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marked reduction of skeletal muscle
magnesium content.8 In such pa-

tients, renal magnesium excretion is
increased and is potentiated by the
accompanying metabolic acidosis
and ketoaciduria. Net negative bal-
ances of up to 5 mmol of magnesium
per day have been recorded in fast-
ing subjects.8
Reduced magnesium intake also

occurs in areas that have drinking
water with a reduced magnesium
salt content ("soft water").9'0

Decreased intestinal absorption:
Mala-bsorption is a major cause of
magnesium deficiency. In one series
35% of patients with a variety of
malabsorption syndromes were hy-
pomagnesemic." Hypomagnesemia
can occur in various intestinal muco-
sal diseases, including celiac sprue,
Whipple's disease, intestinal lym-
phangiectasia, radiation enteritis,
systemic mastocytosis and terminal

ileal diseases. Malabsorption sec-

ondary to massive intestinal resec-

tion, with resultant short bowel
syndrome, is another frequent set-
ting."-2' Thirty percent of patients
with ileal bypass for treatment of
obesity have acute symptomatic hy-
pomagnesemia within the first few
months after surgery,'920 and their
mean serum magnesium levels may

remain below normal.2' Magnesium
deficiency may also complicate se-

vere cholestatic liver disease22 or

pancreatic insufficiency,23 including
that associated with cystic fibrosis.24

In these disorders the predomi-
nant mechanism leading to magne-
sium deficiency is one or more of
reduced mucosal surface area, in-
creased intestinal secretion of mag-
nesium," vitamin D deficiency26 and,
most often, the formation of insolu-
ble magnesium soaps in the stool
due to the complexing of magnesium

with unabsorbed fat. The amount of
fecal magnesium correlates with the
degree of steatorrhea, and a positive
magnesium balance can occur with
the institution of a low-fat diet,
pancreatic enzyme replacement
therapy (in pancreatic insufficien-
cy), treatment of vitamin D defi-
ciency or treatment of the underly-
ing disorder (such as with a gluten-
free diet in celiac sprue).

In primary hypomagnesemia se-

lective malabsorption of magnesium
occurs as an isolated inherited ab-
normality. In early infancy tetany
and convulsions occur as a result of
severe hypomagnesemia and conse-

quent hypocalcemia. The seizures
and hypocalcemia respond poorly to
calcium and vitamin D therapy but
well to magnesium treatment.27

Internal redistribution

Acute hypomagnesemia can result
from internal redistribution of mag-

nesium through intracellular shifts,
formation of magnesium complexes
or deposition of magnesium in insol-
uble soaps. Increased shift of mag-
nesium into cells occurs with in-
creased cellular uptake of glucose
and amino acids, as accompanies the
administration of glucose, amino
acids and insulin.28 This mechanism
is especially pronounced when an
underlying intracellular magnesium
deficit is coupled with a marked
anabolic state, as may occur with
refeeding after starvation or severe
protein-energy malnutrition, with
administration of hyperalimentation
solutions to nutritionally depleted
patients29 and with insulin treatment
of severe diabetic ketoacidosis.30

Increased catecholamine levels
from any cause can increase magne-
sium uptake by adipocytes and can
increase circulating levels of free
fatty acids, which complex with free
plasma magnesium. These mecha-
nisms can contribute to the hypo-
magnesemia found in alcohol with-
drawal syndrome.3'

Shift of magnesium into cells also
occurs with correction of acidosis in
renal failure.32

Rarely, massive transfusion with
citrated blood causes mild transient
hypomagnesemia as a result of mag-
nesium's complexing with citrate.33

In the "hungry bone syndrome"
acute uptake of magnesium by bone
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Table I-Mechanisms of magnesium deficiency

Decreased intake
Magnesium-deficient diet
Protein-energy malnutrition
Fasting
Liquid-protein, modified-fast diet
"Soft water"

Decreased intestinal absorption
Primary hypomagnesemia
Malabsorption syndromes (e.g., intestinal mucosal diseases, short bowel syn-

drome, ileal bypass or resection, severe cholestatic liver disease, pancreatic
insufficiency)

