
Volume 7 | Issue 1 | 1 of 9Cardiol Vasc Res, 2023

Cardiac Rhythm Implications of Extracellular Magnesium

Research Article

Prairie Educational and Research Cooperative, Department of 
Pharmacology, Southern Illinois School of Medicine Springfield, 
IL USA.

Katholi Richard E* and Ervin Marcella R

Cardiology & Vascular Research
ISSN 2639-8486Research Article

Citation: Katholi Richard E, Ervin Marcella R. Cardiac Rhythm Implications of Extracellular Magnesium. Cardiol Vasc Res. 2023; 
7(1): 1-9.

ABSTRACT
Although magnesium is mainly an intracellular cation, magnesium in the extracellular space is an important 
mechanism by which this cation exerts its effects on the electrical system of the heart. This is an important concept 
for two reasons: 1) a serum magnesium level reflects extracellular magnesium and is a sensitive indicator to 
determine whether magnesium is affecting cardiac rhythms, and 2) because rapid changes in serum magnesium 
may occur in clinical situations independent of total body magnesium resulting in important arrhythmias. 
Hypomagnesemia depolarizes heart cells resulting in both supraventricular and ventricular tachyarrhythmias. 
Keeping serum magnesium levels greater than 2 milliequivalents per liter is recommended. In contrast, 
hypermagnesemia hyperpolarizes heart cells suppressing atrial and ventricular arrhythmias. 
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Foreword
A challenge when reviewing the literature on extracellular 
magnesium and cardiac rhythms is that serum magnesium can 
be reported as millimoles per liter (mmol/L), milliequivalents 
per liter (mEq/L) or milligrams per deciliter (mg/dL). When 
comparing articles and determining clinically significant levels, 
we chose to standardize by converting to mEq/L. For readers 
who are used to other reported measurements, mg/dL multiplied 
by 0.411 converts serum magnesium to mmol/L; mmol/L divided 
by 0.5 converts serum magnesium to mEq/L; mmol/L multiplied 
by 2.43 converts serum magnesium to mg/dL. When reporting 
therapy with intravenous magnesium sulfate (MgSO4), we thought 
it helpful to give both grams of MgSO4 and milliequivalents of 
elemental magnesium (1 gram MgSO4 equals 98.6 mg of elemental 
magnesium equals 8.12 mEq of elemental magnesium equals 4.06 
mmol of elemental magnesium).

Introduction
Magnesium is the most common mineral deficiency affecting about 
one-half of the United States population [1]. Magnesium is mainly 

an intracellular cation; extracellular magnesium represents only 
1% of total body magnesium and is primarily found in serum and 
red blood cells. Only 0.3% of the magnesium in the body is found 
in the blood serum. Serum magnesium levels do not correlate 
well with total body stores [1,2]. However, magnesium in the 
extracellular space is an important mechanism by which this cation 
exerts its effects on the electrical system of the heart [3-5]. This 
is an important concept for two reasons: 1) a serum magnesium 
level reflects extracellular magnesium and is a sensitive indicator 
to determine whether magnesium is affecting cardiac rhythms, 
and 2) because rapid changes in serum magnesium may occur in 
clinical situations independent of total body magnesium resulting 
in important arrhythmias. The objective of this article is to review 
the mechanisms by which hypomagnesemia and hypermagnesemia 
influence cardiac rhythms in adult patients and focus on specific 
clinical indications for urgent intravenous MgSO4 replacement.

Effects of hypomagnesemia on the electrical system of the heart
There are two distinctly different populations of cells within 
the cardiac conduction system. There are the pacemaker cells 
of the sinus node which generate impulses (similar cells are 
found in the atrioventricular node) and Purkinje cells, which are 
abundant in the false tendons of the left ventricle and normally 
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do not initiate impulses but conduct propagated impulses rapidly. 
Using microelectrodes, selective cardiac tissues (canine sinus 
node and false tendon) were isolated (thus, no nerve influences) 
and studied in an environment in which the perfusate magnesium 
concentration could be precisely controlled [3]. Rapid changes in 
extracellular magnesium concentration could be made easily, and 
the direct effects of either an increase or decrease in magnesium 
could be examined for each cell type. Removal of magnesium 
from the perfusate into the sinus node led to an increase of 36% in 
sinus rate. The sinus rate was reversed by tetrodotoxin suggesting 
that hypomagnesemia results in rapid sodium channel inward 
current as the cause of increased rate. False tendon cells responded 
to magnesium-free solution with depolarization followed by 
spontaneous activity [3,4]. Both sinus node and false tendon cells 
returned to normal resting transmembrane potential by restoring 
magnesium to the perfusing solution. These results indicate that 
extracellular magnesium has a direct effect on the transmembrane 
electrical processes. If one could extrapolate from these results, one 
would expect hypomagnesemia which facilitates depolarization 
would result in the development of sinus tachycardia as well as 
atrial and ventricular tachyarrhythmias.

