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General introduction 

General introduction 

To obtain information on the magnesium status of a patient, the measurement of the 
serum total magnesium concentration is still widely used in clinical chemistry. The first 
reports about a colorimetric determination were already presented in 1922 {1,2}. Since then 
a number of other methods for the determination of the serum concentration was developed. 
However, only about 1 % of the total amount of magnesium in the human body is present in 
extracellular fluid, which results in a concentration of 0.76-1.00 mmol/L in serum. 
Therefore, it is questionable whether the measurement of the extracellular total magnesium 
concentration is a good parameter for establishing the magnesium status of the body. It can 
be expected that intracellular measurements give a more reliable picture. The more so, 
since the main function of magnesium is in intracellular compartments {3}. Several studies 
have been focused on the measurement of intracellular magnesium, using different 
techniques and different types of cells. Reported concentrations varied strongly, as well as 
their relationship with serum levels {4}. 

The measurement of the biologically active ionized fraction in serum as a marker for 
the magnesium status is another approach, since this fraction might be a reflection of the 
free intracellular level. In 1990 the first report about magnesium measurements in serum 
with an ion-selective electrode was published, followed by evaluation studies in 1994 
{5,6,7}. 

The studies presented in this thesis were performed to answer the following 
questions: 

1. What is the analytical reliability of the magnesium measurement in serum with an 

ion-selective electrode; 
2. Does the new magnesium parameter, serum ionized magnesium, add useful 
clinical information about the magnesium status of the patient. 

These questions are dealt with in the two main parts of this thesis. In Chapters 3, 4, 5 and 
6, the technical aspects such as analytical reliability of the ionized magnesium 
determination, and the measurement of intracellular levels is described. Chapters 7 and 8 
deal with the application of these techniques in two different patient populations: 
hemodialysis patients known for hypermagnesemia, and a population of critically ill 
patients known for a high prevalence of hypomagnesemia. 

In more detail, the outline of this thesis is as follows. As an introduction into the 
subject, this thesis starts with a chapter consisting of a review about six clinical situations 
related to magnesium (Chapter 2). Issues addressed are the physiological role of 

11 



Chapter 1 

magnesium, eventual changes in its levels and how these best can be monitored. 

In Chapter 3 the results of an evaluation of a magnesium ion-selective electrode, the 
KONE Microlyte 6, are presented. The analytical performance was established and pre-
analytical criteria like the influence of heparin, which is a widespread anticoagulant in 
clinical chemistry, were evaluated. 

In Chapter 4 the application of the magnesium ion-selective electrode is further 
looked at. Its results are compared with a previously published indirect technique for the 
measurement of serum ionized magnesium. Moreover, a theoretical approximation of the 
fraction serum ionized magnesium is presented and its results are compared with measured 
ones. Based on a combination of ultrafiltration and ion-selective electrode measurements, 
all serum magnesium fractions (ionized, complexed and protein-bound magnesium) were 
established in a group of continuous ambulatory peritoneal dialysis patients and compared 
with measured magnesium values in healthy volunteers. 

Since next to the KONE Microlyte 6 two other analyzers for the determination of 
serum ionized magnesium became commercially available, we started a comparison study 
of these three instruments. The results of this comparison study are presented in Chapter 5. 

An answer to the question whether the serum ionized magnesium concentration 
might be a reflection of the intracellular level only can be given when the latter 
determination can be performed reliably. Therefore, Chapter 6 gives a detailed overview of 
the precision of the measurement of the total magnesium concentration inside mononuclear 
blood cells and erythrocytes. 

A combination of intra- and extracellular measurements is applied in a study in 
hemodialysis patients, as described in Chapter 7. 

In Chapter 8 the relation between intra- and extracellular magnesium concentrations 
and their role in outcome prediction was studied in critically ill patients. Moreover, the 
relation between ionized magnesium, total magnesium and albumin in serum of these 
patients was evaluated. 
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Chapter 2 

Summary 

This review deals with the main six clinical situations related to magnesium or one of 
its fractions, including ionized magnesium: renal disease, hypertension, pre-eclampsia, 
diabetes mellitus, cardiac disease, and the application of therapeutic drugs. Issues addressed 
are the physiological role of magnesium, eventual changes in its levels, and how these best 
can be monitored. 

In renal disease mostly moderate hypermagnesemia is seen; measuring ionized 
magnesium offers minimal advantage. In hypertension magnesium might be lowered but its 
measurement does not seem relevant. In the prediction of severe pre-eclampsia elevated 
ionized magnesium concentration may play a role, but no unequivocal picture emerges. Low 
magnesium in blood may be cause for or consequence of diabetes mellitus. No special 
fraction clearly indicates magnesium deficiency leading to insulin resistance. Cardiac 
diseases are related to diminished magnesium levels. During myocardial infarction serum 
magnesium drops. Total magnesium concentration in cardiac cells can be predicted from 
levels in sublingual or skeletal muscle cells. Most therapeutic drugs (diuretics, 
chemotherapeutics, immunosuppressive agents, antibiotics) cause hypomagnesemia due to 
increased urinary loss. 

It is concluded that most of the clinical situations studied show hypomagnesemia due 
to renal loss, with exception of renal disease. Keeping in mind that only 1% of the total 
body magnesium pool is extracellular, no simple measurement of the real intracellular 
situation has emerged; measuring ionized magnesium in serum has little added value at 
present. 
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Introduction 

Magnesium is one of the most abundant cations in the human body. Still, relatively 
little is known about its function. Since Ebel and Günther {1} in 1980 wrote a review on 
magnesium metabolism in this journal, more insight has been gained into the biological 
functions of magnesium and the relevance of different extra- and intracellular fractions. 
Since the beginning of the nineties ion-selective electrodes for the measurement of serum 
ionized magnesium are available {2,3}, which resulted in some studies about the use of this 
new parameter in pathology. In this review, where possible, special attention is given to the 
role of the free ionized fraction in clinical chemistry. 

Most of the magnesium in the body may be found intracellularly and measurements 
have been performed in skeletal muscle, mononuclear blood cells, erythrocytes and platelets 
to establish the level of total and ionized intracellular magnesium. Findings in relation to 
these parameters will be discussed as well. 

Occurrence of magnesium in nature 
Magnesium is one of the most abundant metal ions in the earth's crust and has been 

recognized since ages. The name derives from the Magnesia district in Thessaly (part of 
Ionia in ancient Greece). There the magnesia stone, more commonly named talc was first 
obtained. Other magnesium containing minerals in the earth have been described {4}. In 
plants magnesium is the central atom in chlorophyll, like iron in hemoglobin. 

The major sources of magnesium in the food supply are dairy products (20%), grain 
products (18%); vegetables (16%); meat, poultry, and fish (15%); and legumes, nuts and 
soya products (13%). Drinking water may also contribute up to 25% of total magnesium 
intake in areas where the water is hard and unsoftened. At this moment the ion is less 
abundant in food than half a century ago. Next to more intensive agriculture and processing 
of food, acid rain may lead to a loss of magnesium in the soil. This is due to a lowering of 
the pH of the soil. It causes liberation of aluminum, which is insoluble in water under 
neutral and alkaline circumstances. Aluminum may replace magnesium at its binding sites 
on the roots of plants, and aluminum ions may supersede magnesium ions from particles in 
the soil. That makes magnesium penetrate deeper into the soil, leading to less availability 
for plants and vegetables {5}. 

Physiological actions of magnesium 
Of all biologically active cations magnesium has the smallest ion-radius, which leads 

to the highest binding energies and its liking for complex-formation {6}. This property of 
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the magnesium ion explains its important role at many metabolic processes in the human 
body. 

All enzymatic reactions in which ATP plays a role show an absolute necessity for 
magnesium {6}. Magnesium interacts with the outer two phosphate groups of ATP to form 
the enzymatic substrate. It helps to weaken the terminal P-0 band of ATP, enabling the 
transfer of phosphate to other molecules. Magnesium as an enzyme activator is essential for 
neuromuscular excitability and cell permeability. It is an activator of Na+/K+-ATPase 
among a number of ATPases. The free intracellular magnesium concentration is critical in 
the phosphorylation and the rate-limiting enzymes of glycolysis {7}. Nadler and Rude {8} 
state that this concentration, which ranges between 100 and 300 mmol/L, is close to the 
dissociation constant of many enzymes using ATP or phosphate transfer. In fact, 
intracellular magnesium deficiency is correlated to an impaired function of many enzymes 
utilizing high energy phosphate bands, which are, among others, involved in glucose 
metabolism and require magnesium as a cofactor {9}. 

Magnesium is also thought to function as a natural calcium antagonist {10} and has a 
direct effect on calcium uptake, distribution and content in vascular smooth muscle cells. Its 
role as a calcium channel blocker and modulator of calcium-channel activity has been well 
established {11}. 