Internal redistribution
Administration of glucose, amino acids and insulin
Acute pancreatitis
"Hungry bone syndrome"
Massive transfusion with citrated blood

Increased loss
Nonrenal

Prolonged large-volume diarrhea
Prolonged nasogastric suction or biliary fistula combined with parenteral

administration of magnesium-free fluids
Renal

Intrinsic tubular disorders
Congenital renal magnesium wasting
Interstitial nephritis
Diuresis: during resolution of acute tubular necrosis, postobstructive,
and following successful renal transplantation

Tubular injury induced by drugs (e.g., aminoglycosides, amphotericin
B, cisplatin)

Extrarenal factors influencing renal magnesium handling
Hypercalciuria
Diuretic states induced by the administration of saline, furosemide or

osmotic agents
Hyperaldosteronism
Short-term ethanol ingestion
Digoxin administration
Hypokalemia
Phosphate depletion
Organic aciduria



occurs in the healing phase that
follows parathyroidectomy for se-
vere hyperparathyroidism, and se-
vere hypomagnesemia may devel-
op.29

In acute pancreatitis, magnesium
may form insoluble soaps in areas of
fat necrosis.22 Moderate hypomag-
nesemia develops in 30% of patients
during the first week of their illness;
occasionally more severe hypomag-
nesemia develops.

Increased loss

Nonrenal loss: Nonrenal magne-
sium losses occur through the gas-
trointestinal tract. Gastric, biliary
and pancreatic fluids contain rela-
tively little magnesium (0.5 to 1
mmol/L); however, loss of large vol-
umes from prolonged nasogastric
suction or a biliary fistula can result
in severe magnesium depletion, par-
ticularly when combined with paren-
teral administration of magnesium-
free fluids.34-36
Lower intestinal tract fluid has

quite a high content of magnesium
(5 to 7 mmol/L).3" Hence, signifi-
cant magnesium depletion can result
from an intestinal fistula, a high
ileostomy output and prolonged
large-volume diarrhea, such as that
complicating inflammatory bowel
disease, laxative abuse, infectious
gastroenteritis or villous adenoma,
as well as secretory diarrhea.'6'36

Rarely, nonrenal magnesium loss-
es can occur with excessive lacta-
tion37 or sweating3" and with mag-
nesium-free dialysis.39
Renal loss: Magnesium deficiency

may develop secondary to renal
magnesium wasting states; these can
be subdivided into those caused by
intrinsic tubular disorders and those
produced by extrarenal factors that
influence renal magnesium hand-
ling.

Intrinsic tubular disorders include
the syndrome of congenital renal
magnesium wasting40 along with
renal magnesium wasting caused by
acute or chronic interstitial nephritis
or by tubular damage associated
with acute tubular necrosis, postob-
structive states, renal transplanta-
tion and drugs.32"4' ` Renal magne-
sium wasting also may be seen in
renal tubular acidosis and Bartter's
syndrome.45'47

In congenital renal magnesium

wasting a selective defect in renal
magnesium reabsorption leads to hy-
pomagnesemia. Renal potassium
wasting, hypokalemic metabolic al-
kalosis, hypercalciuria, hypocal-
cemia and nephrocalcinosis often
occur in this disorder.40 Aldosterone
levels may be secondarily elevated;
however, they return to normal with
magnesium supplementation.40 This
syndrome may be confused with
Bartter's syndrome.47

Impaired tubular function leading
to renal magnesium wasting can
occur in acute or chronic interstitial
nephritis.324' Diffuse tubular abnor-
malities associated with massive di-
uresis also can lead to transient
severe hypomagnesemia. Clinically,
this may be seen with the diuretic
phase of acute tubular necrosis, with
postobstructive diuresis and with the

diuresis that sometimes follows suc-
cessful renal transplantation.46

Drug-induced tubular injury can
lead to renal magnesium wasting
and hypomagnesemia. This is often
accompanied by renal potassium
wasting and hypokalemia, and occa-
sionally by secondary hypocalcemia.
Drugs producing inordinate renal
magnesium losses include amino-
glycosides,44 amphotericin B,45 car-
benicillin29 and cisplatin (cis-
platinum) 42,43,48 Cisplatin has been
reported to cause hypermagnesuria
and hypocalcemic hypomagnesemia
in approximately 50% of patients.
The hypomagnesemia may persist
for several weeks4243 or as long as 3
years after the last dose is adminis-
tered.40