Effects of hypermagnesemia on the electrical system of the 
heart
Using microelectrodes, canine sinus nodes and false tendons have 
also been used to study the electrical response to hypermagnesemia 
[3,5]. Doubling magnesium concentration slowed sinus rate by 19%. 
Sinus rate returned to control as soon as magnesium concentration 
was returned to normal. Elevation of magnesium to 4.0 mEq/L had 
no significant effect on false tendon cells. However, elevation of 
magnesium to 8.0 mEq/L caused hyperpolarization of the resting 
transmembrane potential. All effects of elevated magnesium on 
sinus node and false tendons subsided when returning to normal 
at 2.0 mEq/L magnesium concentration. If one could extrapolate 
from these results, one would expect hypermagnesemia, which 
facilitates hyperpolarization to promote sinus bradycardia and 
attenuate atrial and ventricular automatic activity, thus stabilizing 
electrical activity of the heart.

Effects of hypokalemia and hyperkalemia on the electrical 
system of the heart
Serum magnesium is held at a relatively fixed level in intact 
biologic systems, but it is well known that hypomagnesemia is 
considered arrhythmogenic, especially when associated with 
hypokalemia or digitalis toxicity. While hospital laboratories 
report "normal" serum magnesium range as 1.5-2.2 mEq/L, 
microelectrode measurements demonstrate that cardiac cells begin 
depolarizing when serum magnesium is lower than 2.0 mEq/L [3]. 
While hospital laboratories report "normal" serum potassium range 
as 3.5-5.0 mEq/L, microelectrode measurements demonstrate 
that cardiac cells begin depolarizing when serum potassium 
decreases below 4.0 mEq/L, and also cardiac cell depolarization 
occurs when serum potassium increases above 5.0 mEq/L [5]. 
Thus, hypokalemia and hyperkalemia cause electrophysiological 
changes in the myocardial cell that may increase atrial and 
ventricular spontaneous activity. 

Attenuation by hypermagnesemia of the electrophysiological 
effects of hyperkalemia on human and canine heart cells
Because hypermagnesemia has been shown to promote maintenance 
of a negative resting potential, it might oppose the depolarizing 
effects of hyperkalemia on cardiac cells. To test this hypothesis, 
electrocardiographic changes that occur during hyperkalemia were 
studied in 11 patients, 4 of whom also had hypermagnesemia [5]. 
Microelectrode studies were also carried out in atrial and ventricular 
cells isolated from 11 canine hearts using similar extracellular 
concentrations of magnesium and potassium to elucidate further 
the relative effects of the cations. Electrocardiographic changes 
in 7 patients during an episode of hyperkalemia (range 7.2-8.8 
mEq/L, mean 7.9 ± 0.6 mEq/L with mean serum magnesium 1.8 
± 0.2 mEq/L) was associated with a significant reduction in P 
wave amplitude and marked prolongation of the QRS complex. 
However, normal P waves and normal QRS durations were found 
in 4 patients with both hyperkalemia (range 6.9-7.6, mean 7.3 
± 0.2 mEq/L) and hypermagnesemia (range 3.3-6.8, mean 4.8 
± 0.2 mEq/L). Similarly, in isolated atrial and ventricular cells, 
hyperkalemia with normal magnesium induced depolarization; 
hyperkalemia induced less depolarization in the setting of elevated 
levels of magnesium. These combined observations support the 
concept that elevated extracellular magnesium attenuates the 
electrophysiological effects of hyperkalemia on the heart.

Torsades de pointes: indication for magnesium therapy
Torsades de pointes (turning of the points) is an uncommon 
and distinctive form of polymorphic ventricular tachycardia 
that occurs in the setting of an abnormally long QT interval [6]. 
While the most common cause is treatment with QT-prolonging 
medications, torsades de pointes can also occur in the congenital 
long QT syndromes and in the setting of acquired heart block or 
severe electrolyte disturbances, notably hypokalemia [7]. Of note, the 
first published episode of torsades de pointes was probably in 1935, 
in association with hypomagnesemia [8]. Intravenous MgSO4 has 
proven to be extremely effective in terminating this serious rhythm 
disturbance and is now regarded as the treatment of choice.

With an increasing awareness of the phenomenon of drug-induced 
torsades de pointes came recognition of some factors that appear 
to confer increased risk for the arrhythmia [6]. It is recognized 
that QT intervals are longer in women than in men although the 
mechanism is not well understood. Of note, in some series of 
torsades de pointes, there is a two-threefold higher incidence of the 
arrhythmia among women. This includes not only drug-induced 
cases but also extends to the congenital long QT syndrome, in 
which syncope is more common among women who carry long 
QT mutations than among men who carry mutations. In most 
series, hypokalemia and hypomagnesemia are common among 
patients who develop drug-induced torsades de pointes. It is not 
well-established whether the type of underlying heart disease 
affects the incidence of torsades de pointes, although there is some 
suspicion that left ventricular hypertrophy or congestive heart 
failure may increase the risk. The most important principle in the 
treatment of torsades de pointes is to recognize the arrhythmia. 
All QT-prolonging drugs should be withdrawn, and hypokalemia 
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should be corrected. In vitro studies suggest that potassium will 
not only shorten the QT interval but may also decrease the potency 
of QT-prolonging drugs. Thus, serum potassium should be kept in 
the high normal range. Intravenous administration of 1 to 2 grams 
of MgSO4 over 1 to 2 minutes appears to prevent recurrence of 
torsades de pointes in most patients. It is interesting that while 
magnesium prevents episodes of torsades de pointes (limits 
triggered activity), it does not shorten the QT interval.