Magnesium homeostasis 
The human body contains 1000 mmol (24 gram) magnesium {12} of which about 60% 

is present in bone (Figure 1). The remaining 40% is nearly equally distributed between 
skeletal muscle and other tissues like heart and liver {1,13,14}. However, only 30% of the 
magnesium present in bone and 25% of that in muscle is in an exchangeable form. The 
tightly-bound part in bone may serve as a buffer supply; at a later age this supply could be 
exhausted. Approximately 1 % of total body magnesium is extracellular and its concentration 
is equal to the magnesium concentration in the vascular compartment. In biological fluids 
magnesium can be categorized into three fractions: 1. protein-bound, 2. ionized, which is 
the biologically active form, and 3. complexed with anions such as phosphate, bicarbonate, 
and citrate. For human serum magnesium (0.76-1.00 mmol/L) these fractions are 27%, 
65% and 8%, respectively. Ionized and complexed magnesium together account for the 
ultrafiltrable fraction {15}. 

The recommended daily intake of magnesium is about 250-300 mg/day (10.4 - 12.5 
mmol/day) {16-18}. In pregnancy and during lactation an extra intake of 100 mg/day (4.2 
mmol) is recommended. However, minimal daily requirements of magnesium are difficult 
to calculate because of the ability of the kidneys to reduce the amount of magnesium loss in 
urine to very low levels. 
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Figure 1. Magnesium balance, daily intake and excretion in a normal human body. 

The maintenance of the extracellular magnesium level is not well understood. The 
main controlling factors are gastrointestinal absorption and renal excretion {14}. Absorption 
mainly takes place in the ileum, in association with chloride ions {19}. The mean 
percentage intestinal uptake in healthy volunteers using Mg28 as a tracer was 42% of the 
total intake (range 32-56%), being inversely related to the intestinal magnesium load {20}. 
In individuals with an adequate magnesium intake (about 11.5 mmol/L) this results in 
absorption of nearly 5 mmol (Figure 1). The considerable amounts which are secreted from 
gastric, pancreatic and biliary juices (0.5-1.0 mmol/L, 5 L/day) into the intestinal tract are 
almost completely reabsorbed {14,21}. 

The mechanism by which magnesium is absorbed in the intestine is not clear, although 
there is good evidence for the existence of two transport systems in the small intestine. One 
seems to be transcellular, saturable, carrier-mediated, and the other is probably paracellular, 
non-saturable, ionic diffusion driven by the chemical gradient across the intestinal wall 
{22,23}. Absorption in the intestine is not only determined by the amount of magnesium in 
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the diet, PTH influences this process as well: patients with primary hyperparathyroidism 
absorb an increased amount of magnesium {24,25}. Also 1,25-dihydroxycholecalciferol 
(vitamin D) has a positive influence on the process of absorption {19}. Calcium ions do not 
interfere with magnesium absorption, but magnesium binding anions like phosphate or fatty 
acids diminish the amount of free magnesium available for absorption {22,26,27}. 

Regulation of the magnesium balance is mainly due to changes in renal excretion, 
largely influenced by the serum magnesium concentration. Eventually =5 mmol magnesium 
is excreted in the urine {28}, which is equivalent to the amount absorbed in the intestine. 
The kidneys are able to minimize daily excretion to less than 0.5 mmol/day {29}. 

Little is known about the hormonal control of magnesium homeostasis. No specific 
and unique hormone which controls magnesium intake or excretion has yet been identified. 
Some hormonal systems have been shown to be able to influence magnesium metabolism: 
adrenalin, parathyroid hormone, calcitonin, insulin and glucagon, but findings about their 
influences are not yet consistent {30-33}. 

In a typical mammalian cell approximately 90% of total cellular magnesium is bound 
to ATP in the cytosol or distributed between nuclei, mitochondria and endo(sarco)plasmic 
reticulum. Since in the cytosol magnesium is mainly complexed with ATP, only a small 
percentage of the total magnesium (approximately 5%) is in the free ionized form. This 
cytosolic free magnesium is in rapid equilibrium with bound magnesium. Romani et al. 
{34} tend to conclude that cells are able to maintain this cytosolic free ionized magnesium 
within narrow limits over long periods of time and in a variety of physiological conditions. 
Nuclear magnesium appears to be particularly important for regulation of transcription. 
Recently, it has been suggested that magnesium may also have a stabilizing effect on the 
endonucleases because it counteracts the activation of these enzymes by calcium. 

The fraction of free cellular magnesium amounts to variable concentrations depending 
on the type of cells and measurement technique used. Electron micro probe techniques {35} 
and nuclear magnetic resonance spectroscopy in frogs {36} have suggested that 4 to 5% of 
intracellular magnesium is present as the free ion. Studies using magnesium binding dyes 
like Mag-fura (Furaptra) or Mag-indo yielded much higher estimates of free magnesium. 
Sanders et al. {37} found free fractions of approximately 14% in lymphocytes of humans. 
They also reviewed magnesium concentrations as measured in other studies on lymphocytes 
using the same technique. The intracellular ionized magnesium concentrations varied from 
0.15 to 2.38 mmol/L. The concentration of total magnesium in heart muscle cells is high, 
with values between 11 and 17 mmol/L {34}. The ionized intracellular magnesium 
concentration has been reported to range under physiological conditions between 0.4 and 
3.6 mmol/L. Gasser {38} combined the results of 18 publications concerning intracardial 
cellular ionized magnesium which lead to an average of 1.4 + 0.2 mmol/L in cells from the 
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resting heart of different species, measured by various methods. The broad range of all 
these results is the consequence of the different techniques used {34}. 

Goal of this review 

When starting to write this overview we were aware of other such articles published 
within the past ten years. However, our approach is different from previous reviews, which 
dealt with analytical, metabolic, physiological, biochemical, and some clinical aspects of 
magnesium {8,39-42}. 

The main questions addressed in this review concern the disease states in which a 
derangement of magnesium metabolism occurs; what is the basis of this abnormality, and 
which magnesium measurement either in blood or in tissue cells is relevant. 

The most important clinical situations in which magnesium is thought to play a role, 
either actively or passively, are kidney diseases, hypertension, pre-eclampsia, cardiac 
diseases, diabetes mellitus, and the application of therapeutic drugs. These six subjects have 
emerged as the top relevant situations in a literature search over the last ten years, relating 
magnesium and all possible patient groups. For a proper background of the role of 
magnesium during a disease, for each of the clinical situations, the physiological and 
pathophysiological processes concerned with magnesium and magnesium homeostasis have 
been described briefly. 

A derangement of magnesium metabolism is mainly expressed as a magnesium 
deficiency, except for renal disease. The magnesium status can be studied in serum and 
blood cells, and in a whole range of other tissues such as muscle, heart, sublingual cells, 
and in its different fractions e.g. total or ionized magnesium. Several authors have 
recommended the magnesium tolerance test as the gold standard in establishing magnesium 
deficiency {43,44}. Despite the introduction of a short version {45}, this test remains time 
consuming and inconvenient for a patient. The measurement of total magnesium 
concentration in serum or plasma would be most easy, measurement of serum ionized 
magnesium could be another approach. 

Due to the recent availability of ion selective electrodes for the determination of serum 
magnesium, where possible, special attention has been given to ionized magnesium in this 
review. However, the intracellular predominance of magnesium and the limited correlation 
between serum magnesium values and clinical disorders associated with magnesium 
deficiency have lent support to the notion that intracellular magnesium determinations may 
provide a more accurate assessment of magnesium homeostasis than serum-based 
determinations in diagnosing magnesium deficiency. Therefore, in each part of this review 
publications on the intracellular measurement of magnesium have been brought forward. 
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Finally, it is our intention, using all the information presented in this review to give a 
recommendation whether magnesium has to be measured in which of the six clinical 
situations, and which fraction would then be relevant. 

Renal Disease 

Introduction 
Physiology 

The kidney plays a major role in the regulation of magnesium. Variations in 
magnesium intake are paralleled by changes in excretion of magnesium. In normal humans 
with a GFR of 120 ml/min and a serum ultrafiltrable magnesium fraction of 0.63 mmol/L 
{15} about 100 mmol magnesium reach the renal tubule per day of which about 96% is 
reabsorbed. Finally about 4-5 mmol is excreted in the urine daily, which is equivalent to the 
amount of magnesium entering the body from the intestine. 

The path of magnesium through the nephron in the kidney will be described step-by-
step from the proximal convoluted tubule to the collecting duct (see Figure 2). Along the 
length of the proximal convoluted tubule an increased magnesium concentration is found 
which may be a consequence of the low permeability of the epithelium in this part of the 
nephron. Reabsorption, which is about 20-30% of the filtered magnesium load, remains 
constant under a variety of conditions. The magnesium transport in the proximal convoluted 
tubule is probably passive paracellular and based on solvent drag and/or an electrochemical 
gradient {46,47}. 