Extrarenal factors also influence
renal magnesium handling and may

Magnesium plays a critical role in many cellular functions. For instance, it is required
by adenosine triphosphatase (ATPase), which maintains the sodium-potassium
gradient across all membranes and regulates intracellular calcium levels, myocyte
function and calcium reuptake by the sarcoplasmic reticulum. Magnesium is also
important for maintenance of cardiac rhythm, vasomotor tone, neuromuscular

function and parathyroid hormone metabolism.
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lead to renal loss of magnesium.
Magnesium reabsorption occurs

predominantly in the ascending loop
of Henle (65%), to a lesser extent in
the proximal tubule (30%) and min-
imally in the distal segment (5%).49'5
It is closely linked to sodium and
calcium reabsorption in these seg-
ments. For example, an increased
urinary calcium level competitively
inhibits the renal tubular reabsorp-
tion of magnesium in the ascending
loop of Henle.4950 Hypomagnesemia
can occur, therefore, with hypercal-
ciuria of any cause.

This effect is antagonized by the
magnesium conserving action of
parathyroid hormone in hypercal-
cemic hyperparathyroidism, which
accounts for the variable serum
magnesium level in this disorder.

Similarly, diuretic states induced
by the administration of saline, di-
uretics or osmotic agents decrease
renal sodium and renal magnesium
absorption and lead to increased
urinary magnesium loss.4950 Inhibi-
tion of reabsorption by furosemide is
somewhat greater for magnesium
than for sodium and calcium and
can produce large increases in uri-
nary magnesium excretion. Not sur-
prisingly, the combined effect of
hypercalciuria and forced diuresis
with saline and furosemide, used in
the treatment of various hypercal-
cemic states (such as malignant hy-
percalcemia) can cause significant
hypomagnesemia; the serum magne-
sium concentration should be moni-
tored in these situations.

Primary5' or secondary52 hyperal-
dosteronism induces sodium reten-
tion and a modest persistent expan-
sion of the extracellular fluid vol-
ume, which can decrease the reab-
sorption of sodium and magnesium
in the proximal tubule and the as-
cending loop of Henle. Although
aldosterone enhances sodium reab-
sorption in the distal tubule, there is
little effect on magnesium at this
site, and magnesium wasting and
hypomagnesemia occur. Similarly,
hypomagnesemia can occur with the
syndrome of inappropriate antidiur-
etic hormone secretion" and with
Bartter's syndrome.47
Other extrarenal factors that can

increase urinary magnesium excre-
tion include short-term ethanol in-
gestion,545556 digoxin administration,57
hypokalemia,29 phosphate depletion49

and organic aciduria,29 as can occur
with fasting, alcoholism or diabetic
ketoacidosis.

Magnesium deficiency in specific
clinical situations

Alcoholism

Chronic alcoholism is a common
cause of magnesium deficiency,
being associated with decreased
magnesium intake, decreased intes-
tinal absorption of magnesium be-
cause of liver disease or pancreatic
insufficiency, increased gastrointes-
tinal magnesium loss because of
vomiting and diarrhea, and in-
creased renal magnesium excretion
because of ingestion of alcohol per
se, ketoaciduria of starvation, hypo-
phosphatemia, hyperaldosteronism
or use of diuretics in the treatment
of ascites. Increased intracellular
uptake of magnesium occurs with
intravenous administration of glu-
cose when the patient is admitted to
hospital. Additionally, hypomag-
nesemia may develop if acute pan-
creatitis causes precipitation of
magnesium salts in areas of fat
necrosis or if acute alcohol with-
drawal leads to increased plasma
free fatty acid levels and subsequent
precipitation of complexes of mag-
nesium and free fatty acids.3" 5456
Serum magnesium levels as low as

0.2 mmol/L have been reported in
association with acute alcohol with-
drawal.58 However, in that study
magnesium depletion in alcoholism
was most consistently reflected in
significantly reduced skeletal muscle
magnesium content: the average
content was 22.5 mmol/kg of fat-
free dry solids in patients with
symptoms of alcohol withdrawal but
35.5 mmol/kg in normal, healthy
controls. The content returned to
normal in the patients following in-
travenous magnesium replacement.