The combination of quinidine therapy, bradycardia and 
hypokalemia is known to predispose to torsades de pointes. Clinical 
reports have shown suppression of quinidine-induced torsades de 
pointes with intravenous administration of MgSO4. To further 
understand these observations, isolated Purkinje fiber preparations 
were studied using standard microelectrode techniques [9]. 
Preparations were exposed to low concentrations of quinidine and 
superperfused with Tyrode's solution containing normal potassium 
of 4.0 mEq/L and MgSO4 1.0 mEq/L with a pH of 7.4. Triggered 
activity appeared within 10 minutes after potassium was decreased 
to the 2.5-3.2 mEq/L range and was abolished when normal 
potassium concentration was restored. When magnesium was 
increased to 2.0 mEq/L, it abolished runs of spontaneous activity. 
In preparations in which lower concentrations of potassium 
(2.7-3.2 mEq/L) were used to elicit spontaneous beating, higher 
concentrations of MgSO4 in the 3.0-6.0 mEq/L range were needed 
to attenuate this spontaneous activity. High levels of magnesium 
greater than 6.0 mEq/L completely suppressed triggered activity 
in all preparations. These data show a similarity between the 
conditions that predispose to torsades de pointes in the clinic and 
the conditions under which quinidine may induce spontaneous 
beating in isolated Purkinje fibers. These observations of the 
effect of magnesium to suppress triggered activities are consistent 
with the thought that extracellular magnesium ions produce a 
membrane-stabilizing effect. The immediate resolution of torsades 
de pointes when intravenous MgSO4 is given also is consistent 
with an extracellular magnesium-stabilizing mechanism.

In summary, MgSO4 1-2 grams intravenously given over 1-2 
minutes is recommended in suspected cases of torsades de 
pointes. The rapid infusion of magnesium for the treatment of 
torsades de pointes is not intended to correct a deficient state 
but rather is considered a pharmacologic intervention and an 
antiarrhythmic effect, which occurs without regard to the initial 
serum magnesium level [6]. Intravenous MgSO4 also should 
be administered for polymorphic ventricular tachycardia with 
suspected hypomagnesemia [10]. However, it is not recommended 
as a routine strategy for cardiac arrest.

Effect of High Doses of Magnesium on Making Ibutilide a 
Safer and More Effective Agent
The most serious complication of ibutilide administration is 
torsades de pointes due to QT prolongation, which would preclude 
its use in a non-monitored environment. Animal data strongly 
suggest that the risk of torsades de pointes during administration 
of an intravenous QT-prolonging drug may be increased by 
increasing the rate of infusion [11,12]. Thus, clinicians using 

ibutilide should not administer the drug any more rapidly than 
the 1 mg intravenously over 10 minutes recommended by the 
manufacturer. Torsades de pointes occurs in approximately 
4% of patients receiving ibutilide. MgSO4 (1-4 grams IV) has 
been successfully used for the treatment of torsades de pointes. 
Prophylactic administration of intravenous MgSO4 appears to 
prevent the increases in QT and QTc interval after the last infusion 
of ibutilide and to protect against the development of torsades 
de pointes. Ibutilide is a class III antiarrhythmic agent indicated 
for cardioversion of atrial fibrillation and atrial flutter to sinus 
rhythm. While magnesium has been successfully used for the 
treatment of torsades de pointes, its use as a prophylactic agent 
for this arrhythmia has not been fully established. Investigators 
have examined whether high doses of magnesium would increase 
the safety and efficacy of ibutilide administration in patients with 
recent onset (previous 48 hours) atrial fibrillation or atrial flutter 
who were candidates for conversion to sinus rhythm [13]. Group 
A consisted of 229 patients who received ibutilide to convert atrial 
fibrillation or atrial flutter to sinus rhythm. Group B consisted of 
247 patients who received an intravenous infusion of 5 grams of 
MgSO4 (40.6 mEq of elemental magnesium) for 1 hour followed 
by the administration of ibutilide. Then, another 5 grams of MgSO4 
were infused for 2 additional hours. No differences were seen in 
age, gender or other characteristics between the patients who 
received only ibutilide than those who also received intravenous 
MgSO4. High doses of intravenous MgSO4 (10 grams over 3 
hours) caused transient flushing, tingling and dizziness in 14% of 
patients but overall was well tolerated. As shown in Table 1, the 
administration of high doses of MgSO4 significantly increased the 
conversion efficacy of ibutilide and appears to make ibutilide a 
much safer agent with significantly less ventricular arrhythmias 
and no torsades de pointes. Thus, magnesium supplementation, 
although not yet established from double-blind controlled trials, 
might convert ibutilide to a much safer agent and could be used as a 
routine co-therapy in patients receiving ibutilide for cardioversion 
of recent onset atrial fibrillation or atrial flutter. This study likely 
reflects the stabilizing effect of extracellular hypermagnesemia on 
the conduction system of the heart.

