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Abstract Postoperative arrhythmia (POA) is the most

common complication encountered after cardiopulmonary

bypass (CPB). The preventive effect of magnesium in POA

has been confirmed by metaanalyses in adults, but less is

known in pediatric patients. A metaanalysis of published trials

was conducted to examine the efficacy of magnesium sup-

plementation in POA prevention among pediatric patients

undergoing CPB. Relevant trials were identified from elec-

tronic databases (Medline, Embase, Web of Science, and

Cochrane library). Pooled relative risk (RR) and 95 % confi-

dence intervals (CI) were calculated using Mantel–Haenszel

random-effects models, and heterogeneity was determined

qualitatively according to I2 and chi-squared statistical anal-

yses. Among 121 potentially relevant studies, five randomized

controlled trials met the inclusion criteria, resulting in a pooled

total of 348 participants. Compared with placebo, magnesium

supplementation decreased the incidence of arrhythmia after

CPB in pediatric patients by 66 % (RR, 0.34; 95 % CI,

0.18–0.65; P = 0.001), with no heterogeneity between trials

(heterogeneity P = 0.68; I2 = 0 %). Magnesium supple-

mentation significantly reduces the incidence of postoperative

arrhythmias in pediatric patients undergoing CPB. Although

the findings encourage the use of magnesium as an alternative

to postoperative arrhythmias after CPB in pediatric patients,

higher-quality randomized clinical trials are necessary before

the findings can be generalized.
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Magnesium (Mg) is widely recognized as an adjunct for the

treatment of dysrhythmia after cardiac surgery [39].

Although Mg deficiency is uncommon in healthy individ-

uals, hypomagnesemia occurs frequently among patients

after cardiopulmonary bypass (CPB) [24, 35]. Hypomag-

nesemia and its role in postoperative arrhythmia after CPB

have been well studied in adults [1, 11, 18, 20, 37], but

disparities occur among studies relating to the effect of

CPB on Mg concentrations in pediatric patients.

Previous studies on the effectiveness of Mg in children

found no correlation between serum and ionized Mg and

the development of postoperative arrhythmias [19, 30, 34].

However, recent clinical trials have provided evidence that

Mg prophylaxis after CPB lowers the incidence of post-

operative arrhythmias in pediatric patients [28, 41].

Although the numbers of vulnerable pediatric patients

undergoing CPB are limited, we undertook this metaanal-

ysis of randomized controlled trials (RCTs) to examine

whether Mg supplementation is effective in preventing

postoperative cardiac arrhythmias in pediatric patients.

Methods

Search Strategy and Selection Criteria

We searched the PubMed, Embase, Web of Science, and

Cochrane databases for studies published until November

2012. The search terms included ‘‘magnesium,’’ ‘‘cardiac

surgery,’’ ‘‘postoperative arrhythmias,’’ and ‘‘children.’’

The literature search was limited to clinical trials in
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English publications. In addition, we searched the refer-

ence lists of included studies and related publications. The

results then were hand searched for eligible trials. Only

full-text articles were included when they met the inclusion

criteria.

The inclusion criteria specified pediatric patients

undergoing CPB surgery, randomized allocation trials, Mg

supplementation with an inactive placebo group, age range

from day 1 to 18 years, and incidence of arrhythmias

measured as trial outcomes. The exclusion criteria ruled

out studies with no established direct comparison of Mg

and placebo, unavailable information regarding duration of

follow-up evaluation, and small sample size (n \ 10) that

could affect the generalizability of the findings.

Data Extraction and Quality Assessment

Two investigators (S.G. and H.Y.) independently extracted

the following information from the studies: name of first

author, year of publication, country of origin, study design

(randomized or not), type of controls, data collection

method (prospective or not), type of blinding, duration of

Mg dosing in follow-up regimen, timing of Mg initiation

(postoperative or not), participants’ characteristics, number

of patients, ages, procedure-related characteristics such as

the types of congenital heart diseases (CHD) and the sur-

gery performed, CPB time, aortic cross-clamp time, pre-

and postoperative Mg level, and incidence and types of

postoperative arrhythmias in each group. Disagreements

during data extraction were resolved after discussion with

the third investigator (E.Y.).