Diabetic ketoacidosis

About 7% of patients presenting
with severe diabetic ketoacidosis
have hypomagnesemia.29 The cata-
bolic effect of insulin deficiency
leads to breakdown of intracellular
organic compounds, release of mag-
nesium from cells and excretion of
magnesium in the urine. Magnesium
excretion is enhanced by ketoaci-

duria and by the osmotic diuresis
induced by glucosuria. The anabolic
effects of insulin therapy drive mag-
nesium back into cells, and 50% to
60% of patients become transiently
hypomagnesemic after 12 hours of
therapy.30 Carpopedal spasms, hypo-
calcemia and hypomagnesemia de-
veloped during treatment of diabetic
ketoacidosis in one child; these com-
plications were refractory to calcium
infusion but responsive to intramus-
cular administration of magnesium
sulfate.59 A fatal arrhythmia has
been reported in a patient rendered
hypomagnesemic during initial
treatment of diabetic ketoacidosis.60

Total parenteral nutrition

Prolonged parenteral administra-
tion of fluids, including nutrient
preparations without added magne-
sium, leads to hypomagnesemia or
magnesium deficiency9 on the basis
of decreased intake and transcellular
shift of magnesium induced by cell-
ular uptake of glucose and amino
acids.

Clinical manifestations of
magnesium deficiency (Table II)

Manifestations of magnesium de-
ficiency relate to its critical role in
activating and generating ATP' and
cyclic adenosine monophosphate
(AMP)6' and in regulating neuro-
muscular transmission.' Resultant
alterations in intracellular potassium
and calcium homeostasis also play a
role in mediating the manifestations
of magnesium deficiency.

Alterations in potassium, calcium
and phosphate balance

Magnesium is important in regu-
lating the intracellular potassium
content. Intracellular magnesium
activates membrane-bound magnesi-
um-dependent sodium-potassium
ATPase, which pumps sodium out of
the cell in exchange for potassium.
In addition, extracellular magne-
sium retards cell efflux of potassium
on a biophysical basis. Thus, magne-
sium deficiency impairs the sodium-
potassium pump and allows potassi-
um to escape from the cell, to be lost
in the urine. Hence, magnesium de-
pletion can lead to potassium deple-
tion.2 In fact, hypokalemia occurs in
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46% of hypomagnesemic patients;62
total body potassium depletion may
be profound, and massive supple-
mentation of potassium may fail to
correct it until the magnesium defi-
cit is repaired.63

Hypocalcemia is a prominent
manifestation of magnesium defi-
ciency.2 Several mechanisms togeth-
er result in decreased mobilization
of calcium from bone.64 Hypomag-
nesemia shifts the normal heteroion-
ic exchange of calcium and magne-
sium ions at the bone surface, which
leads to an increased bone release of
magnesium ions in exchange for
increased bone uptake of calcium
ions from the serum. Additionally,
the release of parathyroid hormone
and the target organ response to this
hormone are altered in chronic se-
vere hypomagnesemia. Although
acute hypomagnesemia causes a rise
in parathyroid hormone levels,
chronic severe hypomagnesemia in-
hibits the release of parathyroid hor-
mone, the result being decreased or
inappropriately low parathyroid hor-
mone levels for the degree of hypo-
calcemia. The response of bone to
parathyroid hormone can also be
diminished, and this results in
"functional hypoparathyroidism".
Impaired magnesium-dependent
adenyl cyclase generation of cyclic
AMP mediates the decreased release
of parathyroid hormone and the
skeletal resistance to this hormone
in magnesium deficiency.69
Hypomagnesemic hypocalcemia is

often refractory to calcium therapy
alone but can respond to the admin-
istration of magnesium alone.
Magnesium depletion can also

