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Monitoring magnesium to guide magnesium therapy for heart surgery

Terry L. Shirey
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ionized Mg (iMg). Measurement of TMg requires the
isolation of plasma (centrifugation of blood sample) or
serum (clotting and centrifugation of blood sample).
Measurement is made by atomic absorption spectro-
photometry or colorimetry. Reference values for
plasma and serum TMg typically range from 0.66 to
1.07 mmol·l�1. There is virtually no correlation between
plasma/serum TMg and intracellular TMg.

Ionized magnesium (iMg � Mg2�) represents the ac-
tivity of unbound Mg in whole blood plasma, plasma,
and/or serum. It is the physiologically active Mg frac-
tion, i.e., the fraction to which tissues respond. Refer-
ence values typically range from 0.45 to 0.62mmol·l�1.
The fact that it can be measured in a whole blood
sample by electrode produces a rapid result (�150s) on
a small sample (�200µl). A rapid result can be very
helpful for patients (1) with arrhythmia, (2) with
changes in cardiac output, (3) receiving cardiovascular
drugs, (4) sustaining hypoxic damage, and (5) receiving
Mg therapy. Blood plasma iMg correlates with intracel-
lular iMg and therefore represents a better indicator of
Mg status than TMg. It is typically 70% of the TMg
value, but varies with the protein and small ligand
concentrations in the blood. The iMg value may be
substantially less than 70% of the TMg value in criti-
cally ill patients where binding ligand concentrations
(heparin, citrate, lactate, phosphate, bicarbonate, etc.)
have increased.

Comparisons of iMg to TMg were illustrated in nine
clinical settings (hypertension, acute myocardial in-
farction, head trauma, noninsulin-dependent diabetes,
stroke, pregnancy, ischemic heart disease, cyclosporin
recipients, and asthma) [3]. Ionized magnesium was
found to be a better indicator of disease than TMg. In
summary, iMg (1) represents the physiologically impor-
tant Mg measurement, (2) is a better indicator of dis-
ease than TMg, and (3) is a more rapid measurement.

The literature should be interpreted with caution.
Frequently, if not generally, the Mg values reported in
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Introduction

For many years it has been recognized that magnesium
levels play an important role in morbidity associated
with heart surgery. However, considerable confusion
exists in the literature concerning whether Mg should be
administered to these patients, and, if so, how much and
when. The goals of this paper are to review (1) methods
used to evaluate Mg status in patients, (2) causes and
consequences of abnormal Mg levels perioperatively,
(3) outcome improvements and risks with Mg sup-
plementation, and (4) guidelines for administering Mg
therapy.

Methods used to evaluate Mg status in patients

Physiological indicators

Pulse, mean arterial pressure, deep tendon reflexes,
hourly diuresis, respiratory recordings, and hypotension
are used to monitor Mg status in patients [1]. Significant
prolongation of intraatrial and atrioventricular (AV)
nodal conduction times, as seen by ECG, may also re-
flect Mg activity [2].

Mg measurement

Total magnesium (TMg) represents the concentration
of Mg present in blood plasma or serum. TMg, a mea-
sure of all of the Mg in the plasma or serum sample,
equals protein-bound Mg plus ligand-bound Mg plus
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the literature are TMg, even though they may be re-
ported as Mg2�. Measurement of iMg has recently been
made possible (early 1990s), but this does not change
the fact that many recent papers reporting Mg2� really
mean TMg.

Causes and consequences of abnormal Mg
levels perioperatively

Presurgery

Although TMg deficiency is rare in healthy subjects,
16% of 98 heart surgery patients were hypomagnesemic
[4]. Kidney disease, reduced glomerular filtration rate
(�30ml·min�1) [2], reduced tubular reabsorption (fre-
quently caused by the use of diuretics), reduced oral
intake, and intravenous fluids with inadequate Mg led
to abnormal Mg levels in these patients. Patients re-
ceiving digoxin for heart failure had preoperative
total hypomagnesemia more frequently than patients
not on digoxin (36% vs 10%) [4]. A history of high-
grade ventricular dysrhythmia was associated with
significantly lower preoperative mean TMg [4]. Patients
who may have asymptomatic hypomagnesemia pre-
surgery may then undergo a surgical procedure that, in
the perioperative period, can cause them to progress
to symptomatic hypomagnesemia [5]. Hyperaldoster-
onism [6] and noradrenaline [7] also promote
hypomagnesemia.