To assess the quality of the included trials, we used the

Cochrane risk-of-bias tool [21], which addresses five items:

sequence generation, allocation concealment, blinding/

masking, incomplete outcome data, and selective outcome

reporting. This tool shows empirical evidence for whether a

study bias influences the estimates of an intervention’s

effectiveness in randomized trials [27].

Statistical Analysis

Data were analyzed using RevMan version 5.2 (Copenhagen:

The Nordic Cochrane Center, The Cochrane Collaboration,

2012). The incidence of postoperative arrhythmias was

assessed in terms of dichotomous variables and expressed as

relative risk (RR) with 95 % confidence intervals (CI) for the

included studies. Pooled estimates of efficacy were calculated

through the Mantel–Haenszel random-effects model [13] to

generalize the findings to studies not included in the meta-

analysis [7]. To assess heterogeneity, we used the I2 test,

which describes the percentage of total variation across

studies due to heterogeneity rather than chance. Calculation of

I2 can be performed as follows:

I2 ¼ 100 % � Q � dfð Þ=Q; ð1Þ

where Q represents Cochrane’s heterogeneity statistics and

df represents degrees of freedom. Negative values of I2

equal zero, and I2 ranges between 0 % (no observed het-

erogeneity) and 100 %. Higher values show increased

heterogeneity. Studies with an I2 statistic of 25–50 % are

considered to have low heterogeneity. Those with an I2

statistic of 50–75 % are considered to have moderate het-

erogeneity, and those with an I2 statistic exceeding 75 %

are considered to have a high degree of heterogeneity [22].

To detect publication bias, a funnel plot analysis was

done using the Egger test. An asymmetric plot suggests

possible publication bias [17].

Results

Description of Included Studies

We identified 121 articles potentially relevant for retrieval

after review of PubMed (n = 65), Embase (n = 29), Coch-

rane library (n = 8), and Web of Science (n = 19). After 99

nonrandomized trials had been excluded, 22 titles and

abstracts were reviewed by two independent investigators.

Duplicate studies and trials with unmet inclusion criteria were

removed from the study. After the reference lists had been

searched, one more randomized trial was included (Fig. 1).

A total of 348 pediatric patients were enrolled from the

five studies included in this analysis. The efficacy of

intravenous placebo or Mg supplementation for pediatric

patients in terms of preventing postoperative arrhythmias

was examined in these trials.

The baseline characteristics of the included studies are

shown in Table 1. Two of the five trials were performed in

the United States, and one each was conducted in Ger-

many, China, and India. The sample size ranged from 28 to

131 individuals. The follow-up time ranged from stopping

of CPB to 24 h after surgery. Four of the RCTs were

prospective studies, but one did not mention how the out-

comes were measured.

Table 2 shows the procedure-related characteristics,

incidence, and types of postoperative arrhythmias in the

study population. The included studies reported no signif-

icant surgical or CHD type differences between the treat-

ment and control groups.

The CPB procedure was carried out for various types of

CHD including atrial septal defect (ASD), ventricular

septal defect (VSD), tetralogy of Fallot (TOF), transposi-

tion of great arteries (TGA), and the like. The CPB and

aortic cross-clamp times did not differ significantly

between the treatment and control groups. Also, the pre-

operative ionized Mg levels were similar between the two
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groups. However, the postoperative ionized Mg levels were

significantly elevated in the treatment group but decreased

in the control group below normal values in all the included

studies except one [14], in which it decreased to normal

preoperative values. The Mg normal range estimation was

based on Munoz et al. [30]. Junctional ectopic tachycardia

(JET) was the most frequently reported arrhythmia in four

of the included studies.

Risk of Bias Within Studies

Few methodologically sound studies have adequate sample

sizes to determine the efficacy of Mg supplementation in

preventing arrhythmias after CPB in children. As outlined

in Table 3, all the included studies were RCTs, but the

method of randomization was detailed in only two trials

[14, 41]. Allocation concealment was implemented in two

trials [14, 28], and blinding was performed in four trials

[14, 16, 28, 41]. Incomplete outcome data [14] and selec-

tive outcome reporting data [28] were shown in one trial.