lead to phosphaturia and decreased
intracellular phosphate content.65

Cardiac manifestations

Cardiac manifestations of magne-
sium deficiency are legion, including
digoxin-mediated arrhythmias,66
electrocardiographic changes,67 and
supraventricular and ventricular
arrhythmias.67`70 Evidence also sug-
gests a role for magnesium deficien-
cy in hypertension,7-73 coronary ar-

tery vasospasm74 and sudden death
due to coronary artery disease.'075

Patients receiving digoxin are pre-
disposed to the development of mag-
nesium deficiency and toxic effects
of digoxin. Digoxin enhances uri-

nary magnesium excretion,57 as do
diuretics given concomitantly for
treatment of congestive heart fail-
ure. Magnesium deficiency enhances
digoxin uptake by the myocardial
cell,76 and both inhibit the myocardi-
al cell sodium-potassium pump.
This results in a decrease in intracell-
ular potassium content, changes in
resting membrane potential and dis-
turbances in the repolarization
phase. The calcium channel block-
ing effect of magnesium decreases in
magnesium deficiency, and the in-
tracellular calcium content rises.
The result is an enhanced sensitivity
to the toxic effects of digoxin and
the development of digoxin-mediat-
ed arrhythmias. These arrhythmias
may be refractory to conventional
antiarrhythmic agents but may re-
spond well to intravenous magne-
sium sulfate therapy.66-69

Cardiac arrhythmias independent
of digoxin may be associated with
magnesium depletion. These include
ventricular premature beats, ventric-
ular tachycardia (often multifocal),
torsades de pointes and ventricular
fibrillation.67 70 Supraventricular
arrhythmias (atrial fibrillation and
paroxysmal supraventricular tachy-
cardias) are less common. These
arrhythmias also may be refractory
to conventional antiarrhythmic
agents but responsive to magnesium
sulfate.

Electrocardiographic changes oc-
curring in magnesium deficiency are
nonspecific and include wide QRS
complexes and tall, peaked T waves
in moderate magnesium deficiency,
and prolonged PR, QRS and QT
intervals, ST-segment depression
and flat, broad T waves with promi-
nent U waves in severe magnesium
deficiency.67"6 These changes proba-
bly reflect alterations in the relative
concentrations of intracellular and
extracellular potassium and calcium
in the myocardial tissue.
The results of several studies have

suggested an association between di-
etary magnesium deficiency and the
risk of sudden death from coronary
artery disease.'0'7475 Cities in Ontario
that had drinking water with a de-
creased magnesium content ("soft
water") demonstrated a 20% to 30%
higher rate of sudden death from
coronary artery disease than areas
that had drinking water with a high
magnesium content ("hard wa-
ter").'0 Myocardial magnesium con-
tent in persons with an accident-
related death was reduced by 7% in
the cities having "soft water" com-
pared with those having "hard wa-
ter".'0 It is conceivable that the
magnesium content of "hard water"
exerts a protective effect on the
myocardium of individuals with oth-
erwise marginal dietary magnesium
intake.
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Table II-Manifestations of magnesium deficiency

Alterations in potassium, calcium and phosphate balance
Hypokalemia
Hypocalcemia
Hypophosphatemia

Cardiac manifestations
Predisposition to digoxin-mediated arrhythmias
Electrocardiographic changes (including prolonged QT interval)
Cardiac arrhythmias (including ventricular premature beats, ventricular tachy-

cardia, torsades de pointes, ventricular fibrillation)
Alterations in vascular tone and blood pressure

Increased vascular smooth muscle tone and reactivity, leading to spasm
Increased blood pressure

Neuromuscular manifestations
Chvostek's and Trousseau's signs
Muscle twitching and tremor
Spontaneous carpopedal spasms
Muscle cramps
Muscle (including respiratory) weakness
Paresthesia

Neuropsychiatric manifestations
Personality changes (including apathy, depression, agitation, confusion, deliri-
um)

Seizures
Vertigo, nystagmus, ataxia, coma, movement disorders (rarely)



Sudden death associated with pro-
longed QT intervals and ventricular
tachycardia has been reported in
avid dieters using a liquid-protein,
modified-fast diet.7778 Negative mag-
nesium balance (due to renal losses)
occurs in these patients.79 Although
not necessarily reflected in the
serum magnesium level, an intracell-
ular or skeletal magnesium deficit
(or both types), which may contrib-
ute to the cardiac manifestations, is
suggested.