During surgery

The frequency of hypomagnesemia increased to 71%
(71/100 patients) following cardiopulmonary bypass
(CPB) surgery [8]. Several factors reduce Mg concen-
tration during surgery. These include hemodilution
from prime volume [9], chelation of iMg by heparin and
acid-citrate-dextrose when donated blood is used to
prime the CPB circuit [9], and intramyocyte hypoxia
[10–12]. In recently introduced off-pump coronary ar-
tery bypass grafting (CABG) surgery, many patients are
not receiving Mg supplementation, and, consequently,
are hypomagnesemic postsurgery (TMg averaging
0.61mM after surgery) [13]. Magnesium administration
(via cardioplegia, bolus doses, and fluid supplements)
can minimize Mg depletion, if not lead to
hypermagnesemia, perioperatively.

Outcome improvements and risks with
magnesium supplementation

Adequate Mg levels are required for normal cardiovas-
cular activity (conduction and contraction), tissue pro-

tection from oxygen free radicals and the inflammatory
response, and blood flow. Table 1 identifies improve-
ments in outcomes following cardiac surgery when Mg
supplements were used.

Even though Mg supplementation provides strong
benefits for the cardiac patient, the risks and complica-
tions of hypermagnesemia need to be considered.
Hypermagnesemia may develop from inadequate renal
function or high dosage levels of supplemented Mg.
CPB surgery, itself, may cause renal failure sufficient to
give hypermagnesemia with Mg therapy [35].

Hypermagnesemia can cause excessive flushing,
sweating, warm sensations, hypotension, and vasodila-
tion [5]. Magnesium may act as a laxative [1]. As an
anticoagulant, Mg inhibits platelet aggregation, P-
selectin expression, and fibrinogen binding to platelet
GP IIb/IIIa receptor in vitro [36]. The number and en-
ergy of direct-current shocks to initialize and to sustain
defibrillation was greatest in patients who received Mg
therapy before bypass and in those whose plasma TMg
was greater than 0.93mmol·l�1 [37].

Table 2 presents a rough guideline correlating Mg
values and clinical observations. Mg therapy in the im-
mediate postoperative period following cardiac surgery
can result in hypotension and bradycardia [5]. In one
study, St. Thomas II cardioplegia solution, containing
16mM MgCl2, was infused (10 ml·kg�1 every 30 min)
during aortic cross-clamping [44]. Ionized magnesium
levels of 1.5–1.58mmol·l�1 were noted after unclamping.
After discontinuation of extracorporeal circulation, vas-
cular resistance decreased by 40%, while 78% (14/18) of
patients required atrial or ventricular pacing in order to
maintain a physiological level of heart rate for obtaining
better hemodynamics. The hypotension and bradycar-
dia extended the time for extracorporeal circulation.

Table 1. Magnesium therapy improves clinical outcomes
following heart surgery

• Arrhythmia reduced, with attendant reduction in
morbidity and costs [5–7,14–22]

• Fewer ischemic electrocardiograph changes [19]
• Decreased postoperative hypertension [19,23]
• Decreased creatine kinase-MB isoenzyme levels [19,24]
• Increased cardiac indices [4,19,25–27]
• Reduced postoperative pain and requirement for

analgesics [19]
• Increased coronary flow [25]
• Decreased coronary vasospasms [28–30]
• Prolonged neuromuscular blockade [31]
• Reduced inflammatory response [32]
• Reduced platelet function [33]
• Reduced mortality [23,34]
• Protects ischemic myocardium from Ca overload [33]
• Reduced cell necrosis from free radicals [33]
• Reduced ventilation requirement [4,8]

MB, muscle-brain
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Hypotension following cardiac surgery may be unre-
sponsive to pressors [5].