None of the methodologic quality domains could be

assessed in one study [25]. Inclusion and exclusion criteria

were clearly indicated in all the trials. The participants of

all the included studies were pediatric patients ranging in

age from birth to 18 years.

Effect of Magnesium Supplementation

on Postoperative Arrhythmias

Pooling all five trials, 348 patients were examined. After

cessation of CPB, arrhythmias developed for 11 of the 193

pediatric patients in the treatment group and 31 of the 155

patients in the control group. The analysis identified that

Mg supplementation for pediatric patients undergoing CPB

significantly reduced the incidence of arrhythmias after

surgery by 66 % (RR, 0.34; 95 % CI, 0.18–0.65;

P = 0.001; heterogeneity P = 0.68, I2 = 0 %). The forest

Potentially relevant trials identified and 
screened for retrieval (n = 121)

Non-randomized control trials
Excluded (n = 99)

Randomized clinical trials (RCTs) retrieved for 
more detailed evaluation (n = 22)

Duplicated and unmet inclusion 
criteria trials excluded (n = 18)

Potentially appropriate RCTs included in the 
meta-analysis (n = 4)

Hand searched
references (n = 1)

Trials included in meta-analysis (n = 5)

Fig. 1 Flowchart showing selection of studies for inclusion in the

metaanalysis

Table 1 Characteristics of studies included in the metaanalysis

Study Country n Treatment regimen Control

regimen

(route)

Age (years) Follow-up

period after

operation (h)Treatment group Control group

Dittrich

et al.

[14]

Germany 131 15.3 Mg/kg Mg?? (as 10 % MgCl2)

added to the standard postoperative

infusion (5 % glucose and calcium)

5 %

glucose

(IV)

15 ± 2.0 14 ± 2.0 24

Dorman

et al.

[16]

United

States

28 30 Mg/kg Mg administered after

cessation of CPB

Normal

saline

(IV)

4.9 ± 4.2 4.3 ± 4.1 24

Jian et al

[25]

China 40 20 Mg/kg MgSO4 added to the prime

solution

Normal

saline

(IV)

4.6 ± 0.4 5.1 ± 0.3 24

Manrique

et al

[28]

United

States

99 Group 1 (25 Mg/kg of MgSO4), single

bolus Group 2 (50 Mg/kg of MgSO4),

single bolus

Normal

saline

(IV)

Group 1(0–17)

Group 2 (0–11)

0–17 At arrival in

the CICU

Verma

et al.

[41]

India 50 30 Mg/kg Mg in normal saline (5 mL)

administered during 10 min

immediately after cessation of CPB

Normal

saline

(IV)

41.36 ± 11.37 days 42.32 ± 12.07 days 24

IV intravenous, CPB cardiopulmonary bypass, CICU cardiac intensive care unit
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plot showing the incidence of postoperative arrhythmia

after Mg supplementation in pediatric patients undergoing

CPB is depicted in Fig. 2.

Publication Bias

A funnel plot evaluating the preventable effects of Mg

supplementation on pediatric patients with CPB showed

moderate publication bias (Fig. 3).

Discussion

We conducted a metaanalysis to evaluate the efficacy of

Mg supplementation in the preventing postoperative

arrhythmias after CPB in pediatric patients. Our finding

suggests that Mg supplementation is effective in preventing

postoperative arrhythmias in the pediatric population. We

combined the effect sizes of five RCTs through a random-

effects model and found that intravenous Mg significantly

reduced the incidence of postoperative arrhythmias by

66 %. To the best of our knowledge, no previous metaa-

nalyses have been conducted to evaluate the efficacy of Mg

supplementation in pediatric populations.

To investigate the efficacy of intravenous Mg in preventing

postoperative atrial fibrillation (POAF) after coronary artery

bypass graft surgery in adult populations, Gu et al. [20] con-

ducted a metaanalysis using seven double-blind, placebo-

controlled, randomized trials. This metaanalysis concluded

that intravenous Mg reduced the incidence of POAF by 36 %

(RR, 0.64; 95 % CI, 0.50–0.83; P = 0.001), with no hetero-

geneity between trials (heterogeneity P = 0.8; I2 = 0 %).