Table 1: Effect of High Doses of Magnesium Making Ibutilide a Safer 
and More Effective Agent for Cardioversion of Recent Onset Atrial 
Fibrillation or Atrial Flutter to Sinus Rhythm.

Group A (n=229) Group B (n=247) *
Converted to sinus rhythm 67% 77%Ϯ

Ventricular arrhythmias 7.4% 1.2%Ϯ

Torsades de pointes 3.5% 0%Ϯ

*High doses of intravenous magnesium sulfate caused transient flushing, tingling 
and dizziness in 14% of patients; ϮP ≤ 0.05
Patsilinakos et al. Am J Cardiol. 2010; 106:673-676

Differential Effects of Intravenous Magnesium on Atrioventricular 
Node Conduction in Supraventricular Tachycardia 
Further insight into the effects of extracellular magnesium on 
the electrical system of the heart can be gained by a study of 23 
patients exploring the electrophysiological effects of intravenous 
MgSO4 on supraventricular tachycardia with particular reference 
to atrioventricular (AV) node pathways [14]. Measurements were 
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made before and after administering 2.47 grams of MgSO4 (20 
mEq of elemental magnesium) intravenously over 1 minute. 
Serum magnesium rose from 1.76 mEq/L to 3.58 mEq/L. At this 
level, extracellular magnesium prolonged the AH (Atrio-His) 
interval during tachycardia and thereby increased tachycardia 
cycle length to a greater extent in patients with evidence of dual 
AV node physiology, and the dominant effect of magnesium was 
on the antegrade slow pathway conduction. It is not surprising, 
given the different conduction refractory characteristics of fast 
and slow AV node pathways, that they may be affected differently 
by pharmacologic interventions like increasing extracellular 
magnesium. It has been suggested that the different conduction 
refractory characteristics of fast and slow AV nodal pathways may 
be a result of differing populations of membrane channels at each 
site. L-type calcium channels are known to be essential for AV 
conduction, and increases in magnesium concentration have been 
reported to decrease peak L-type calcium current. This is likely to 
be a result of decreased channel availability via gaiting kinetics 
although direct block of open channels by magnesium may play 
an additional role. This study also demonstrates extracellular 
magnesium membrane stabilizing effects at safe concentrations 
which are the same concentrations used in microelectrode studies 
using isolated Purkinje fibers.

Information about serum (extracellular) magnesium and 
implications of acute changes independent of total body 
magnesium
In healthy subjects with stable renal function and eating their 
usual diet, serum magnesium remains stable with minor biological 
variations. However, serum magnesium has been found to 
increase with maximal treadmill exercise testing [15]. In 15 
sedentary, healthy men (mean age 29 years), serum magnesium 
levels increased significantly (1.7 mEq/L to 1.8 mEq/L; p < 
0.01) at peak exercise whether the patients were on selective 
beta-blocker atenolol, nonselective beta-blocker propranolol 
or placebo. There was no difference among groups in baseline 
recovery for magnesium (mean 28 minutes, range 24-30 minutes). 
In conclusion, serum magnesium levels increase significantly with 
maximal exercise and are unaffected by atenolol or propranolol 
beta-blockade. In this study, the increase in serum magnesium with 
exercise may reflect a "protective role” with regard to arrhythmias 
that may be provoked by exercise.

Hypomagnesemia
Acute stressor states are linked to neurohumoral activation 
that includes increased sympathetic nervous system activity. 
Elevations in circulating epinephrine and norepinephrine unmask 
an interdependency that exists between potassium and magnesium 
based on their regulation of a large number of magnesium-
dependent Na+/K+-ATPase pumps present in skeletal muscle. 
The hyperadrenergic state accounts for a sudden translocation of 
cations into skeletal muscle with rapid appearance of hypokalemia 
and hypomagnesemia [16]. The resultant hypokalemia and 
hypomagnesemia cause a delay in myocardial repolarization and 
electrocardiographic QTc prolongation increasing the propensity 
for supraventricular and ventricular arrhythmias. 

Magnesium is the second most prevalent intracellular cation in 
the human body. The normal adult body contains about 25 grams 
of magnesium divided almost equally between the skeletal and 
soft tissue cells [1,2]. Less than 1% of the body's magnesium is 
extracellular and found in the blood. Magnesium concentration in 
plasma is 1.5-2.2 mEq/L with about two-thirds as free cation and 
one-third bound to plasma proteins. About one-third of intracellular 
skeletal magnesium is on the surface of the bone and thought to 
serve as a reservoir to maintain the extracellular magnesium in the 
blood. When an acute decrease in serum magnesium occurs (Table 
2), mobilization of magnesium cation from intracellular pool in 
bone to extracellular space is fairly rapid in children but not in 
adults and is slower than mobilization of calcium. When acute 
hypomagnesemia occurs, adult patients often have no symptoms, 
and there are no ECG abnormalities [17]. A sudden change in 
cardiac rhythm may be the only indicator of acute hypomagnesemia. 
For example, a patient undergoes an extensive operation, and 48 
hours later cardiology consult is requested for onset of frequent 
premature ventricular contractions. Hypomagnesemia is found, 
and intravenous MgSO4 stabilizes the rhythm.