Magnesium therapy also poses risk when used with
other medications. In CPB patients receiving nitrate
(another vasodilator) or an angiotensin-converting en-
zyme inhibitor, Mg therapy is not currently justified
[36]. Considering that Mg is a natural calcium channel
blocker, individuals with low ionized calcium levels may
experience compromised contraction. Magnesium also
affects the properties attributed to quinolones, tetracy-
clines, aminoglycosides, and vancomycin [1]; neuromus-
cular blocking agents; and volatile anesthetics [19].

Guidelines for administering Mg therapy

Magnesium supplementation is generally considered to
be safe and has resulted in few side effects [2]. While
there is documentation for people/equipment-related
overdoses, inadequately functioning kidneys pose the
most serious risk. Consequently, it is recommended that
kidney function be assessed prior to the use of Mg
therapy [2]. Outcomes may differ depending on the
variables that follow, making it very difficult to tie out-
comes to Mg therapy based on dosage and timing
considerations.

Mg salt

Many reports in the literature quantify the magnesium
salt used in grams. Considering that multiple hydrates
of Mg salts are available, the molar concentrations of
Mg administered should always be stated. MgSO4 is the
traditional formulation used in cardioplegic solutions

and i.v. bolus infusions [1]. MgCl2 provides higher
bioavailability than other commercial Mg preparations
[45]. It is more advantageous pharmacologically and
toxicologically than MgSO4 [1], and it avoids the reduc-
tion of Ca2� seen with the use of MgSO4 [46]. Mg-ATP
improves organ blood flow, microcirculation, energy
balance, and immune competence, leading to survival.
It is a fast-acting vasodilator used for the management
of acute pulmonary hypertensive crises, for mainte-
nance of blood pressure during aortic cross-clamping,
and as a therapeutic adjunct in patients with multiple
organ failure [47]. It has been shown to improve organ
function and survival time in a variety of animal models
of oligemic shock, ischemia, and sepsis, and in human
volunteers and patients with shock [48]. Mg oxide is
better absorbed from the intestine than other com-
monly available compounds for oral Mg repletion [49].

Routes of Mg administration

Oral Mg therapy may be used to maintain Mg levels
under conditions associated with chronic Mg loss, e.g.,
use of diuretics [2]. It resulted in arterial pressure de-
creasing from 91 to 87 mmHg, and a significant reduc-
tion in all classes of arrhythmia (VPBs, couplets, and
nonsustained ventricular tachycardia) [50,51]). Taking
16 mmol MgCl2·day�1 (~400mg elemental Mg) orally as
tablets raised TMg from 0.87mM to 0.92 mM after 6
weeks, and was accompanied by a large increase in
urine excretion [50].

Intravenous Mg therapy provides greater
bioavailability than oral Mg therapy [52], acutely in-
creasing intracellular Mg levels [53]. While a 30-mmol
oral dose of Mg gave a 4.4% increase in TMg (0.91 to

Table 2. Magnesium levels and clinical correlatesa

TMg (mM) iMg (mM) Clinical observations

0.66–1.07 0.44–0.61 Normal range
1.5 Mild hypotension, feelings of warmth,

flushed appearance, nausea and vomiting
2 Patient becomes symptomatic, muscle

weakness, reduced deep tendon reflexes
2.5 1.5 Bradycardia, hypotension, electrocardiogram

changes, somnolence
3.5 Loss of deep tendon reflexes
4 Respiratory compromise
5 Respiratory failure
6 Heart block, coma
7.5 Respiratory arrest
10 Cardiac arrest

TMg, total magnesium; iMg, ionized magnesium (Mg2�)
a Data obtained from multiple references: Polancic [38], Kasaoka [39], Brusco [5], Greenway [40],
Springhouse [41], Burtis [42], Hoshino [43], Pages [1], Noronha [2]
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0.95mM) and a 6.3 % increase in iMg (0.48 to 0.51 mM)
2h after ingestion, 15 mmol of Mg by i.v. gave a 50%
increase in TMg (0.88 to 1.32mM) and a 44% increase
in iMg (0.48 to 0.69mM) at 4h [52].