Previous findings in adult populations had determined that

intravenous Mg supplementation was associated with a sig-

nificant risk reduction in postoperative atrial fibrillation (RR,

0.64; 95 % CI, 0.47–0.87; P = 0.004), with low heteroge-

neity between trials (heterogeneity P = 0.37; I2 = 6.6 %)

[2]. The result from our analysis shows higher benefits of Mg

supplementation in pediatric populations.

Postoperative arrhythmias are widely accepted as com-

plications of cardiac surgery in both adults and children [3,

10, 18, 26, 38]. In the study of Hoffman et al. [23], 29 % of

the patients experienced one or more types of postoperative

arrhythmias in a pediatric cardiac intensive care unit

(CICU). Early postoperative arrhythmia is a predictor for

late complications such as ventricular dysfunction, late

arrhythmias, and late mortality [5, 12, 15]. Such compli-

cations caution that prevention of arrhythmias is important

for postoperative courses and outcome improvement.

There are several types of postoperative arrhythmias such

as supraventricular tachycardia, atrial flutter, atrial fibrillation,

and JET [32]. The most frequently reported arrhythmia in this

metaanalysis was JET. Studies show that JET is almost

exclusively encountered during the immediate postoperative

period in the pediatric population, and the risk factors for the

development of postoperative JET include young age, low

weight, longer CPB and aortic cross-clamp times, and hypo-

thermic circulatory arrest [6, 9, 31].

A recently published nested case-control study that

included an infant patient cohort undergoing open cardiac

surgery identified that longer CPB and aortic cross-clamp

times were the risk factors for JET found via univariate

analysis. Also, the five congenital heart lesions including

TOF, aortic arch repair with VSD closure, dextro-TGA

with VSD closure, ASVD, and anomalous pulmonary

venous return had higher individual incidences of JET that

accounted for 65 % of the patients with JET. Furthermore,

the multivariate analysis indicated only a longer aortic

cross-clamp time, and patients who underwent complete

Table 3 Risk of bias in eligible studies included in the metaanalysis

Study Sequence generation Allocation concealment Blinding Incomplete outcome data Selective outcome reporting

Dittrich et al. [14] Yes Yes Yes Yes No

Dorman et al. [16] Unclear No Yes Unclear No

Jian et al. [25] No No No Unclear No

Manrique et al. [28] Unclear Yes Yes No Yes

Verma et al. [41] Yes No Yes Unclear No

0.01 0.1 1 10 100

0

0.5

1

1.5

2

RR

S
E

(lo
g[

R
R

])

Fig. 3 Funnel plot test for publication bias in studies included in the

metaanalysis
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repair of TOF remained at greater risk for the development

of JET [43]. This suggests that the incidence of postoper-

ative arrhythmias in the pediatric population is intricately

tied to particular anatomic lesions and procedures for sur-

gical corrections.

Nevertheless, procedure-related characteristics such as

the types of CHD included, the time for CPB and aortic

cross-clamping, and the preoperative Mg levels were fairly

balanced between the treatment and control groups in the

study population, except that the postoperative Mg levels

were significantly elevated in the treatment arm, whereas

the control group had hypomagnesemia in most of the

included trials. Perioperative hypomagnesemia is common

and possibly has a clinically relevant occurrence among

pediatric patients undergoing repair of congenital heart

lesions that might have resulted from various factors

including the large volume of CPB prime solution com-

pared with the circulating blood volume of pediatric

patients, hemodilution, blood transfusion causing chelation

of Mg, continuous hemofiltration, and administration of

large doses of calcium and diuretics [28, 30]. Amidst these

circumstances, we tried to determine how improving

electrolyte imbalance could affect postoperative arrhyth-

mias in pediatric patients, focusing on Mg deficiency.

Several studies have indicated causes for the development

of arrhythmias after cardiac surgery in adults and children,

including electrolyte disturbances such as hypomagnesemia.

Magnesium is an important intracellular component, with

67 % of total-body Mg present in bone, 31 % contained

intracellularly (especially in muscle cells), and 1–2 % located

in extracellular fluid compartments. As a key cofactor for

Na?-K?-adenosine triphosphatase (ATPase), Mg is a critical

transporter that maintains the cell membrane potential. As

such, Mg functions in the regulation of some cell membrane

K? channels and calcium antagonists. Therefore, hypomag-

nesemia often is related to hypokalemia [36].