Then, magnesium enters the proximal straight tubule segment and the thin descending 
limb of Henle. The first segment reabsorbs magnesium in a manner similar to that observed 
in proximal convoluted tubule; the permeability of the epithelium of the proximal straight 
tubule is relatively low and primarily unidirectional for magnesium, and proceeds in parallel 
with sodium and water absorption but at lower rate. Little is known about magnesium 
transport in the thin descending limb of Henle, but it is unlikely that much reabsorption of 
magnesium occurs {46,47}. 

The major part of magnesium (50 to 70% of the filtered load) is reabsorbed in the 
thick ascending limb of Henle's loop. The mechanism by which this reabsorption takes 
place is not fully elucidated but appears to be primarily unidirectional efflux. Probably both 
passive transport via a paracellular pathway and active transport across the tubular 
epithelium occurs. Reabsorption increases with increasing luminal concentrations and seems 
unsaturable with concentrations up to 5 mmol/L. Conversely, when serum magnesium is 
increased by magnesium infusion, there is a decrease in absorption, regardless of the 

24 



Magnesium in disease 

Glomerulus 

Proximal 
convoluted tubule 

nerulus s-\ /-\ /-^ 

Thin descending 
limb 

luminal concentration. Magnesium transport in the thick ascending limb of Henle is 
influenced by changes in sodium chloride reabsorption and transepithelial potential 
difference. An increased potential difference results in an increased magnesium transport. 
Decrease in magnesium, calcium and sodium reabsorption occurs with administration of 
furosemide and with extracellular volume expansion {46,47}. 

Micro puncture studies have shown that there is little difference between the amount 
of magnesium delivered in the urine and distal convoluted tubule. The distal tubule absorbs 
a small but significant fraction of the filtered magnesium. It has been estimated that a 
maximum of 5% of the filtered load is reabsorbed at this site, which is close to maximum 
capacity. The reabsorption in the collecting duct system contributes little to the renal 
handling of magnesium {46,47}. 

An increased serum magnesium concentration is associated with an increased filtered 
load and an increased magnesium 
excretion. This latter is caused by 
the following mechanism. The 
fractional reabsorption in the thick 
ascending limb of Henle's loop is 
decreased just as the reabsorption 
in the proximal convoluted tubule. 
The effect in the first is not due to 
saturation of the transport mecha
nism but rather inhibition of the 
extrusion at the basolateral side. A 
large fraction of magnesium arrives 
in the distal tubule which is unable 
to reabsorb the increased load of 
magnesium it receives, so most of 
it appears in the urine. An 
increased filtered load of magne

sium corresponding with an increased excretion can be a result of increased glomerular 
filtration rate due to expansion of the extracellular fluid volume. 

When the magnesium intake is diminished the kidney is able to reduce the excretion to 
very low levels. This conservation is mainly regulated by the thick ascending loop of Henle 
by increased reabsorption. Magnesium depletion primary due to insufficient dietary intake is 
very uncommon {46,47}. 

Both phosphate and calcium influence the renal handling of magnesium. Phosphate 
depletion is associated with hypermagnesuria (and hypercalciuria) which can result in 
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Figure. 2. Anatomic relationship between the individual segments 
of the nephron 
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hypomagnesemia. The defect in magnesium reabsorption is localized in the thick ascending 
loop of Henle and distal tubule. Hypercalcemia inhibits magnesium reabsorption which 
suggests that both ions are transported by the same mechanism in the nephron. It causes 
reduction of reabsorption in the proximal tubule resulting in an increased flow of sodium, 
calcium, magnesium and water to the loop of Henle. The combination of the increased flow 
and high calcium concentration inhibits the transport of both ions. The capability of the 
distal nephron to reabsorb magnesium is limited resulting in an increased excretion. 
Hypocalcemia has the opposite effect, resulting in a slightly reduced excretion of 
magnesium {46,47}. 

Role of hormones 
No single specific hormone which controls renal handling of magnesium has yet been 

identified. PTH is thought to play a role but reports about its effect on magnesium excretion 
are not consistent. The strong relation between PTH and calcium, in combination with the 
influence of calcium on magnesium reabsorption is probably an explanation for the apparent 
discrepancies between studies about this subject. It is likely that PTH increases tubular 
magnesium reabsorption but the simultaneously increasing calcium concentration opposes 
the effect of PTH and decreases the magnesium reabsorption, resulting in magnesium 
excretion. Micro puncture experiments in animals showed a small effect of PTH on 
magnesium reabsorption in the loop of Henle, probably the thick ascending limb {46,47}. 
Infusions of cAMP stimulate magnesium reabsorption in a similar way as PTH does, so it is 
thought that the effect of PTH is mediated by the adenylate cyclase cAMP system. 

Calcitonin is another hormone which seems to control the magnesium homeostasis in 
humans. But again inconsistent results are found {46,47} which is probably due to the 
influence of calcium on magnesium reabsorption. 

Diuretics 
All different kind of diuretics can induce hypermagnesuria: loop diuretics 

(furosemide), thiazide diuretics and osmotic diuretics. However, several potassium sparing 
diuretics like amiloride and triamtereen seem to have an additional magnesium sparing 
capacity. Magnesium and diuretics will be discussed in the last section of this review. 

Search results and discussion 
Hypermagnesemia is common in patients with impaired renal function. Contigluglia et 

al. and recently Crook {48,49} reported that 73% of all patients with serum magnesium 
equal to or greater than 1.0 mmol/L had an abnormal renal function test. Patients with 
chronic renal failure usually maintain their serum magnesium concentration at normal or 
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slightly above normal levels in the early stages of the disease. With advancing renal failure 
magnesium retention occurs, resulting in hypermagnesemia. However, hypomagnesemia is 
occasionally observed in chronic renal failure. Torralbo et al. {50} reported six patients 
with severe chronic renal disease in whom hypocalcemia and hypomagnesemia were 
detected. Their serum total magnesium concentration varied from 0.37 to 0.66 mmol/L 
which is well below the reference range (0.71-0.91 mmol/L). The most probable cause for 
this phenomenon was magnesium wasting due to chronic tubulointerstitial nephropathy. 
Another disease leading to hypomagnesemia due to magnesium wasting is the Gitelman 
syndrome often called the hypocalciuric variant of Barterr {51-54}. The Gitelman syndrome 
is based on a congenital defect of renal tubule magnesium reabsorption and characterized by 
hypokalemia, hypocalcuria and persistent hypomagnesemia. From studies in the early 
nineties it was concluded that the electrolyte disturbances in Gitelman syndrome were a 
result of a defect in distal thiazide-sensitive sodium chloride transport. This was later 
confirmed by presumptive loss of function by mutations in the gene that encodes the 
thiazide-sensitive sodium chloride co-transporter located in the distal convoluted tubule. 
Until now more than 65 different mutations are identified {55-58}. 

In most studies performed in Gitelman patients only the serum total magnesium 
concentration was measured. However, in 1995 a case report was published in which both 
serum total magnesium and ionized magnesium were determined {59}. Both magnesium 

j parameters were decreased (total magnesium 0.55 mmol/L, reference interval 0.71-0.91 
mmol/L and ionized magnesium 0.27 mmol/L, reference interval 0.43-0.54 mmol/L) 
resulting in a decreased fraction of ionized magnesium. The authors concluded that hyper-
bicarhonatemia (33 mmol/L) was responsible for the low free magnesium fraction. 
However, bicarbonate is a weak magnesium binder {15}. In our opinion the alkalosis which 
increases the binding of divalent cations by albumin is a more obvious explanation. 

The literature search for ionized magnesium in renal disease resulted in 13 
publications. An overview of these are presented in Table 1. In some of these studies also 
total magnesium concentrations were reported. The studied patient populations varied from 
patients with renal disease with no further details, to patients treated by hemodialysis or 
continuous ambulatory peritoneal dialysis. In almost all patient groups the mean serum 
magnesium concentration was elevated, except group 1 (RDI) of Külpmann er al. {60} and 
the patients with chronic renal failure studied by Saha et al. {61}. The patients studied by 
Külpmann et al. {60} were described as having renal disease, hypoalbuminemia but a 
normal creatinine clearance (93-288 mL/min). They had a serum total magnesium 
concentration which was 9% lower than the reference value, but the ionized magnesium 
concentration was normal; therefore, the fraction ionized magnesium was increased which 
seemed to correlate with the albumin concentration (coefficient of correlation -0.44). The 42 
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Magnesium in disease 

patients in de study of Saha et al. {61} were diagnosed as having all kinds of pathogeneses 
(e.g.glomerulonephritis, diabetic nephropathy, polycystic kidney disease). When comparing 
serum total and ionized magnesium they found that based on serum total magnesium the 
incidence of hypomagnesemia was overestimated. In 5 patients a normal serum ionized 
magnesium concentrations was found together with a decreased total magnesium 
concentration, possibly due to a decreased serum albumin (mean concentration 37 g/L). 