Cardioplegia solution with 15 mM Mg offered maxi-
mum recovery of myocardial function after an ischemia-
reperfusion sequence. This is the concentration used in
the St. Thomas II cardioplegia solution [53]. Using three
cardioplegia solutions (3–4mM Mg, 8–10mM Mg, and
16–18mM Mg), it was found that the 8- to 10-mM Mg
cardioplegia solution yielded higher auto-resuscitation
following surgery, shorter mechanical ventilation,
shorter intensive care unit (ICU) stays, and the lowest
creatine kinase MB isoenzyme (CK-MB) and troponin I
levels [54]. The addition of Mg to warm blood car-
dioplegia resulted in a lower incidence of intraoperative
and postoperative arrhythmias in patients undergoing
urgent CABG for unstable angina [55].

Intramuscular Mg therapy, by attaining a higher and
more sustained serum Mg concentration, converted
multifocal atrial tachycardia to normal sinus rhythm
more rapidly (1–2 h) than i.v. Mg therapy (4–8h) [56].

Speed of Mg infusion

The pharmacologic effect of supplemented Mg is quite
rapid, while the replenishment of body stores is much
more gradual and slow [57]. Slower infusions (32–
48mmol Mg·24h�1) are appropriate unless cardiac
arrhythmias or seizures are present [2]. Usually, at least
50% of an infused dose is wasted in the urine, even in
patients who are profoundly Mg-depleted [5]. Replace-
ment over 12–24h will cause the plasma level of Mg to
exceed Tmax (plasma TMg ~1.2mM, the plasma level at
which the kidney tubule resorbs less Mg from the glom-
erular filtrate) less often and will lead to less wasting [5].
Eight millimole Mg by i.v. over 1–2min, followed by an
additional 40mmol over the next 5h, is considered safe
and probably effective for arrhythmias [2].

In patients with normal renal function it is very
difficult to induce hypermagnesemia with commonly
used regimens. Treatment of mild hypomagnesemia
with 50ml of 4 mmol MgSO4 over 1 h or 25 mmol
MgSO4 over 6h was acceptable [5]. For severe hypo-
magnesemia (life-threatening emergencies with known
hypomagnesemia complicated by seizures, unremitting
cardiac dysrhythmias, etc.), 8–12mmol Mg over 5–
10min was found acceptable [5]. Rapid administration
of Mg preparations can cause excessive flushing, sweat-
ing, warm sensations, hypotension, and vasodilation [5].

Timing of Mg infusion perioperatively

Preoperative Mg supplementation protects the heart
from anoxic and toxic challenges [14]. Preoperative

treatment of patients undergoing mitral valve replace-
ment with a slow-releasing oral MgCl2 showed a decrease
in dysrhythmias postoperatively [5]. Extreme caution
should be employed when Mg is given in combination
with drugs that act synergistically, such as nitrates.

Intraoperative Mg infusion is as effective as preopera-
tive infusion in decreasing the rate of new-onset atrial
fibrillation [7]. Cardioplegia containing Mg yielded
CABG patients with higher Mg levels, fewer ischemic
ECG changes, and fewer ventricular arrhythmias post-
operatively [19].

Postoperative Mg supplementation for several days
may be used to maintain Mg levels. This may be impor-
tant, considering that atrial arrhythmias frequently oc-
cur 2–3 days following surgery. One recommendation
for postoperative Mg supplementation is 48mmol for
the first 24h postsurgery, followed by 12mmol of
Mg·day�1 for the next 3 days (provided that kidney func-
tion is adequate; i.e., creatinine �2mg·dl�1). Monitoring
TMg daily is recommended [19].

Dynamics of serum/plasma Mg perioperatively

Plasma Mg levels decrease during heart surgery. With
no Mg supplementation, 18% (18/99) of patients were
hypomagnesemic (TMg �0.80mM) preinduction, going
to 71% (71/100) following CPB [8]. Table 3 describes
several studies in which TMg was measured at various
times over the perioperative course when no Mg was
administered. Five studies giving preoperative TMg
values and those measured 1 day after surgery suggest
that the median TMg decrease is 27%, ranging from
13% to 34% [4,15,24,60,61]. The lowest serum/plasma
TMg values are generally seen after surgery and on day
1 postsurgery, gradually returning to their normal
ranges over the next several days. Ionized magnesium
activity also drops during surgery, but recovers more
quickly than TMg after surgery, returning to its normal
range within 48h [31,62].