Effects on vascular tone and blood
pressure

Evidence exists for a role for
magnesium in regulating vascular
tone and contractility, as well as
vascular reactivity to a variety of
neurohumoral vasoactive substan-
ces. 71-74.80-83

Increased dietary intake of mag-
nesium has been correlated with a
decreased incidence of hypertension
in a recent survey performed by the
National Center for Health Statis-
tics in the United States.7' High-
renin essential hypertension has
been associated with lower mean
serum levels of magnesium than
normotension or other subgroups of
essential hypertension, although the
precise mechanism of the association
is not clear.72 In rats fed a magnesi-
um-deficient diet the microvascular
lumen sizes decreased and the ar-
terial blood pressure rose." In-vitro
studies have demonstrated increased
vascular tone (spasm), as well as
potentiated contractile responses to
catecholamines, in coronary arteries
bathed in magnesium-deficient me-
dia.74 In-vivo studies have produced
vasodilatation and vasoconstriction
of cerebral arterioles through in-
creases and decreases respectively in
the magnesium concentration of the
cerebrospinal fluid.80 Similarly, mag-
nesium deficiency induces spasm
and potentiates the contractile re-
sponse to prostaglandin F2a of um-
bilical vessels, which suggests a
mechanism for the effectiveness of
magnesium sulfate in the treatment
of pre-eclampsia.8' Finally, the addi-
tion of magnesium supplements to
the diuretic treatment of hyperten-
sion has led to a significant reduc-
tion in both systolic and diastolic
blood pressures after 6 months when
compared with the pressures of con-

trols not receiving the supplements.82
Magnesium deficiency is thought

to lead to an increase in vascular
smooth muscle tone and reactivity
by modulating uptake, content and
distribution of calcium in the
smooth muscle cell.83 Ultimately, the
intracellular calcium content rises
and its intracellular distribution is
altered. The mechanisms whereby
magnesium deficiency results in this
effect include the, following: de-
creased biophysical regulation of
calcium channels, leading to in-
creased cellular influx of calcium;
decreased cellular efflux of calcium
or increased permeability of the cell
to calcium (from decreased activity
of various membrane-bound mag-
nesium-dependent calcium exchange
and extrusion pumps); and de-
creased sarcoplasmic reticulum
reuptake of calcium (from decreased
activity of magnesium-requiring
ATPases and decreased magnesium-
requiring formation of cyclic AMP).
Increased intracellular cytoplasmic
calcium can then activate the actin-
myosin contractile proteins.
Neuromuscular manifestations
Magnesium deficiency can result

in various nonspecific neuromuscu-
lar signs and symptoms. Concomi-
tant hypocalcemia and hypokalemia
may contribute as well.
Magnesium is known to decrease

acetylcholine release from nerve ter-
minals and to depress the excitabili-
ty of nerve and muscle membranes.'
Magnesium plays an important role
in muscle contraction and relaxation
by regulating calcium channels, fa-
cilitating sarcoplasmic reticulum
reuptake of calcium via magnesium-
dependent ATPase and cyclic AMP,
and facilitating actin-myosin inter-
action via magnesium-dependent
ATPase.' Dogs rendered magnesium
deficient exhibit muscle composition
changes (specifically, gains in sodi-
um, chloride and calcium), as well
as altered resting transmembrane
electrical potential.65

Clinical manifestations of magne-
sium deficiency include Chvostek's
and Trousseau's signs, spontaneous
carpopedal spasms, muscle weak-
ness, muscle fasciculation, muscle
cramps, fine and coarse tremors,
and paresthesia.' 2.9.29.84 Electromyo-
grams may reveal rapidly firing,
high-pitched potentials.8