Magnesium's physiological role is primarily related to enzyme 
activity with over 300 enzyme systems dependent on its presence 
as a coenzyme [1]. However, extracellular magnesium also has 
an important role responding to and stabilizing tissue injury 
(plugging micropores and binding to injured membranes). The 
larger the tissue injury, the greater acute depletion of extracellular 
magnesium. As listed in Table 2, examples of tissue injury include 
acute myocardial infarction, extensive surgery and burns. Eighty 
percent of serum magnesium is filtered at the glomerulus, 15-
20% is reabsorbed in the proximal tubule, 65-70% is reabsorbed 
in the thick ascending limb of the loop of Henle, and 5-10% is 
reabsorbed in the distal tubule. When serum blood sugar is greater 
than 250 mg/dL, glycosuria occurs, and glycosuria inhibits the 
normal reabsorption of magnesium from the tubule resulting 
in renal loss of magnesium. Another example of renal loss of 
magnesium may occur during the recovering phase of acute tubular 
necrosis where tubular reabsorption of the filtered magnesium is 
ineffective. Hypomagnesemia due to lactation causing ventricular 
tachyarrhythmias has also been reported [18].

Table 2: Causes of Acute Extracellular Hypomagnesemia.
�� Tissue injury (myocardial infarction, major surgery, burns)
�� Diuretics
�� Necrotizing acute pancreatitis
�� Severe diarrhea or bowel preps
�� Prolonged N-G suction
�� Volume replacement with fluids not containing magnesium
�� Uncontrolled diabetes mellitus
�� Recovering phase of acute tubular necrosis

The FDA has warned that hypomagnesemia has occurred rarely 
with prolonged use of a proton pump inhibitor (PPI) and is usually 
accompanied by hypokalemia and hypocalcemia [19-24]. Patients 
also taking other medicines that cause hypomagnesemia, such as 
loop diuretics, may be at increased risk. The exact mechanism 
causing hypomagnesemia from prolonged use of a PPI is 



Volume 7 | Issue 1 | 5 of 9Cardiol Vasc Res, 2023

unknown, but they may interfere with magnesium absorption. 
When the PPI is stopped, serum magnesium returns to normal in 
less than two weeks. If cardiac arrhythmias are a concern, more 
rapid replacement is recommended [23,24]. 

A study that emphasized the clinical consequences of 
hypomagnesemia and hypermagnesemia examined the prevalence 
of serum magnesium alterations and outcomes in hospitalized 
patients at Mayo Clinic from January 1, 2009 through December 
31, 2013 (288,120 patients were screened) [25]. Excluding patients 
less than 18 years of age, those without magnesium measurement 
and readmission episodes, 65,974 were studied. Magnesium levels 
of 1.7 mEq/L or higher were found in 20,777 patients (31.5%), 
and levels less than 1.4 mEq/L were found in 13,320 (20.2%). 
A magnesium level less than 1.4 mEq/L was independently 
associated with an increased risk of hospital mortality, risk of 
longer hospital stay and being discharged to a care facility. An 
elevated magnesium level of 1.9 mEq/L or higher (n = 7908) 
was associated with worse hospital mortality in a dose-response 
manner. In patients with cardiovascular disease, magnesium levels 
of 1.23-1.4 mEq/L and 1.9 mEq/L or higher both independently 
predicted poor outcomes including hospital mortality. The lowest 
hospital mortality occurred in patients with magnesium levels 
between 1.4 and 1.55 mEq/L. Thus, dysmagnesemia in hospital 
patients is common. Magnesium supplementation for patients 
without hypomagnesemia should be avoided in the absence of 
randomized controlled trials documenting a benefit.

In these clinical scenarios, checking serum magnesium levels and 
monitoring for cardiac rhythm changes is recommended.

Table 3: Serum Magnesium Effects
 Mg++ Level (mEq/L)

1.5-2.2 Normal Range
4-7 Sedation

6-10 Muscle weakness, bradycardia, PR and 
QRS prolongation

10-15 Loss of DTR, hypotension
>15 SA and AV block
15-25 Respiratory depression and paralysis
>25 Cardiac arrest in diastole

Hypermagnesemia
Table 3 describes the clinical, ECG and cardiac rhythm responses 
to increasing levels of serum magnesium. A serum magnesium 
level of 4-7 mEq/L provides sedation in the treatment of 
preeclampsia. As shown in microelectrode studies of canine sinus 
node and Purkinje cell preparations, hypermagnesemia of 6-10 
mEq/L causes bradycardia and PR and QRS prolongation [3,5]. 
Loss of deep tendon reflexes is an important clinical finding to 
suspect serum magnesium levels in the 10-15 mEq/L range. When 
the serum magnesium level is greater than 15 mEq/L, heart block 
occurs with cardiac arrest in diastole at greater than 25 mEq/L. 
Common causes of hypermagnesemia are magnesium-containing 
antacids or laxatives taken by patients with acute or chronic 
renal failure [26]. With readily available serum magnesium 

measurements, early detection of hypermagnesemia is ideal to 
avoid serious outcomes. 