Perioperative plasma Mg levels depend on the dosage
and timing of Mg supplements. Table 3 tracks TMg in
patients receiving Mg supplements. Predictably, TMg
values obtained on the day of surgery will depend on
the amount of Mg administered, when it was adminis-
tered, and when samples were obtained (e.g., after CPB,
ICU entry). Dose regimens in Table 3 include best esti-
mates from the articles cited, including Mg present in
cardioplegia solutions (volumes delivered) and molar
estimates when solutions were reported in terms of
grams of salt used (neglecting to mention water of hy-
dration). Values obtained on the days following surgery
will depend on the Mg status preoperatively, Mg admin-
istered during surgery, and on subsequent additions.
Without the addition of Mg postsurgery, TMg levels
were lower the day after surgery [4].
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Table 3. TMg (mM) levels following various dose regimens of magnesium therapy

After ICU
Dose regimen Preop CPB entry Day 1 Day 2 Day 4 Reference

No Mg therapy 0.84 0.58 0.57 England [4]
No Mg therapy 0.95 0.58 0.63 0.72 0.93 Fanning [15]
No Mg therapy 0.82 0.56 0.67 Harris [58]
No Mg therapy 0.82 0.74 0.71 0.74 0.9 Karmy-Jones [24]
No Mg therapy 0.81 0.59 Togashi [59]
~10 mmol? (2 g MgCl2) bolus after CPB 0.84 0.85 0.68 England [4]
~16 mmol by end of surgery 1.12 0.87 Harris [58]
~16 mmol·day�1 for 14 days 1.03 1.03 1.03 Van den Bergh [60]
~22 mmol over day 1 � 6 mmol over day 2 0.82 0.98 1 0.87 Wistbacka [35]
~30 mmol·day�1 for 14 days 1.1 1.1 1.1 Van den Bergh [60]
~48 mmol·24 h�1 (�12 mmol·day�1 for 3 days) 0.95 0.61 1.22 1.15 1.04 Fanning [15]
~60 mmol·24 h�1 (6–9.6 mmol boluses) 0.82 1.1 1.49 0.96 0.9 Karmy-Jones [24]
~64 mmol·day�1 for 14 days 1.38 1.38 1.38 Van den Bergh [60]
~86 mmol over day 1 � 27 mmol over day 2 0.82 1.5 1.6 1.2 Wistbacka [35]

CPB, cardiopulmonary bypass; preop, preoperative; ICU, intensive care unit

Urine Mg levels rose in all patients following CPB no
matter when or if they received supplementary Mg [61].
Subjects with normal Mg balance and renal function
excrete most of a parenterally administered Mg load
within 24h [2].

Plasma TMg does not correlate with myocardial
TMg. Hypomagnesemia predated decreases in myocar-
dial TMg by 2 to 6 weeks in patients with heart failure
who commonly have persistent hypomagnesemia.
Repletion of myocardial TMg occurred some weeks
later than normalization of serum TMg levels [63]. Low
myocardial TMg may contribute to the high incidence
of fatal arrhythmic events [11]. Myocardial TMg is
lower in patients with postoperative arrhythmia com-
pared to those without arrhythmia [7]. Myocardial cal-
cium levels are particularly high in Mg-depleted
subjects [63].

Dose-time approach to guiding Mg therapy

Table 4 illustrates observations of arrhythmias, made by
several authors who related their findings to dose and
time of Mg administration. The studies included in
Table 4 were chosen because each made mention of a
TMg measurement either on the day of surgery or the
day following, giving more information than simply
dose and time. Generally, the incidence and intensity of
the arrhythmias decreased with increasing Mg levels. A
general impression one gets from the literature is that
ventricular arrhythmias are of greater concern for the
first 24 h after surgery, while atrial arrhythmias tend to
develop during the second and third postoperative days
[6,7,19,20,66]. While higher levels of Mg supplementa-

tion favorably reduce the danger of arrhythmias, brady-
cardia may become a concern [35].