Neuropsychiatric manifestations

Magnesium deficiency may be as-
sociated with personality changes
including apathy, depression, agita-
tion, confusion, anxiety and deliri-
um. Severe magnesium deficiency
may contribute to the apathy of
apathetic hyperthyroidism.85 Magne-
sium deficiency interferes with thia-
mine utilization and may aggravate
Wernicke-Korsakoff's syndrome.9

Rarely, magnesium deficiency
leads to seizures and, hence, may be
a contributing factor in alcohol
withdrawal seizures. Vertigo, nys-
tagmus, ataxia, coma and movement
disorders such as asterixis, athetoid
and choreiform movements, and
myoclonic jerks havel been de-
scribed.27

Other manifestations

Magnesium deficiency can, rare-
ly, lead to decreased red blood cell
survival and subsequent anemia,86
dysphagia due to esophageal
spasm,87 and anorexia, nausea and
decreased gut motility.2

Since urinary magnesium acts as
an inhibitor of crystal nucleation,
hypomagnesuria associated with
magnesium deficiency may play a
role in predisposition to urinary cal-
culus formation.88

Clinical approach to the diagnosis of
magnesium deficiency

Magnesium deficiency should be
suspected in individuals predisposed
to its development who exhibit the
symptoms, signs and laboratory fea-
tures of magnesium depletion. Un-
fortunately, the precise clinical diag-
nosis of magnesium depletion is dif-
ficult. Since 99% of total body mag-
nesium is located in the intracellular
stores or in bone, serum magnesium
levels do not always reflect intracell-
ular or total body magnesium stores.
Hence, a normal serum magnesium
level can occur in the presence of a
total body magnesium deficiency.858
Other measures of magnesium bal-
ance that have been described in-
clude the erythrocyte magnesium
level, which reflects the serum mag-
nesium concentration at the time of
red cell formation and may be nor-
mal in acute hypomagnesemia, the
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muscle magnesium content, which
largely reflects the size of the bound
intracellular magnesium stores and
may be a useful index of chronic
magnesium depletion,36"58 and the
magnesium content of the surface-
limited pool of bone, which is readi-
ly exchangeable with serum magne-
sium and provides a good estimate
of total body magnesium. However,
these measures and other techniques
to determine an individual's magne-
sium status generally are not avail-
able.
A practical clinical approach to

establishing the diagnosis and the
cause of magnesium deficiency in-
volves determining the serum mag-
nesium level and the urinary magne-
sium excretion, then administering a
magnesium load (Fig. 1). Since 30%
of serum magnesium is protein-
bound, sever.e hypoalbuminemia
should be ruled out, as it could
cause spurious hypomagnesemia
with a normal serum content of
ionized magnesium. High urinary
magnesium excretion (more than 1.5
to 2.5 mmol/d) in the presehce of a
low serum magnesium level (less
than 0.7 mmol/L) suggests in-
creased renal loss of magnesium as
the mechanism of magnesium defi-
ciency. Decreased urinary magne-
sium excretion (less than 0.5 to 1

mmol/d) in the presence of hypo-
magnesemia suggests renal conser-
vation of magnesium and a magnesi-
um-deficient state due to decreased
intake or absorption, redistribution
or nonrenal magnesium loss.89

In the absence of renal magne-
sium wasting syndromes, a magne-
sium load test can be performed.8"9'
After a baseline 24-hour urine col-
lection, 30 mmol of magnesium sul-
fate is administered in 500 mL of
5% dextrose in water over 8 to 12
hours; urine is collected for 24 hours
from the beginning of the infusion.
Individuals with normal magnesium
stores will excrete more than 60% of
the administered load within 24
hours, whereas magnesium-deficient
patients will excrete less than 50%.9
With the dose of magnesium sulfate
reduced to 33 mEq (16.5 mmol)
over 6 hours, Thoren9' considered a
retention of greater than 20% to
25% to be evidence of magnesium
deficiency. This test should be per-

