some variables were increased includ-
ing T-amplitude (p<0.0001) with decreasing P-wave am-
plitude (p<0.0001), and prolonged RR-interval (p<0.001). 
These changes were increased progressively through out 
the experiment. Also QT-interval was found increased 
after 2.5 hour of K infusion (p<0.03). There were no dif-
ferences observed in T-duration, P-duration PR-duration 
between the first and second group.

Figure 1: Electrocardiographic changes in case of 
hyperkalemia: Black arrows show decrease amplitude 
of P-waves (flat p-wave). Blue arrow shows tall peaked 
T-wave.

Hypokalemic group
As shown in Table-1, the mean of K level in the treated 

animals with furosemide started to be decreased after the 
fourth day of treatment (4.17±0.15mmol/L). As illustrated 
in Figures 2 and 3, ECG results showed that at 1st day 
ECG evaluation were normal in all animals. ECG trac-
ing started to show features of hypokalemia on 3th day in 
some animals and at 4th day in other animals. The features 
of hypokalemia like bifid (notched) and flattened T-waves 
and prominent U-waves were showed in the ECG at 6th 
day. At 7-14th day, some ECG tracing showed flattening 
of T-waves and others showed appearance of prominent 
U-waves. Inverted T-wave appeared in some ECG traces 
at 10th day of treatment. 

Figure 2: Electrocardiographic changes in case of 
hypokalemia: black arrows show bifid or notched T-waves, 
red arrows show appearance of prominent U-waves.
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Figure 3: Electrocardiographic changes in case of 
hypokalemia: black arrows show peaked tall P-waves 
(increased amplitude), blue arrows show inversion of 
T-waves which appeared in some traces at 10th day of 
treatment.

DISCUSSION

An ECG as a diagnostic tool was not always a reliable 
indicator for the severity of hyperkalemia because hy-
perkalemia may occur without significant ECG changes 
(Martinez-Vea et al., 1999). Also, metabolic alterations like 
hypernatremia, alkalosis, or hypercalcemia can antagonize 
the trans-membrane effects of hyperkalemia and can result 
in the blunting of the ECG changes associated with ele-
vated levels of potassium (Webster et al., 2002). 

Our result showed several characteristic ECG abnormal-
ities that were often progressive. Additionally, these data 
showed increase the amplitude of T-wave (peaked T-waves 
at serum potassium level (5.89 mmol/L) till the end point 
serum potassium (7.01 mmol/L) (Ronny et al., 2012). 

In heart cells, hyperkalemia can result in an increase in 
potassium conductance. Whereas the potassium current 
is responsible for repolarization, the 1st manifestation of 
hyperkalemia is a rapid repolarization reflected on the 
electrocardiography as sharp peaked T waves. An increase 
in potassium conductance also makes the resting mem-
brane potential more negative to a level at which sodium 
channels start getting inactivated (Mirvis and Goldberger, 
2001). Also hyperkalemia can induce an atrioventricular 
nodal block (Ohmae and Rabkin, 1981) which reflected 
as a prolonged PR interval as well as a ventricular rhythm 
with wide QRS complexes (Mirvis and Goldberger, 2001). 
The decreases in P-wave amplitude (which may reach to be 
not detectable) may resulted from an ‘electrical paralysis’ of 

the atria (Spodick, 2008).

Whereas serum K levels increase to more than 6.5 mEq 
per L, the rate of phase 0 of the action potential decreases 
which lead into a longer action potential and in turn into 
a widened QRS complex and prolonged PR interval. On 
ECG this reflected as delayed intraventricular and atrio-
ventricular conduction (Dananberg, 1999). In this study, 
QRs increased from 0.04 to 0.06 sec at serum K+ level 
(5.5mmol/L).

Actually, the level of serum K is genial for the regulation 
of depolarization and repolarization of the myocardium, so 
hypokalemia can alter the cardiac action potential and re-
sult in abnormities of cardiac conduction (Viera and Wouk, 
2015). In the current trial, we have built a relationship be-
tween plasma potassium levels and the ECG changes in 
dogs. In this experiment, we induced hypokalemia with a 
high dose of furosemide, a potent diuretic. In the present 
study, the ECG showed modulation in T-waves represent-
ed as inverted T-waves, notched or bifid T-waves followed 
by U-waves development, these changes appeared progres-
sively concurrently with decreased potassium levels. Simi-
lar results were recorded by (Ali, 2014). 

Additionally, Our finding were consistent with El-Sher-
if and Turitto, (2011) who stated that the electrocardio-
graphic changes of hypokalemia resulting from its effects 
on repolarization including the decrease in amplitude 
and broadening of T-waves, ST segment depression, and 
prominent U-waves; moreover T- and U-wave fusion 
which was prominent in severe hypokalemia. Diercks et 
al. (2004) expressed that many different mechanisms could 
contribute to the dynamic morphology of T-waves related 
to hypokalemia. 

The development of U-wave is a common change in the 
ECG of hypokalemic patients. U-wave is defined as a pos-
itive deflection after the T-wave and it is often best noticed 
in the mid-precordial leads. During the condition of ex-
treme hypokalemia, giant U-waves may often merge and 
so on smaller preceding T-waves are covered (Yan et al., 
2003). Hypokalemia also can increase the diastolic depo-
larization of Purkinje fibers, thereby increasing automatic-
ity and underlying the basis of U-waves (El-Sherif  and 
Turitto, 2011) .

Tall P-waves, ST-segment depression, prominent J-waves, 
a prolonged QT-interval, ventricular tachycardia, prema-
ture ventricular contraction as well as torsade de pointes 
can also be noticed in hypokalemic patients (Khan et al., 
2007; Chang et al., 2014; Kishimoto et al., 2014; Kumar 
et al., 2017).

The mechanism of furosemide-induced diuresis is not 
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completely understood; inhibition of renal Na-K ATPase 
(Bourgoigniej et al., 1969) and adenylyl cyclase has been 
implicated (Ebel, 1974). The ascending loop of Henle and 
the most distal diluting segments located in the renal cor-
tex were identified to be the important site of action. The 
filtrate presented to the Na-K ion exchange site in the dis-
tal tubule is increased in volume and total sodium content 
with a consequent acceleration in the rate of ion exchange 
and a marked kaliuresis (Velázquez et al., 1987).

CONCLUSION

The decreased P-wave amplitude and prolonged PR-in-
terval were the common changes in ECG in hyperkalemia, 
whereas, the progression of U-wave was a common change 
in the ECG of hypokalemia in dogs.
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