In some dose-time studies, Mg supplementation was
made via cardioplegia, only. Cardioplegia solution that
was 15 mM in MgSO4 reduced the ischemic electrocar-
diographic changes, the frequency of ventricular ecto-
pia, and the number of patients with ventricular
arrhythmia relative to the control group. Atrial fibrilla-
tion occurred in 5/25 patients receiving Mg, compared
to 8/25 not receiving Mg [16]. The addition of Mg to
warm blood cardioplegia resulted in a lower incidence
of intraoperative and postoperative arrhythmias [55].

An interoperative bolus of 2g MgCl2 (value in milli-
moles not given) in 100 ml normal saline, given over
30 min after termination of CPB, halved the frequency
of postoperative ventricular dysrhythmias. It also in-
creased the stroke volume, and thereby the cardiac
index, in the early postoperative period. Magnesium
therapy also reduced the need for drugs to combat
arrhythmias, and shortened the time patients spent on
respirators [4]. Magnesium, given before cardioversion
in patients suffering atrial arrhythmias following mitral
and/or aortic valve surgery, diminished repolarization
abnormalities and ventricular arrhythmias [67].

An 8mmol bolus of Mg after surgery reduced ven-
tricular ectopia and lowered its grade, as categorized by
a modified Lown classification [65].

Intravenous Mg delivery during surgery and for the
first 24 h after surgery [23] reduced ventricular
arrhythmias and helped control hypotension. Fifty pa-
tients, receiving 16mmol MgSO4 by i.v. from induction
to aortic cross-clamping and a second dose (32mmol)
starting at release of cross-clamp until 24 h later, were
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compared to 48 control patients who received no Mg.
The patients receiving Mg had a lower incidence of
ventricular arrhythmias (2% [1/50] vs 29% [14/48]) and
were hypotension-free more frequently (4% [2/50] vs
33% [16/48]) [23].

Continuous Mg infusion after surgery (no Mg in car-
dioplegia or prime) reduces atrial fibrillation. It was
shown that 48 mmol Mg over the first 24h followed by
12 mmol·day�1 for the next 3 days reduced the number
and severity (requiring less cardioversion and multiple
drug intervention) of episodes of atrial fibrillation, with
no recognized adverse effects [15].

Mg supplementation along with other drugs may alter
clinical effects. Magnesium infusion with low doses of
lidocaine is more effective for ventricular arrhythmia
than lidocaine alone [1]. Magnesium and a low-dose
beta-blocker were key to an aggressive atrial fibrillation
prophylaxis regimen, cutting the atrial fibrillations in
half (20% to 10%) [68]. Administration of MgSO4, re-
sulting in iMg levels of 1.3mM, prolonged neuromuscu-
lar blockade by 30–35 min (from 42 to 74min) using
cisatracurium [31].

Risks associated with the dose-time approach to
guiding Mg therapy

Perioperative Mg levels depend on the Mg status of the
patient preoperatively, the amount of Mg administered,
the rate of Mg delivery, kidney function, hemodilution,
binding ligands, pH, and intraoperative hypoxia. Out-
comes appear to depend on Mg levels at specific times
over the postoperative period, making it difficult to pre-
dict outcomes from Mg therapy solely on dosage and
timing.

Contradictory dose-time outcomes have been docu-
mented. For example, one study reports that, of 100
patients receiving 12 mmol MgSO4 over 2h preopera-
tively, perioperatively, and on postoperative days 0, 1, 2,
and 3, 15% developed atrial fibrillation. Of the 100
patients not receiving the MgSO4, 16% also developed
atrial fibrillation. This led to the conclusion that Mg
infusion alone was not sufficient for the prophylaxis of
atrial fibrillation [69]. Another study reports that 100

patients who received 6mmol MgSO4 in 100 ml of 0.9%
NaCl solution over 4 h the day before surgery, just be-
fore CPB, and once daily for 4 days after surgery, were
compared to 100 control patients who received the sa-
line solution only. Intermittent 16-mM Mg cardioplegia
was given to both the Mg and the control patients. Of
the patients in the Mg group, 2% (2/100)  had postop-
erative atrial fibrillation; 21% (21/100) had atrial
fibrillation in the control group. It was concluded that
the use of Mg in the preoperative and early postopera-
tive periods is highly effective in reducing the incidence
of atrial fibrillation after CABG [7].