Digitalis Toxicity
Indications for digitalis use have decreased over the years. 
Hypomagnesemia can potentiate certain digitalis toxic arrhythmias. 
Hypomagnesemia is usually associated with hypokalemia [27]. 
Diuretics by virtue of causing hypokalemia and hypomagnesemia 
may predispose the patient to digitalis toxicity. Digitalis toxicity 
has also been found in patients with hypomagnesemia and 
normokalemia [28-30]. To determine whether hypomagnesemia is 
facilitating the development of digitalis toxicity in the absence of 
hypokalemia, studies have been performed in adult Mongrel dogs 
[31]. Hypomagnesemia was achieved by Kiil kidney dialysis. Mean 
serum magnesium was reduced 44% from 1.4 to 0.76 mEq/L. This 
was accompanied by a 26% reduction in the amount of acetyl-
strophanthidin needed to produce toxic arrhythmias. Restitution of 
sinus rhythm was observed after intravenous infusion of MgSO4. 
These studies demonstrate that hypomagnesemia, even with 
normokalemia, facilitates digitalis toxicity. Since diuretic drugs 
may produce hypomagnesemia as well as hypokalemia and both 
may predispose to digitalis toxicity, it is suggested that serum 
magnesium as well as potassium levels be measured periodically 
in patients on diuretic therapy. 

Atrial fibrillation
There have been many studies examining the relationship between 
hypomagnesemia and atrial fibrillation. Low serum magnesium 
and the development of atrial fibrillation in the community was 
examined in the Framingham Heart Study with an over 20-
year followup [32]. Low serum magnesium was found to be 
moderately associated with the development of atrial fibrillation 
in individuals without cardiovascular diseases. The association 
between serum magnesium and atrial fibrillation was not linear 
but suggested a threshold of serum magnesium equal to or less 
than 1.5 mEq/L. Magnesium and potassium deficiency frequently 
coexist. Because of the association between magnesium and 
potassium, the Framingham investigators performed secondary 
analysis adjusting for serum potassium, and the magnesium-
atrial fibrillation relationship remained unchanged. Furthermore, 
baseline serum potassium was unrelated to incidence of atrial 
fibrillation in the Framingham data. Thus, it seemed unlikely 
that potassium concentrations explained the serum magnesium-
atrial fibrillation association. These results have important public 
health implications because the prevalence of atrial fibrillation is 
increasing, and magnesium deficiency is common and potentially 
modifiable.

Clinical studies have shown that intravenous MgSO4 is an effective 
and safe strategy for the acute management of atrial fibrillation 
with a rapid ventricular response [33,34]. Further, keeping serum 
magnesium greater than 2.0 mEq/L has been shown to improve rate 
control in the treatment of chronic atrial fibrillation and facilitate 
maintenance of sinus rhythm [35]. It has also been observed that 
hypomagnesemia increases the dose of digoxin required for rate 
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control of atrial fibrillation and lowers the threshold for digitalis-
induced arrhythmias [28]. 

Hypomagnesemia is common following cardiac surgery because 
initiation of extracorporeal circulation during surgery may dilute 
the circulating blood volume. Hypomagnesemia may also occur 
after cardiac surgery due to tissue injury with delay in magnesium 
response from intracellular stores and because use of diuretics after 
surgery will promote urinary excretion of magnesium. Low serum 
magnesium is associated with the development of atrial fibrillation 
after coronary artery bypass grafting (CABG). Some, but not 
all, studies suggest that magnesium supplementation reduces the 
incidence of postoperative atrial fibrillation. In a meta-analysis 
17 randomized control trials (n = 2069 patients) testing whether 
magnesium supplementation reduced the incidence of arrhythmia 
after cardiac surgery, pooled mean serum magnesium at 24 hours 
after surgery in the treatment group was significantly higher at 1.18 
mEq/L than in the control group at 0.9 mEq/L [36]. Administration 
of prophylactic magnesium reduced the risk of atrial fibrillation 
by 29% and ventricular arrhythmias by 48%. Magnesium 
supplementation had no noticeable benefit with respect to length 
of hospitalization, instance of myocardial infarction or mortality. 
On pharmacologic analysis of these studies, supplementation per 
se was not the defining factor, but achieving a serum magnesium 
level of greater than 2.0 mEq/L appeared effective. This again 
suggests a threshold effect and guide for magnesium replacement 
therapy.