Several authors {15,62-64} reported a decreased fraction of ionized magnesium in 
dialysis patients, but those in the study of Altura et al. {62} were not specified. Magnesium 
measurements performed in serum ultrafiltrates of these patients, combined with ionized 
magnesium results, led to the conclusion that an increased concentration of complexed 
magnesium is present {15,62}. The main magnesium binding compounds in human serum 
are bicarbonate and citrate. Huijgen et al. {15} state that the concentrations of these anions 
could not fully account for the elevated complexed fraction, so other unknown components 
must be present in the serum of this specific patient group. 

Ionized intracellular magnesium was measured in erythrocytes, mononuclear blood 
cells, lymphocytes, platelets and skeletal muscle. In mononuclear blood cells an increased 
concentration was found {65}, in lymphocytes the concentration was not significantly 
changed {66}, while in platelets a decreased ionized magnesium concentration was reported 
{67}. It is obvious that the varying results between the different studies about this subject 
show that these kind of intracellular measurements are not suitable yet to obtain information 
about the magnesium status of renal patients. 

Conclusion 

In summary, although hypermagnesemia is frequently measured in patients with renal 
diseases, reported serum total magnesium values are in general not extremely high. From 
the serum ionized magnesium results in renal patients obtained until now it can be 
concluded that ionized magnesium offers minimal advantage above the regularly measured 
total serum concentration. In one study {61} it was concluded that the number of patients 
which are diagnosed hypomagnesemic will decrease when the parameter serum ionized 
magnesium is used. The measurement of serum ionized magnesium learned us that serum of 
chronic renal patients contains magnesium binders of unknown origin, the relevance of this 
finding seems to have minimal impact in clinical nephrology. 

Hypertension 

Physiology 

Hypertension and its complications remain a major health problem in populations worldwide 
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Blood pressure is influenced by genetic and environmental variables, but the exact 
etiological factors are obscure. Epidemiological data suggest an inverse relationship 
between magnesium intake and the blood pressure level {68} and an inverse relationship 
between serum or erythrocyte magnesium and blood pressure {69}. However, disagreement 
exists about the actual beneficial effect of dietary magnesium supplementation on blood 
pressure {70-72}. 

The effect of magnesium on clinical well being as well as vascular tissue has been 
studied. Magnesium deficiency can cause vasoconstriction, increase platelet aggregation, 
insulin resistance, accelerate atherosclerosis {73-75} and is associated with cardiac 
arrhythmias, hypertension and sudden ischemic myocardial death {76}. On the other hand, 
magnesium supplementation has positive effects on the above mentioned diseases since it 
decreases blood pressure, reduces the frequency of cardiac arrhythmias after a myocardial 
infarction {69,76}. Also in vitro studies have demonstrated a relationship between 
magnesium and vascular tone: in solutions with high magnesium concentrations pre
contracted vascular smooth muscle cells relax, and an increase in agonist-induced 
contractions are found in magnesium free solutions {76}. Magnesium depletion or removal 
from the experimental medium increases vascular tone and reactivity to vasoconstrictors; 
the opposite occurs when there is an excess of magnesium {77}. 

All studies mentioned above, both in man and in vitro, demonstrate that magnesium 
may be involved in the physiology of hypertension although the exact role of magnesium is 
not known yet. Three possible mechanisms will be mentioned in this review. 

Ionic hypothesis mechanism 
Resnick and co-workers have done extensive work on the role of magnesium in 

hypertension. In the early nineties Resnick et al. {78} demonstrated that levels of 
intracellular free magnesium are inversely related to the height of the blood pressure and to 
the insulinemic response to glucose loading {79-81}. 

During the following years this group found that the suppressed intracellular free 
magnesium concentrations in hypertension were closely linked not only to blood pressure 
but also to other cardiac and metabolic aspects of hypertension {82}. On the basis of their 
data they have proposed a so called ionic hypothesis in which the above cellular 
abnormalities explain the association of these syndromes as different clinical manifestations 
of a common underlying defect present in all organ systems. It consists of an abnormality of 
cellular ion handling, characterized at least partly by suppressed intracellular free 
magnesium levels {82,83}. These different syndromes may also be characterized by insulin 
resistance {84}. It then involves essential hypertension, obesity, ischemic heart disease, 
hyperinsulinemia and noninsulin-dependent diabetes mellitus (NIDDM). Erythrocytes and 
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other cells from subjects with these syndromes display higher cytosolic free calcium levels, 
reciprocally lower cytosolic free magnesium levels, suppressed intracellular pH, and other 
ionic abnormalities such as an elevated intracellular sodium and a lowered potassium 
concentration {85}. 

Reaven {86} postulates "Syndrome X" with insulin resistance as the key element 
linking different risk factors such as hyperinsulinemia, NIDDM, aberrant lipoprotein 
metabolism, hypertension, obesity, hyperuricemia, and coronary heart disease. He does not 
mention a role for magnesium in this syndrome. Tosiello et al. {87} speaks of the Reavan-
Modan syndrome. According to this hypothesis magnesium deficiency would be the link 
between the insulin resistance of hypertension, obesity, and NIDDM, since its role in 
maintaining the cellular pumps necessary for peripheral vascular tone (sodium-potassium-
ATPase and calcium-activated potassium channels) would be diminished. 

Also, Corica et al. {88} see the alteration of the magnesium metabolism as a common 
factor in hypertension, obesity and diabetes, which supports the ionic hypothesis. They 
showed a common reduction of serum, erythrocyte and platelet magnesium in both 
normotensive and hypertensive diabetics, and in patients with essential hypertension and 
obesity, as compared to controls; hypertensive diabetics having an even greater reduction of 
intraplatelet magnesium concentration. From these results Corica et al. {88} conclude that a 
reduction of the intracellular magnesium concentrations is common in hypertensive and 
obese patients. 

Finally, some restrictions to the ionic hypothesis were made by the authors themselves 
{89}. The studies were made in vitro; it is only presumed that insulin does not simply alter 
intracellular distribution of ionized calcium and magnesium; the participation of other 
transduction systems (kinases, phosphatases, lipases, cyclic nucleotides, etc) was not 
investigated; the authors do not know yet whether the described behavior is unique to 
insulin or the peripheral red cell. 

Calcium mediated mechanism 

Other authors demonstrate that not extracellular magnesium deficiency alone can be 
correlated to hypertension, but that also changes in calcium concentrations can be related to 
blood pressure. It is generally known that magnesium regulates the entrance and exit of 
calcium in cells. Therefore, it modulates the cellular responsiveness to physiological stimuli 
such as calcium and thus organ activities such as cardiac output, vasoconstrictor tone, 
pancreatic insulin secretion and peripheral insulin activity {73,90}. Almost all authors who 
studied both intracellular magnesium and intracellular calcium demonstrate that the 
intracellular magnesium deficiency is always correlated with an excess of intracellular free 
calcium {78,91}. This cytosolic calcium overload may be responsible for the increased 
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vascular smooth muscle contractility, peripheral resistance {91}, alterations in cell 
membrane permeability, decreased cell membrane calcium binding, depressed Ca2+-ATPase 
activity, increased Na+-Ca2+ exchange, decreased cyclic AMP and increased inositol 
phosphate turnover {76}. One could suggest that a magnesium deficiency is associated with 
an elevated calcium cytosolic level which increases vascular resistance in hypertensive 
patients {76,92}. All these authors argue that the effects found in hypertension are 
especially due to changes of calcium. Magnesium can control and regulate cellular entry and 
exit of calcium {77}, but is not predominantly the cause of the elevation of the blood 
pressure. 

Sodium mediated mechanism 
The third group of investigators argue that sodium is the most important ion 

responsible for hypertension. A positive correlation between intracellular sodium in 
erythrocytes and mean blood pressure {69,91} has been found. During oral magnesium 
supplementation, significant increases in urinary magnesium, serum magnesium and 
erythrocyte magnesium were found, but also significant decreases in erythrocyte sodium and 
mean blood pressure {70}. Others found that the serum magnesium concentration and 
urinary magnesium excretion significantly increased during magnesium supplementation, 
but that the mean blood pressure did not change throughout the study {70}. This can be 
explained by the difference in salt intake, because urinary sodium excretion in Cappuccio's 
study was much higher than in other studies. This again implies a role for both sodium and 
magnesium in hypertension. Different mechanism are postulated for the role of sodium 
{69,70}. All these hypotheses demonstrate that magnesium is the cause of changes in 
sodium concentration, but that sodium and not magnesium causes the change in blood 
pressure. 