Other evidence demonstrates that the dose-time ap-
proach to Mg therapy may be inadequate. The efficacy
of Mg therapy for ventricular arrhythmias has been de-
bated [1,15]. In addition, the prevention of atrial fibrilla-
tion could not be attained with only routine (dose-time)
administration of MgSO4 [69].

Monitoring TMg as an approach to
guiding Mg therapy

Giving Mg supplements before or during CPB surgery,
or not giving it at all, did not affect the incidence of
arrhythmias and ventricular fibrillation after aortic
unclamping; however, the plasma TMg levels did [19].
Even then, the correlation between serum TMg levels
and clinical outcomes is poor [7,70], in part because a
normal serum Mg level may coexist with tissue Mg defi-
ciency [7]. Clinical signs of hypomagnesemia lag con-
siderably behind falling total serum levels. Therefore,
early treatment of serum Mg changes may be important
in preventing or reducing clinical dysfunction [71].

Table 5 suggests that once TMg drops near the
lower limit of its reference range (~0.75mmol·l�1), the
frequency of atrial and supraventricular arrhythmias
increases dramatically. The combination of signal-
averaged P wave duration before surgery, along with
low serum TMg on the first postoperative day, identified
the majority of patients with atrial fibrillation after
coronary artery bypass surgery [6]. Of the patients with
lower TMg (�0.8mM) persisting into day 1 (66% of
patients), 35% (22/63) required prolonged ventilatory

Table 5. Arrhythmias develop at lower TMg concentrations

Postop TMg (mM) Arrhythmia References

�0.74 2.66 � the risk of atrial fibrillation (AF) Kaplan [69]

0.72 � 0.02 On day 1 Patients in whom AF developed Yeatman [55]
0.76 � 0.02 On day 1 Patients in whom AF did not develop

�0.75 Postoperative Supraventricular dysrhythmia: 37% (19/52) England [4]
�0.75 Postoperative Supraventricular dysrhythmia: 17% (8/48)

�0.80 Postoperative Atrial dysrhythmia: 31% (22/71) Aglio [8]
�0.80 Postoperative Atrial dysrhythmia: 10% (3/29)
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support (mechanical ventilation �24 h after surgery),
in contrast to 12% (4/33) of the normomagnesemic
patients [4,8]. Maintaining TMg between 1.5 and
3.0mmol·l�1 is generally considered to be the level re-
quired to prevent and treat arrhythmia [31]. Only 4%
(2/50) of patients with high Mg administration (TMg �
2mM) had ventricular arrhythmias [23].

Monitoring iMg as an approach to guiding therapy

Magnesium therapy during CPB should be based on
iMg rather than TMg values [36,72]. Postoperatively,
Mg supplementation should be continued despite nor-
mal serum TMg levels, because iMg hypomagnesemia
may occur [19]. A large drop in iMg (but not in TMg)
24h after CPB was seen in patients receiving 16 mM
MgCl2 at bypass. The iMg drop correlated highly with
preoperative iMg (r � 0.96) [73]. In addition, the risk of
hypermagnesemia from giving Mg to heart patients with
kidney disease (e.g., creatinine �2mg·dl�1) might be
reduced with careful monitoring of iMg.

Samples (n � 237), collected from 31 patients before,
during, and after cardiac surgery, during which Mg-
containing cardioplegia was used, were monitored for
both TMg and iMg [74]. Scatter about the regression
line between iMg and TMg (Sy·x � 0.0914) suggested
that the iMg value could vary between 0.54 and 0.92mM
in patients having a TMg value of 1.0mM. In some
instances, even greater differences were noted (e.g., in
one sample, iMg was 0.3mM and TMg was 1.1 mM).
It was suggested that the scatter about the regression
line reflects the differences in Mg bound to protein
and small ligands from sample to sample. Most of the
samples with elevated iMg had values ranging from 0.7
to 1.1mM; 3% (7/237) of samples were in the 1.2- to 1.3-
mM range. The slope of the least-squares line compar-
ing iMg to TMg was 0.71; suggesting that, on average,
71% of the Mg in the samples was unbound (ionized).
Interestingly 2 of the 31 patients maintained a high iMg/
TMg ratio for all samples following the addition of the
cardioplegia, while 1 of the 31 maintained a low iMg/
TMg ratio. As time progressed, both sets of Mg values
(iMg and TMg) dropped, but, surprisingly, maintained
either continuously high or low iMg/TMg ratios for each
of the 3 patients. These 3 patients illustrate that iMg and
TMg cannot be used interchangeably. It is not clear
whether or not the iMg/TMg ratio may suggest the
underlying Mg status in the patients.