formed with caution in patients with
renal insufficiency, disturbances in

cardiac conduction or advanced res-
piratory insufficiency.
Treatment

Clinicians should recognize the
conditions that predispose to the
development of magnesium deficien-
cy, so that prophylactic measures
may be taken. For example, 2.5
mmol of magnesium sulfate may be
added prophylactically to each litre
of intravenous fluid in the treatment
of diabetic ketoacidosis. Magnesium
requirements during total parenteral
nutrition are approximately 6 to 15
mmol/d; magnesium administration
optimizes nitrogen retention.92 Po-
tassium-sparing diuretics such as
amiloride, triamterene and, to a less-
er extent, spironolactone have mag-
nesium-sparing properties and may
be useful in the prevention of mag-
nesium deficiency secondary to long-
term diuretic therapy. Prophylactic
addition of 3 g of magnesium sul-
fate, given intravenously, to high-
dose cisplatin chemotherapy regi-

mens may be effective in preventing
hypomagnesemia."

Patients with mild, asymptomatic
magnesium deficiency are best
treated by the institution of a diet
high in magnesium-containing food
(meat, seafood, green vegetables,
dairy products, nuts and cereals). In
more severe deficiency states and in
patients with ongoing renal or gas-
trointestinal losses, magnesium salt
supplementation is necessary.
When magnesium losses are con-

tinuous, oral therapy may be under-
taken with magnesium glucohepton-
ate, magnesium oxide or magnesium
citrate. Approximately 20 to 50
mmol of magnesium per day, given
in divided doses, may be required,
depending on the extent and route of
the loss.
Magnesium sulfate is commonly

used for intravenous or intramuscu-
lar therapy and is available in am-
poules of a 50% solution, 2 mL (1 g)
of which equals 4 mmol of elemental
magnesium. Since magnesium sul-

Fig. 1-Measurement of the serum magnesium concentration and the 24-hour urinary
magnesium excretion is required for the diagnosis of magnesium deficiency. An
inappropriately high urinary magnesium excretion in the presence of a low serum

magnesium level suggests renal magnesium loss. A low serum level with low urinary
excretion suggests magnesium deficiency with renal conservation. A normal serum
level with low urinary excretion requires a magnesium load test for confirmation of
magnesium deficiency.
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fate is painful and sclerosing it
should be diluted before administra-
tion.

Since the actual magnitude of the
magnesium deficit is difficult to de-
termine, replacement therapy will be
empiric. The typical deficit required
to produce symptomatic hypomag-
nesemia is 0.5 to 1 mmol/kg of body
weight; hence, the minimal deficit in
a patient may be estimated from the
patient's weight. Twice the estimat-
ed deficit is required for parenteral
replacement therapy since up to
50% of the administered magnesium
will be excreted in the urine despite
the presence of substantial total
body magnesium depletion. Half the
estimated deficit can be given in the
first 24 hours of therapy and the
remainder over the next 2 to 5 days.9
One author recommends instead
continuous intravenous administra-
tion of 40 mmol (10 g) of magne-
sium sulfate in the first 24 hours,
followed by 24 mmol (6 g) per day
over the next 2 to 5 days.9 In
addition, an initial loading dose of
24 mmol can be given over 3 hours.

In emergencies due to hypomag-
nesemia, such as the occurrence of
convulsions or malignant ventricular
tachyarrhythmias, one can give 8
mmol (2 g) of magnesium sulfate in
10 mL of 5% dextrose and water
intravenously over 10 minutes, fol-
lowed by 40 mmol (10 g) in 500 mL
over 5 hours.6870 Magnesium sulfate
can be administered intramuscularly
in a dosage of 2 g every 4 hours for
24 hours, followed by 1 g every 6
hours; however, this route of admin-
istration can be painful.9

In patients with hypokalemia and
hypomagnesemia, both potassium
and magnesium should be replaced.
Patients with symptomatic hypocal-
cemic hypomagnesemia may require
calcium replacement in addition to
magnesium since the calcium level
may not rise for 4 to 5 days; calcium
treatment alone is ineffective.

Complications of parenteral mag-
nesium therapy include neuromus-
cular and respiratory depression;
flushing and hypotension. Calcium
gluconate should therefore be readi-
ly available as an antidote. The
dosage should be substantially re-
duced in the presence of renal insuf-
ficiency, and monitoring of muscle
stretch reflexes and the serum mag-
nesium level is mandatory.
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