Inappropriate sinus tachycardia (resting heart rate greater 
than 100 beats per minute)
Inappropriate sinus tachycardia (IST) usually affects younger 
female individuals between the ages of 15 and 45 years with four 
times higher prevalence than men and is associated with distressing 
symptoms which may affect quality of life, including palpitations, 
anxiety, dizziness, presyncope and syncope [37]. IST is a diagnosis 
of exclusion in that these patients are euthyroid, afebrile, not 
anemic and have no evidence for heart failure. The pathogenesis 
of IST is not well understood and is considered multifactorial, with 
autonomic dysfunction being the central abnormality. A recent 
prospective study reported a prevalence of 20% after COVID-19 
infection. Avoiding stimulants, including caffeine and nicotine, is 
now recommended. Increasing vagal activity via yoga and regular 
aerobic exercise (walking and bicycling) lowers resting heart 
rate. Beta-blockers and calcium channel blockers have limited 
efficacy because of hypotension. Ivabradine, an inhibitor of the 
funny current (If) has shown promise in reduction in heart rate and 
improvement in symptoms. Of note, ivabradine is contraindicated 
in pregnant patients and breastfeeding mothers, and access to this 
drug has been limited by supply chain issues and high cost in the 
United States. Recent advances in catheter and surgical sinus node-
sparing ablation techniques have led to improvement in outcomes. 
Checking for hypomagnesemia as a contributing mechanism to 
IST and/or treating IST with chronic magnesium supplements 
warrants study in double-blind controlled trials.

Low serum magnesium and cardiovascular mortality in 
chronic heart failure patients
Long-term effects of low serum magnesium in chronic systolic 
(HFrEF) and diastolic (HFpEF) heart failure patients with normal 
sinus rhythm were examined in a propensity-matched study [38]. 
Propensity scores for having low serum magnesium levels were 
calculated for each patient using a non-parsimonious multivariant 
logistical regression model and were used to match 560 low 
magnesium (less than 2.0 mEq/L) patients with 560 normal 
magnesium (greater than 2.0 mEq/L) patients during a mean 
followup of 36 months. On analysis, ambulatory, chronic heart 
failure patients with serum magnesium levels less than 2.0 mEq/L 
were found to have increased cardiovascular mortality but had no 
association with cardiovascular hospitalizations. Based on these 
results, when low serum magnesium is detected in heart failure 
patients, they should be treated with magnesium supplements and/
or an aldosterone antagonist with the goal being to keep serum 
magnesium at 2.0 mEq/L or greater. 

Magnesium in acute ST elevation myocardial infarction 
(STEMI)
Patients with acute ST elevation myocardial infarction or STEMI 
may have a total body deficit of magnesium because of a low 
dietary intake, advanced age and prior diuretic use [1]. They may 
also acquire a functional extracellular magnesium deficit due to 
increased sympathetic nervous system activity with the onset of 
a myocardial infarction and/or acute hypomagnesemia due to 
tissue damage [2,16]. The ISIS-4 investigators enrolled 58,050 
patients, 29,011 to magnesium and 29,039 to control [39]. The 
control group mortality was 7.2% in ISIS-4 compared with 7.6% 
in the magnesium group. The MAGIC trial investigated the benefit 
of early administration of intravenous magnesium to high-risk 
patients with acute STEMI [40]. At 30 days, the mortality rate was 
15.3% in the magnesium group and 15.2% in the placebo group (p 
= 0.96). Between 1980 and 2002, 68,684 patients were studied in 
a series of 14 randomized trials. Based on the totality of available 
evidence, there is no indication for the routine administration of 
intravenous MgSO4 to patients with acute STEMI at any level of 
risk. However, because of the risk of cardiac arrhythmias when 
electrolyte deficits are present in the early phase of myocardial 
infarction, all patients with acute STEMI should have a serum 
magnesium and potassium measurement on admission [41,42]. 
It is recommended to replace magnesium deficits to maintain a 
serum magnesium level of 2.0 mEq/L or more. During the course 
of treatment of STEMI, the serum magnesium level should be 
rechecked and replaced.

Hemodynamic and antiarrhythmic effects of intravenous 
magnesium sulfate 
Magnesium sulfate is the most widely available intravenous 
preparation and almost exclusively used in many of the studies 
cited in this review. Intravenous magnesium has an excellent safety 
profile. Serum levels may be transiently elevated for a few hours 
after administration of an intravenous dose. The rate of intravenous 
magnesium administration depends on the particular indication. 
However, caution is advised in patients with renal insufficiency. To 
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avoid serious adverse effects of intravenous MgS04, bolus doses 
should not exceed 6 grams (48.7 mEq of elemental magnesium) 
over a 15-20-minute period, and continuous infusion rates should 
not exceed 3 grams (24.4 mEq of elemental magnesium) per 
hour. Intravenous MgS04 is an effective way to rapidly increase 
extracellular magnesium. In 23 patients, 2.47 grams of MgSO4 
(20 mEq of elemental magnesium) administered intravenously 
over 1 minute raised serum magnesium from 1.76 mEq/L to 3.58 
mEq/L with subjects experiencing transient flushing [14]. After 
termination, sinus rate and blood pressures (128/81 mmHg ± 22/13 
to 121/78 ± 22/11; p = 0.70) were unaffected. The effect of MgSO4 
infusion on coronary and systemic hemodynamics on the normal 
human heart has also been studied [43]. Four grams of MgSO4 
(32.5 mEq of elemental magnesium) were given intravenously 
over 10 minutes in 9 patients with normal coronary arteries. Mild 
cutaneous flushing was observed; no hypotension, bradycardia 
or AV ventricular or intraventricular conduction disturbances 
were observed. The main finding of the study was the vasodilator 
effect of MgSO4 on the coronary arterial bed. There was a similar 
proportional increase in systemic (23%) and coronary blood flow 
(22%) after MgSO4. The mechanism of this MgSO4-induced 
systemic and coronary dilatation is probably related to the calcium 
antagonistic effect of extracellular magnesium ions at the level of 
the vascular smooth muscle. When giving intravenous MgSO4 to 
treat a ventricular arrhythmia, improved coronary blood flow may be 
of benefit if myocardial ischemia was a trigger for ventricular ectopy. 