Of 186 pediatric patients undergoing congenital car-
diac surgery augmented with Mg in cardioplegia, 34%
had low iMg (2 SD below the mean of the age-adjusted
reference range) before surgery, 40% during CPB (par-
ticularly during cooling), 30% post-CPB, and 21% on
admission to the ICU. Intraoperative ionized hypo-

magnesemia was more prevalent in patients who took
furosemide before surgery. Patients with low iMg had
higher mean lactate levels and required 1.65 � the me-
chanical ventilation time of normomagnesemic patients.
Low-iMg patients had longer cardiac ICU (CICU) stays
that correlated most strongly with presurgical iMg val-
ues. Among the 14 patients who died during hospitaliza-
tion, 12 (86%) had ionized hypomagnesemia during
CPB [9,75].

In one study, cardioplegia (St. Thomas II cardio-
plegia solution) containing 16.0mmol·l�1 of MgCl2 was
infused at 10ml·kg�1 every 30min during aortic cross-
clamping into 18 patients. This amounted to an average
of 38 � 9mmol of Mg administered per patient. For the
first 20min after unclamping, iMg values averaged
around 1.55mM (ranging from 1.2 to 2.0 mM). Vascular
resistance dropped by 40%, and 14/18 patients required
atrial or ventricular pacing. Hypotension and bradycar-
dia after unclamping delayed weaning from extracorpo-
real circulation. It was concluded that monitoring iMg
was needed to avoid side effects of a high Mg concentra-
tion when Mg-rich cardioplegia solutions were used
[44].

Reflections and recommendations

The dynamics of Mg metabolism suggest that myocytes
store Mg, 90% to 99�% of which is bound to ATP,
protein, and other ligands in the cytosol. Intracellular
iMg, the remaining small percentage of the intracellular
TMg, may pass through the cell membrane, and appears
to establish equilibrium with extracellular iMg over a
time span of minutes to hours, depending on the intra-
to extracellular iMg gradient [3]. Chronic Mg wasting
presurgery would result in low levels of intracellular
TMg. An acute decrease in blood plasma iMg during
cardiac surgery would reduce further the intracellular
iMg. An acute bolus of Mg from supplementation
would start to reverse the intracellular loss, but the
kidneys rapidly void much of the added Mg. Unless the
intracellular shortage of Mg is made up over the time
following surgery (days), intracellular Mg may remain
low. This could explain why extracellular Mg might
drop, even after bolus Mg supplementation. Reduced
myocardial iMg likely plays a major role in the clinical
consequences following cardiac surgery.

A target range for plasma iMg, which should pro-
vide therapeutic value without significant risk during
the time surrounding heart surgery, might be 0.60–
1.0mmol · l�1. This range is based on the following con-
siderations: (1) the clinical observations detailed in
Tables 2, 4, and 5 are reported as a function of TMg, (2)
on average, iMg in 70% of the TMg value, (3) iMg is a
more clinically relevant value than TMg, (4) there is
a delay in intracellular iMg equilibration with plasma
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iMg, and (5) plasma iMg changes with time. The sug-
gested range needs to be confirmed

Summary

Many factors affect the activity of the physiologically
important ionized Mg fraction, iMg, in patients who
undergo heart surgery. These factors include the use of
diuretics before surgery; hemodilution, binding ligands,
and hypoxia introduced during surgery; and the admin-
istration of Mg via pump prime, cardioplegia, or injec-
tion perioperatively. The consequences of abnormal Mg
in these patients range from arrhythmia and respiratory
complications when the patients are hypomagnesemic,
to hypotension and bradycardia when they are
hypermagnesemic.

While Mg supplements are helpful for these patients,
their clinical effects are best predicted by measurements
of blood plasma iMg rather than by dosing schedules.
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