Search results and discussion 
Search of the literature on magnesium in hypertension resulted in a large number of studies 
in which mainly total magnesium or intracellular ionized magnesium in hypertensive 
patients was measured. Only one study could be found on serum ionized magnesium. The 
results of the ionized magnesium studies are presented in Table 2. They demonstrate that 
elevated, lowered or unchanged magnesium concentrations can be found in different types 
of tissues in hypertensive patients relative to controls. These differences in results are 
probably caused by differences in the patient groups studied. Essential hypertensive patients 
are heterogeneous with respect to several factors, such as renin status, blood pressure, age, 
salt intake or race, each of which may influence intracellular cation characteristics and are 
difficult to control precisely {92}. Resnick et al. {82} have pointed out that fasting 
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magnesium levels should be measured, because glucose changes the intracellular free 
magnesium and calcium concentrations. 

Table 2. The intracellular and extracellular ionized magnesium concentrations 
in different tissues of hypertensive subjects 

iMg2+
s 

mmoI/L 

iMg2+
RBC ' 

mmol/L 

,2+ b 
lymph iMg 

mmol/L 

iMg2+
PL/ 

mmol/L 
Resnick {81} 

C=20, P=20 

Resnick {78} 

C=25,P=44 

Kojima {214} 

C = 16, P=20 

Touyz {76} 

C = 17, P=25 

Delva {218} 

C=27, P=32 

Resnick {82} 

C=61, P=23 

Resnick {219} 

C = 10, P=20 

Irish {216} 

C = 15, P=14 

Hiraga {92} 

C=30, P=30 

Delva {220} 

C = 16, P=34 

iMg2+
brain 

mmol/L 

iMg ,2 + 

mmol/L 

0.183 1 

0.196 

0.181 

0.371 

0.291 

0.571 I 

0.234 I 

0.4371 

0.397 t 

0.52 1 

0.245 I 

iMg2+ ionized magnesium; iMg2+
s serum ionized magnesium; t significantly increased value; 1 significantly 

decreased value; - unchanged value; C controls; P hypertensive patients; a erythrocytes; b lymphocytes; c 

platelets. 

Since the intracellular parameters can not be measured in a routine setting, the most 
important finding for clinical chemical laboratories is the lowered serum ionized magnesium 
in hypertensive subjects. Unfortunately, only one study has been performed on the 
relationship between ionized magnesium and blood pressure. Touyz and co-workers {76,93} 
measured serum total magnesium in hypertensive subjects and found elevated and lowered 
concentrations compared to controls. Therefore, more studies are needed to establish 
magnesium as a diagnostic tool. On the other hand, hypertension is diagnosed by measuring 
the blood pressure, therefore the authors question the use of magnesium measurements to 
diagnose hypertension. 

In the prediction of hypertension magnesium could be useful, when it plays a role in 
the pathophysiology of hypertension it can be expected that magnesium is lowered 
intracellularly before hypertension is clinically present. Resnick et al. {82} points out that 
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they expect that lower magnesium levels, whether intracellular or extracellular, may be a 
necessary but not a sufficient condition for the onset of hypertension. Therefore, they 
speculate that magnesium can not be used as a predictive tool. Also, if an effect of 
magnesium is expected, it is expected especially intracellularly, which makes it unattractive 
to measure it in a routine setting. 

Finally, in some patient groups magnesium can be used therapeutically to lower the 
blood pressure. Should magnesium be measured in these patients? As long as the patients 
have a normal kidney function it is not expected that toxic levels of magnesium will be 
reached, but patients with impaired renal function, who receive oral magnesium 
supplementation, should be monitored carefully. 

Conclusions 
Routine measurement of serum magnesium in the clinical chemical laboratory to 

diagnose hypertension does not seem useful. The question remains whether magnesium can 
be used as a predictive tool for hypertension since it seems to play a role in the 
pathophysiology of hypertension. The literature demonstrates that it is not magnesium alone 
which causes hypertension, but that also other ions or even other metabolites may be 
involved. We do not expect that a suppressed magnesium alone can be used as a predictive 
tool, more ions should be measured, and even other molecules such as insulin. 

Pre-eclampsia 

Introduction 
Pre-eclampsia is an important cause of maternal and fetal morbidity and mortality. 

Pre-eclampsia occurs in 5-7% of the pregnancies in Europe and the USA. Pre-eclampsia is 
defined as a combination of hypertension with proteinuria and/or edema {94}. Since the turn 
of the century severe pre-eclampsia was treated with magnesium salts. A number of studies 
have demonstrated magnesium sulphate to be more effective in the management of severe 
pre-eclampsia compared to anticonvulsive medicines such as diazepam and phenytoin 
{95,96}. 

Both magnesium and calcium have been demonstrated to be involved in the regulation 
of blood pressure While the mechanism of the effect of calcium has been extensively 
investigated {97}, the mechanism of the effect of magnesium has not. In the previous part of 
the review the role of magnesium in hypertension has been discussed. Since pre-eclampsia 
is characterized by an elevated blood pressure, it is speculated that magnesium has a 
function in the generation of pre-eclampsia, but its exact role has not been established yet. 
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In fact, the whole pathology of pre-eclampsia remains a question. It is agreed that pre
eclampsia is a disease, or better a syndrome, related to the trophoblastic tissue and therefore 
unique to pregnancy. During pre-eclampsia there seems to be an increase in vascular 
resistance {98} although it remains speculative how this vasocontraction occurs. It is 
thought that the endothelial is dysfunctional or damaged during pre-eclampsia which causes 
the endothelium to react in a non-normal manner {99-102}. In addition also the platelet 
reactivity seems enhanced during pre-eclampsia {103} while the reason for this abnormal 
behavior remains unclear. 

Despite the weak pathological evidence for its role in pre-eclampsia, magnesium is 
very important in the treatment of pre-eclampsia. Therefore a number of authors have 
studied magnesium concentrations in serum and cells of these pre-eclamptic patients. 

Search results and discussion 

Only three studies {104-106} on ionized magnesium during pre-eclampsia have been 
published. In all these studies serum ionized magnesium has been determined, and in one of 
these intracellular ionized magnesium too. In less recent literature only serum total 
magnesium has been investigated during pregnancy and pre-eclampsia. These studies will 
not explicitly be reviewed here {96,107-109}. 

In general it is seen that the serum magnesium concentration is lowered in pregnant 
women relative to non-pregnant women {96,104-109}. The most plausible explanation is the 
expansion of the circulatory volume. As explained by Sanders et al. {106} the ionized 
calcium concentration remains the same in pregnant women, while the ionized magnesium 
concentration is decreased. They conclude that calcium has to be regulated in a small 
window, while the magnesium concentration can be regulated in a much broader window. 
On the other hand Standley et al. {105} argue that it could not only be due to hemodilution 
since the serum magnesium is still decreased after correction for protein dilution. 
Therefore, the regulatory mechanism for ions in serum during pregnancy remains unclear. 

The magnesium concentrations in pre-eclamptic women compared to uncomplicated 
pregnant women are presented in Table 3. As can be seen in this table the intracellular 
ionized and total magnesium concentration are similar in pre-eclamptic and uncomplicated 
pregnant women {106}. In the early nineties Seydoux et al. {108} and Frenkel et al. {107} 
demonstrated that intracellular total magnesium concentrations in lymphocytes or 
erythrocytes of pre-eclamptic and uncomplicated pregnancy were identical. 

For extracellular ionized magnesium the results are more complicated. According to 
Handwerker et al. {104} and Standley et al. {105} the serum ionized magnesium was equal 
in pre-eclamptic women and uncomplicated women, while Sanders et al. {106} found higher 
magnesium concentrations in pre-eclamptic women. This discrepancy in results was also 
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found in studies in which total magnesium had been determined; similar concentrations in 
both groups {107}, or higher concentrations in pre-eclampsia {109} or lower concentrations 
in pre-eclampsia {108}. The exact reason for these differences cannot be explained. 
Although it could be argued that the populations studied are not fully comparable. It seems 
that the group studied by Sanders et al. {106} has a more severe pre-eclampsia than the 
groups studied by Handwerker et al. {104} and Standley et al. {105}. A severe pre
eclampsia is defined by a lower gestational age at delivery and a lower weight at birth of the 
neonate. 