Intravenous magnesium has been shown to have a number of 
electrophysiological actions on the conduction system of the 
heart, and the mechanism of its extracellular actions may include 
calcium antagonism at the L- and T-type calcium channels [44]. 
In supraphysiologic doses, extracellular magnesium decreases 
the outward potassium current density resulting in membrane 
stabilization. Magnesium also acts as an indirect antagonist of 

digoxin at the sarcolemma Na+-K+-ATPase pump. Table 4 lists 
possible indications of magnesium as an antiarrhythmic agent 
[44-48]. The strongest indication is polymorphic VT (torsades 
de pointes) [6]. Of note, magnesium should not be given before 
cardiac surgery because its extracellular stabilizing effects have 
been found to make restarting the heart after cardioplegia more 
difficult. Further, intravenous magnesium has been reported not 
to be useful in cardiac arrest with shock-resistant ventricular 
fibrillation or in monomorphic ventricular tachycardia [49]. 

Apart from being effective in controlling many cardiac arrhythmias, 
Intravenous magnesium has little detrimental hemodynamic 
effects on the cardiovascular system although minor symptoms of 
flushing, tingling and dizziness are common. Evidence that supports 
use of intravenous magnesium in many different types of cardiac 
arrhythmias is however based on case studies, animal studies 
and randomized controlled trials that evaluated physiological 
endpoints only [44]. None of the published randomized controlled 
trials on intravenous magnesium has demonstrated a significant 
reduction in mortality. 

Summary and Conclusions
Changes in extracellular magnesium is an important mechanism 
by which this cation independent of total body magnesium exerts 
its effect on the electrical system of the heart. Hypomagnesemia 
depolarizes heart cells resulting in both supraventricular and 
ventricular tachyarrhythmias. An increase in sinus rate may be the 
most common rhythm seen with hypomagnesemia. In contrast, 
hypermagnesemia hyperpolarizes heart cells suppressing atrial 
and ventricular arrhythmias. Intravenous MgSO4 is safe in 
recommended doses and is the initial recommended therapy for 
torsades de pointes. Monitoring for cardiac rhythm changes and 
measuring serum magnesium concentrations is recommended 
for patients in clinical situations where extracellular magnesium 

Rhythm and Clinical Condition Benefits
Atrial fibrillation (AF)
• After cardiac and thoracic surgery
• Treatment of chronic AF
• Digoxin toxicity with Wolff-Parkinson-White syndrome
• Treatment of acute onset AF

Reduces the incidence of AF
Reduces rapid ventricular response
Reduces rapid ventricular response
Improves conversion to sinus rhythm and reduces the incidence of torsades de 
pointes polymorphic ventricular tachycardia when used with ibutilide

Multifocal atrial tachycardia

Paroxysmal supraventricular tachycardia

Ventricular premature complexes
• After cardiac surgery
• Treatment in heart failure patients with hypomagnesemia
Ventricular tachycardia (VT)
• Digoxin toxicity
• Class Ic antiarrhythmic toxicity
Polymorphic VT (torsades de pointes)
• Prolonged QT (congenital and acquired)
Intravenous magnesium was reported to be not useful in the following 
conditions
• Community cardiac arrest with shock-resistant VF
• Monomorphic VT

Reduces rapid ventricular response and converts some patients to sinus rhythm

Converts to sinus rhythm (less effective than adenosine but may help if no response 
to adenosine)

Reduces the incidence
Reduces the incidence 

Converts to stable junctional rhythm
Converts to sinus rhythm

Converts to sinus rhythm

Adapted from Magnesium Research. 2008; 21:65-68.

Table 4: Possible indications for intravenous magnesium as an anti-arrhythmic agent.
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may increase or decrease rapidly. Supplemental magnesium 
levels greater than 2.0 mEq/L may help in rate control in 
patients with atrial fibrillation and a rapid ventricular response 
and may decrease the incidence of atrial fibrillation after 
CABG. Measuring serum magnesium and replacing to greater 
than 2.0 mEq/L is also recommended in patients on digitalis, 
in patients post-acute myocardial infarction and in patients on 
diuretic therapy for both HFrEF and HFpEF. Measuring an 
eGFR to detect renal insufficiency is also important in patient 
management to avoid hypermagnesemia during magnesium 
replacement therapy.
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