In addition to its involvement in the myocardium, Mg

depletion in skeletal muscle is well documented during

CPB in adults [34]. Under CPB procedures with high

stress, a large amount of Mg might be released from

intracellular compartments [8]. Furthermore, related stud-

ies [4, 29, 33] have reported that CPB results in decreased

Mg concentration levels in pediatric patients. This decrease

may be attributable to underlying factors that affect the

greater volume of prime solution compared with the cir-

culating blood volume in pediatric patients, such as

hemodilution, blood transfusions that increase chelation of

Mg, continuous use of higher doses of calcium and

diuretics, malnutrition, shifts in intracellular elimination

induced by the extracorporeal circulation, and a decrease in

body temperature during surgery.

Total serum hypomagnesemia has been reported in up to

94 % of adult patients undergoing CPB [16] and 34 % of

pediatric cases [30]. Hoshino et al. [24] reported that Mg

concentration levels decreased significantly after CPB in

pediatric patients. However, this stage of hypomagnesemia

did not increase the incidence of dysrhythmia due to the

return of Mg levels to presurgical values 48 h after surgery.

This Mg level was compared with the preoperative level

within 24 h after CPB.

Fox et al. [19] used Plegisol, a cardioplegic solution, to

detect whether Mg supplementation was useful for pre-

vention of dysrhythmias among patients ranging in age

from 1 day to 21 years. They found that Plegisol was not

effective in preventing postoperative arrhythmias because

no statistical differences in Mg levels were detected

between patients who experienced arrhythmias and those

who did not (P = 0.22).

Mildh et al. [29] found that Mg levels were within

normal values in groups that experienced JET compared

with those that did not. However, this was a retrospective

study with children, resulting in deficient standardization of

anesthesia, cardioplegia, CPB, and postoperative care.

Study Limitation

A potential limitation of this metaanalysis was the sample

size of the included studies. Although postoperative

arrhythmias occur frequently after cardiac operations in

children [23, 40, 42], the availability of methodologically

sound clinical trials with a large sample are lacking. Thus,

we accepted studies with modest sample size. The inade-

quate randomization, lack of allocation concealment, and

Study or Subgroup
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highly selected participants [2] could have been a potential

cause for overestimating the effect of Mg.

A recent metaanalysis that included 20 RCTs totaling

3,696 adult patients showed that the effect of Mg in

reducing postoperative supraventricular arrhythmias was

significant only with the lower-quality studies but not when

examined using higher-quality studies [11]. The different

intravenous Mg doses supplied among the studies may

have resulted in clinical heterogeneity, although no statis-

tical heterogeneity was observed.

One study included in this analysis [16], for which the

applicability of findings from cohorts analyzed a decade

ago could be debated, may not be relevant currently with

respect to the incidence of postoperative arrhythmia. We

believe this to be unlikely because the surgical repair for

the majority of cardiac lesions included in this analysis has

remained insignificant regarding adjustments in surgical

techniques during the last decade [43]. Moreover, an

analysis not considering this study also showed a similar

incidence of postoperative arrhythmia in the pediatric

population (RR, 0.36; 95 % CI, 0.19–0.70; P = 0.003),

with no heterogeneity between trials (heterogeneity

P = 0.62, I2 = 0 %). Also, because this study was the first

prospective RCT conducted in the pediatric population to

examine the effect of Mg treatment on the incidence of

postoperative arrhythmias, we believe the inclusion of this

trial remains valuable.

We excluded non-English-language studies and studies

with a sample smaller than 10 patients, which could have

potentiated bias in effect size. However, the included

studies had participants comparable with patients observed

in routine cardiac surgical practice.

Conclusions

This metaanalysis of five randomized placebo-controlled

clinical trials identified that intravenous Mg supplementa-

tion added to the surgical regimen reduces the incidence of

postoperative arrhythmias in children by 66 %. Based on

the findings, we recommend the use of intravenous Mg as

an alternative to prevent arrhythmias after CPB in pediatric

patients. However, high-quality RCT studies with large

samples of pediatric patients still are needed before the

findings of this study can be generalized.
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