Table 3. Intracellular and extracellular ionized magnesium concentrations in 
pre-eclamptic women compared to uncomplicated pregnant woman 

iMg2+
s tMgs iMg2+MBc tMgRBC 

mmol/L mmol/L mmol/L fmol/cell 

Handwerker {104} 

PE=12 , Pregn=33 
0 . 4 8 - 0 . 7 6 -

Standley {105} 

P E = 9 , Pregn=22 
0 . 4 4 - 0 . 6 4 -

Sanders {106} 

P E = 1 5 , Pregn=18 
0.611 0.85 Î 0 .50- 0.16-

iMg2+
s: serum ionized magnesium; tMgs: serum total magnesium, iMg2+

MBC: ionized magnesium in 

mononuclear blood cells; tMgRBC: total magnesium in erythrocytes; PE: pre-eclamptic; Pregn: uncomplicated 

pregnant women. 

When the hypothesis is taken into account that pre-eclamptic women demonstrate a 
similar change in magnesium concentration in serum as hypertensive patients, it would be 
expected that the higher the blood pressure the lower the magnesium concentration. A few 
authors did find lower magnesium concentrations in pre-eclampsia, but also higher 
magnesium concentrations have been found. In contrast, the intracellular concentrations are 
unchanged in pre-eclampsia. These combined results could imply that in pre-eclampsia the 
endothelium is dysfunctional. The more severe the pre-eclampsia the more dysfunctional the 
endothelium. Therefore, no differences or a decrease in serum magnesium can be found in 
less severe pre-eclamptic women, while increased serum magnesium concentrations can be 
found in severe pre-eclamptic women. Nonetheless, it remains questionable whether the 
results of hypertensive subjects and pre-eclamptic subjects can be compared since the 
endothelium of pre-eclamptic women and hypertensive subjects are different. 

Before magnesium can be used as a diagnostic tool for pre-eclampsia more studies 
should be performed. Since the diagnosis of pre-eclampsia can be made by other means, the 
authors question the use of magnesium measurements to diagnose pre-eclampsia. Still 
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magnesium could be useful in the prediction of pre-eclampsia. Standley et al. {105} studied 
the magnesium concentration at different gestational ages. They found that magnesium 
decreases in both pre-eclampsia and uncomplicated pregnant women. But the magnesium 
concentration was lowered earlier in pre-eclampsia women. On the other hand Sanders et al. 
{106} found that the magnesium concentration lowers during uncomplicated pregnancy, 
while the magnesium concentration remains unchanged in pre-eclampsia. Although the 
authors disagree about the exact nature of the behavior of serum magnesium during 
pregnancy they agree that it could be speculated that magnesium can be used to predict pre
eclampsia. 

Conclusion 

The exact role of magnesium during pre-eclampsia remains obscure. Nonetheless, it 
has been indicated that magnesium can be used as a predictive tool for pre-eclampsia. Much 
more research is needed to proof this hypothesis. Whether ionized or total magnesium has 
to be used remains to be seen. 

Diabetes mellitus 

Introduction 

Hypomagnesemia has long been known to be associated with diabetes mellitus and 
insulin resistance {87,110,111}. In diabetes mellitus the incidence of hypomagnesemia has 
been reported to vary from 25% to 39% {8}. Numerous studies have mentioned indices of 
magnesium depletion in diabetes by demonstrating reduced levels of magnesium in serum, 
red cells, mononuclear blood cells, muscle and bone {112-114}. Tosiello {87} evaluated the 
different possible causes of hypomagnesemia in diabetes which may be: 1. osmotic renal 
losses by glucosuria, 2. decreased intestinal magnesium absorption, 3. redistribution of 
magnesium from serum into red blood cells caused by insulin effect, and 4. specific tubular 
magnesium defect. 

Reviewing the literature concerning possible mechanisms for losses of magnesium in 
diabetes, little proof is found for less resorption in the intestine or low intake by food. 
Therefore, the most probable explanation of magnesium loss is an excessive excretion of 
magnesium into the urine. This seems to be based on osmotic diuresis caused by glucosuria 
{8,114} leading to decreased tubular reabsorption. The renal handling of magnesium has 
been dealt in the section "Renal disease". 

In the following, the role of magnesium in relation to insulin and diabetes mellitus will 
be judged from different aspects. The magnesium concentration may influence the action of 
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insulin; insulin resistance may lead to magnesium depletion; a combined effect of 

magnesium and insulin may form the basis for a combination of vascular abnormalities 

leading to disease. 

Search results and discussion 
Magnesium and insulin 

Diabetes mellitus is a secondary manifestation of a number of genetically determined 
diseases, among which an insulin receptor defect (insulin-resistance syndrome). Insulin is a 
hormone which acts by binding to receptors in the plasma membrane of target cells {115}. 
The insulin receptor is an integral membrane glycoprotein consisting of two a and two ß 
chains joined by three disulfide bonds. The ß chains cross the membrane once {116}. The 
binding sites for insulin (the a subunits) are located on the extracellular side of the plasma 
membrane. The insulin binding activates tyrosine kinase phosphorylation at the intracellular 
part of the receptor. A sequence of reactions is following {115}. The most important 
endpoint of this insulin signaling cascade is the facilitated entry of glucose into the cell 

{117}. 
Since magnesium is a necessary cofactor in all ATP-transfer reactions it implies that 

the intracellular free magnesium concentration is critical in the phosphorylation of the 
insulin receptor {7}. In addition, Reinhart {6} reported the absolute requirement for 
magnesium for a number of enzymes using high energy phosphate bonds which are involved 
in glucose metabolism. This might explain the role of the intracellular magnesium 
concentration in the process of insulin resistance. Whitelaw and Gilbey {117} prefered the 
following definition for insulin resistance: "insulin resistance may be said to exist whenever 
normal concentrations of hormone produce a less than normal biological response". Lostroh 
and Krahl {9} suggested magnesium as a second messenger for insulin action. A number of 
experiments on healthy subjects have been conducted to offer evidence for an association 
between hypomagnesemia and insulin resistance. Rosolova et al. {118} demonstrated that 
the lower the total magnesium concentration in serum, the greater the insulin resistance. A 
magnesium depletion induced by a low magnesium diet, resulted in a significant decrease in 
insulin sensitivity (25%). Suarez et al. {119} demonstrated in rats that a diet induced 
magnesium depletion caused a severe insulin resistance. This resistance was dependent, at 
least in part, on a defective tyrosine kinase activity of the insulin receptors. 

Nadler et al. {120} postulated that magnesium acts as a second messenger of insulin. 
At low intracellular magnesium concentrations, magnesium (or magnesium and possibly 
other molecules) might not be able to exercise this function. Tongyai et al. {121} found 
another explanation for the role of magnesium in insulin resistance. They demonstrated that 
hypomagnesemia contributes directly to erythrocyte membrane abnormalities leading to 
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higher flexibility and conformational changes of the cells. A low erythrocyte magnesium 
content can increase membrane viscosity, which may impair the interaction of insulin with 
its receptor on the plasma membrane. Daily magnesium supplements were able to correct 
the increase in erythrocyte microviscosity in aged subjects with insulin resistance. Paolosso 
et al. {114} subscribed this hypothesis by demonstrating that a direct relationship among 
intracellular magnesium concentration, membrane microviscosity and total body glucose 
metabolism seems to exist. 

Insulin and magnesium 

On the other hand evidence is found that insulin affects the intracellular magnesium 
concentration. The influence of insulin on magnesium uptake has been studied in different 
types of cells. Lostroh and Krahl {9} were the first to demonstrate the ability of insulin to 
elevate magnesium levels in rat uterine muscle cells. They proposed a functioning (ATPase) 
ion pump located in the plasma membrane of mammalian cells. 

In cells of healthy human subjects, insulin has been shown to stimulate magnesium 
uptake in platelets {122}, lymphocytes {123} and erythrocytes {124}. This effect was dose-
and time-dependent and could be detected at physiological insulin concentrations (50 
mU/mL) within 30 minutes. It was concluded to be selective for magnesium transport, since 
a monoclonal antibody against the insulin receptor totally abolished the effect of insulin 
{122}. In erythrocytes Barbagallo et al. {125} showed that the ionic action of insulin is 
specific, dose-related, and independent of glucose uptake. The mechanisms by which insulin 
alters the intracellular magnesium concentration is still in question {7,126}. The cellular 
uptake of magnesium, stimulated by insulin, was shown to be attenuated in diabetics. It was 
indicated that in people with type II diabetes insulin-resistance impairs not only glucose 
uptake, but also the ability of insulin to lower the plasma magnesium concentration {127}. 
In in vitro experiments, the erythrocytes of obese patients were less susceptible for insulin-
induced magnesium accumulation than those of lean subjects. This was supposed to be 
caused by a post-receptor defect {124}. In lymphocytes Hwang et al. {122} found that the 
effect of insulin on inducing magnesium transport in vivo into the cell was significantly 
impaired in cells from diabetes mellitus patients. They suggest that one explanation for 
reduced intracellular free magnesium levels in hypertension and type II diabetes, may be a 
decrease of insulin action on magnesium transport. 

Vicious cycle 

In their study on the influence of insulin on the uptake of magnesium in lymphocytes 
in vitro, Hua et al. {123} were among the authors who mentioned that insulin resistance and 
magnesium depletion may be involved in a vicious cycle in which insulin resistance and 
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glucose intolerance lead to magnesium depletion, which in turn impairs the action of 
insulin. The end result may be increased insulin resistance and further magnesium depletion 
which may contribute to the metabolic complications seen in type II diabetes {123}. 

The question which mechanism starts the insulin resistance, is that of the chicken and 
the egg. Is the low insulin level in blood of diabetics the cause which leads to the extra loss 
of magnesium in the kidney due to osmotic diuresis, and the lower uptake of magnesium 
(and potassium) in the cells of the human body. Or is the low intracellular magnesium 
concentration the cause, which leads to insulin resistance, followed by renal magnesium loss 
and hypomagnesemia? {87,124}. From the study by Paolisso and Ravussin {128} it might 
be concluded that the circle starts with insulin resistance; that may lead to intracellular 
magnesium deficiency, which may worsen insulin resistance. 

Miscellaneous 
As in type II diabetes the level of magnesium in the erythrocyte is often lowered in 

obesity. Here, the phenomenon seems to be related to insulin resistance as well. The effect 
of insulin in vitro is inversely correlated to different parameters of insulin resistance such as 
body weight, basal insulin levels in blood and metabolic clearance of glucose {124}. These 
different syndromes characterized by insulin resistance involve essential hypertension, 
obesity, ischemic heart disease, hyperinsulinemia and type II diabetes {84}. In the section 
"Hypertension", this syndrome has already been discussed under the name of "ionic 
hypothesis mechanism". 

It has been described that the role of magnesium in diabetes might also be related to 
its function in the synthesis of insulin in the islet ß cells of the pancreas. Low levels of 
magnesium can reduce secretion of insulin by the pancreas {33}. The uptake of magnesium 
by the ß cells seems to be stimulated by agents that induce the biosynthesis of insulin and 
reduced by inhibitors ofthat process {129}. This underlines the indication that magnesium 
may improve ß cell function in type II diabetes {130}. However this has been doubted by 
McCarty {131}. 

Conclusion 

The clinical implications of magnesium deficiency as it relates to diabetes are many. A 
low magnesium level in blood can be a result of hyperglycemia, as seen in increased urinary 
magnesium excretion in connection with glucosuria {87}. A lowered intracellular free 
magnesium concentration can be both the cause or the consequence of insulin resistance 
{124}. It may negatively influence insulin action, i.e. increase insulin resistance, most 
probably by influencing the intracellular transfer of the hormonal signal. And insulin has an 
effect on magnesium transport into the cells of insulin-sensitive tissues, making insulin an 
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important modulator of intracellular magnesium content. This cellular uptake of magnesium 
normally stimulated by insulin, seems to be reduced in diabetics {87}. The mechanism still 
does not seem to be completely clear. 

Many studies indicate a role for the insulin receptor in this process, but the suggestion 
of a post-receptor defect has been made as well {124}. From the literature no special 
magnesium fraction to measure as a clear indicator of magnesium deficiency leading to 
insulin resistance, emerged. It was difficult to find studies directly relating ionized 
magnesium and diabetes. 

Cardiac diseases 

Introduction 
Already in 1935 links between hypomagnesemia and cardiovascular disease were 

discussed {132} which made investigators look for a relation between nutritional factors, 
drinking water hardness and coronary mortality, suggesting that magnesium may be one of 
the cardioprotective factors in hard water. It has been estimated that in geographical areas 
with high contents of magnesium in the soil and drinking water, the amounts of additional 
magnesium derived from the water, may be sufficient to prevent and correct a marginal 
deficiency. In spite of previous contradictory results, recent publications found a negative 
correlation between death from infarction and drinking water magnesium content {10,133}. 
However, the contribution of magnesium in water to the total intake is much lower than that 
from food (between 1 and 25 % of the total daily intake). 

Physiological and protective role 
That magnesium deficiency would lead to more myocardial infarcts, may be explained 

by the protective role that magnesium may have on the energy supply and the integrity of 
the cell. Free cytosolic ionized magnesium modulates the intracellular milieu through its 
influence on ion channels and transport mechanisms {134}. In particular, magnesium affects 
the tension in cardiac muscle and arterial smooth muscle by controlling the influx of 
calcium. Moreover, magnesium deficiency is associated with loss of intracellular potassium 
and increase of the intracellular sodium. Thus, magnesium is directly involved in the 
regulation of intracellular and extracellular homeostasis of potassium and calcium {135}. 
Therefore, depletion of ionized intracellular magnesium, as occurs after prolonged ischemia 
and reperfusion, contributes to progressive ionized calcium overload and subsequent cell 
damage. In addition, loss of ionized intracellular magnesium may promote cytosolic ionized 
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calcium overload from intracellular sources, since elevated concentrations of intracellular 
ionized magnesium inhibit efflux of ionized calcium from sarcoplasmic reticulum {134}. 

Because the heart has dense mitochondrial structure with high enzymatic activity, 
critical to cellular metabolism and preservation of function and structure to myocytes, the 
myocardium in particular is vulnerable to magnesium loss. Evidence suggests that long-term 
magnesium deficiency causes cardiovascular functional abnormalities {135}. 

Search results and discussion 
Magnesium during myocardial infarction 

Different studies point at the fall in serum magnesium level that occurs with 
myocardial infarction {134,136-139}. In one of these studies the lowest serum magnesium 
concentrations were observed 12 to 20 hours after the patient had been admitted to the 
hospital. The mean values during the first 32 hours were 0.74 mmol/L in the AMI (acute 
myocardial infarction) group versus 0.81 mmol/L in the control group. After 40 to 48 
hours, concentrations of serum magnesium normalized in the AMI group. In the control 
group, they remained constant throughout the observation period {137}. Other authors 
described a transient decrease of serum total magnesium during the first 24 hours after acute 
myocardial infarction which reached normal values 6 to 14 days later. Furthermore, it could 
be shown that a more significant decrease of ionized magnesium takes place at the day of 
acute myocardial infarction than of total magnesium {138}. Bogdan et al. {139} found on 
the first and the third day after myocardial infarction a significant decrease in magnesium 
and potassium content not only in serum but also in erythrocytes, with almost full 
normalization after 14 days. Tsutsui et al. {140} noticed as well that in patients with 
transmural acute myocardial infarction the erythrocyte magnesium concentration was 
significantly lower on day 1 than in control patients. These low values persisted until day 3, 
and after 7 days the level had returned to control values. There was a significant correlation 
between the erythrocyte magnesium level on day 1 and peak value of serum cardiac enzyme 
creatin kinase (CK). The correlation with the maximum CK value suggests that intracellular 
magnesium deficiency may be involved in myocardial necrosis. Speich {141} described 
significant positive correlations between serum and erythrocyte magnesium levels and CK-
MB after myocardial infarction. She also points at a discrepancy between different authors: 
some reported a decrease and others an increase of serum and erythrocyte magnesium after 
myocardial infarction {142}. However, none of the more recent publications point at an 
increase in magnesium concentrations in blood. 

Different mechanisms are postulated for the drop in serum magnesium concentrations 
in patients with acute myocardial infarction: 1. catecholamine-release leading to increased 
lipolysis and generation of free fatty acids, which bind ionized magnesium, 2. magnesium 
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migration from extracellular to intracellular space and/or a simple dilution effect due to 
postinfarctional plasma expansion, and 3. renal loss of magnesium. The latter two 
possibilities could be excluded {137,143}. Hence, the fall of serum magnesium may be 
explained by increased lipolysis due to stress-induced catecholamine release by an acute 
myocardial infarction. The increased free fatty acids in serum bind ionized magnesium and 
form insoluble salts that are sequestered intracellularly, resulting into increased intracellular 
influx {134,138}. Moreover, the intracellular concentration of ionized magnesium may drop 
following increased intracellular binding of ionized magnesium to free fatty acids caused by 
the catecholamine-induced lipolysis, resulting in intracellular precipitation of insoluble 
magnesium soaps {137}. 

The transient reduction of total magnesium in serum may furthermore be explained by 
an uptake of extracellular magnesium by adipocytes. Catecholamines increase lipolysis in 
adipocytes as well, and thus the released free fatty acids in adipocytes bind intracellular 
ionized magnesium reducing its concentration. This is followed by uptake of extracellular 
magnesium by adipocytes {138}. Lipolysis can be explained as well by the time course of 
free fatty acid concentrations in serum, since at day 1 of acute myocardial infarction, they 
were increased {138}. Finally, the lipolysis theory is supported by indications that a therapy 
directed to prevention of free fatty acid release and thus binding of magnesium was 
favorable in preventing myocardial infarction {143}. 

Cardiac diseases 
Gasser reported that during myocardial ischemia free ionized intracellular magnesium 

rises, while total intracellular magnesium falls. He therefore concludes that the free 
magnesium must originate from an intracellular site, likely to derive from hydrolyzed 
magnesium-ATP complexes {38}. In vasospastic angina patients the ionized magnesium 
concentration in platelets was significantly higher than that of control subjects (580 ± 160 
versus 460 ±140 /tunol/L). This elevated concentration might be attributable to decreased 
ATP content or to a varied ratio of the free and bound forms of cytosolic magnesium {144}. 
The relation between intracellular total magnesium and ATP was also made by Reinhart et 
al. {145}. 

In patients with congestive heart failure Bogdan et al. {146} found a decrease of 
magnesium and potassium in serum and erythrocytes as compared with controls. No 
statistically significant correlation was noted between ionized magnesium in lymphocytes 
and indices of cardiac contractility measured by echocardiography in a group of patients 
with essential hypertension. The in vivo results are at variance with the possibility that 
ionized magnesium may be related with cardiac contractility and remodeling {147}. In hip 
surgery patients Zuccalà et al. {148} noticed that perioperative differences in serum 
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magnesium concentrations correlated with intracellular decreases in lymphocytes, and 
yielded good accuracy in predicting the postoperative repetitive ventricular arrhythmias. 

Rude {40} sums up some studies in which the concentration of different tissues was 
assessed as an index of magnesium status. The magnesium content of peripheral 
lymphocytes has been found to correlate with skeletal and cardiac muscle magnesium 
content, but a great deal of overlap with the normal range is seen. Therefore, lymphocyte 
magnesium content is probably not a sufficiently discriminatory test to diagnose magnesium 
deficiency in any given patient. Also, Reinhart et al. {145} found a weak correlation 
between the total magnesium content of mononuclear blood cells and myocardial 
magnesium. Serum magnesium concentration did not correlate with myocardial magnesium 
or mononuclear blood cell magnesium. 

A low blood mononuclear cell magnesium concentration was seen in 53% of 
unselected cardiac care unit patients as compared with a group of normal controls (40.8 ± 
1.7 versus 56 ± 0.8 ^mol/g protein). As the serum magnesium concentration was normal in 
over 90% of the patients, it is concluded that mononuclear intracellular total magnesium 
may be a better index of magnesium deficiency than the serum magnesium concentration 
{149}. In five patients a low serum magnesium at a normal mononuclear cell magnesium 
content was found. Since drug effects were excluded, the authors suggest that the long life 
span of mononuclear cell made it impossible to react to acute development of 
hypomagnesemia. 

Tovey et al. {150} did not find significant correlations between concentrations in 
serum, erythrocytes, and mononuclear blood cells with concentrations in atrial muscle in 
cardiac surgery patients. The measurement of magnesium in skeletal pectoral muscle 
correlated significantly with that in cardiac atrial muscle cells. Moller Jensens al. {151} 
investigated the relationship between the magnesium content of the heart and that of serum, 
lymphocytes, and skeletal muscle in 50 men undergoing cardiac surgery. There was a 
significant correlation between magnesium concentrations in the right atrium of the heart 
and in skeletal muscle (r=0.43, p<0.01), and between heart auricula and skeletal muscle 
(r=0.46, p<0.0l). Right atrial and auricular values were also significantly correlated 
(r=0.61, p< 0.001). No correlation was found between magnesium concentration in 
lymphocytes and in atrium, auricula or skeletal muscle (all/?>0.05). The serum magnesium 
concentration did not correlate with that in any of the investigated tissues. Ralston et al. 
{152} demonstrated a weak correlation between the magnesium levels in skeletal muscle and 
the right ventricular septum, and between magnesium concentrations in circulating 
mononuclear cells and the myocardial tissue. This lead them to conclude that serum, 
circulating mononuclear cell, and skeletal muscle magnesium concentrations are of little 
predictive value in assessing the status of myocardial magnesium in humans with heart 
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failure. As far as the relation of skeletal and cardiac muscle is concerned, this is in 
discordance with the previous two authors who describe a good correlation {150,151}, 
which might be due to differences in patient selection, therapy given, and the type of 
muscles used. 

In patients undergoing cardiopulmonary bypass surgery, Haigney et al. {153} used X-
ray micro analysis to measure total intracellular magnesium in sublingual epithelial cells, in 
atrial biopsy specimens and in serum. Moreover, sublingual specimens were obtained from 
patients presenting with AMI and after magnesium therapy. In control subjects the 
sublingual intracellular magnesium was 17.25 ± 0.35 mmol/L and in AMI patients 15.35 ± 
0.2 mmol/L. Also, despite similar serum magnesium levels, intracellular magnesium levels 
in this study were significantly reduced in AMI patients compared with samples obtained 
from acutely ill patients without active myocardial ischemia and healthy individuals. The 
findings demonstrate that: 1. measurements of intracellular magnesium in sublingual 
epithelial cells correlate well with those of cardiac cells, 2. intracellular magnesium levels 
in patients undergoing cardiac surgery are lower than levels in control subjects despite 
normal serum magnesium, 3. subjects presenting with AMI have significantly lower 
intracellular magnesium levels compared with non-AMI patients, and 4. administration of 
intravenous MgS04 raises intracellular magnesium levels within 24 hours. Therefore, the 
authors conclude that measurements of serum magnesium do not reflect tissue stores. Direct 
assessment of intracellular magnesium provides information not obtainable through routine 
serum electrolyte measurement {153}. Finally, a good correlation between the intracellular 
concentrations of magnesium and potassium in different tissues and cell types was reported 
{145,150,152}. 

In summary, after compiling results from the different publications, the following 
picture emerges. The total magnesium concentration in cardiac cells can be predicted from 
the sublingual intracellular level, or the concentration in skeletal muscle cells. Serum or 
mononuclear blood cells cannot be used to monitor intracellular magnesium concentration in 
the heart. No measurements concerning correlations between intra- and extracellular free 
ionized magnesium fractions have been performed for cardiac tissue. 

Therapy 

Considering all relations between magnesium and the heart, it seems relevant to 
discuss briefly an eventual therapeutic or preventive application of magnesium to patients or 
individuals or groups (low drinking water magnesium) at risk. This has been supported by 
data indicating during the last decade that magnesium can be used as a "pharmacological 
agent" for the protection of the ischemic myocardium and attenuation of reperfusion injury 
{135}. In acute myocardial infarction, it is thought that the loss of intracellular magnesium 
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restricts the ability to replete ATP stores and impairs contraction upon reperfusion. Giving 
magnesium may counter the effects of ischemia by preventing the influx of calcium into the 
cell {154}. However, a controversy in cardiology has been focused on the efficacy of 
intravenous magnesium application in AMI. 

The second Leicester Intravenous Magnesium Intervention Trial (LIMIT-2), covering 
2316 patients, showed mortality reduction by 24 per cent at 28 days in the magnesium-
treated group compared to the control group {155}. The fourth International Study of 
Infarct Survival (ISIS-4), comprising 58050 patients, reported no mortality benefit at 35 
days in all randomized patients (magnesium group and control group) {156}. It is not the 
intention of this review to discuss the aforementioned differences in outcome; the result of 
the ISIS-4 study might have been influenced by a low control group mortality and the 
relatively late administration of magnesium after reperfusion therapy was initiated {157}. 
The Framingham heart study in 3327 subjects revealed a significant relation between 
lowered serum total magnesium levels and the occurrence of ventricular arrhythmias. The 
authors state that this correlation is regardless of the potassium level {158}. 

Therefore, suffice it to say that as far as therapeutic measures are concerned, 
magnesium intake is inversely related to the risk of coronary artery disease and the 
therapeutic administration of magnesium at the time of an acute myocardial infarction needs 
further study {159}. 

Therapeutic drugs 

Information about the influence of therapeutic drug on magnesium was obtained by a 
computerized search in the Micromedex database (Micromedex, Englewood, Colorado, 
USA). More than 40 drugs, mainly diuretics, were found related to hypomagnesemia. Only 
a few, all magnesium containing drugs (e.g. antacids or laxatives), were related to 
hypermagnesemia. Based on these results a literature search in Medline was performed on a 
combination of the specific drug and magnesium. The most frequently described drugs, all 
related to hypomagnesemia, will be discussed here. 

Search results and discussion 
Diuretics 

Nearly 40 years ago Smith et al. {160} already reported that diuretics influence the 
urinary excretion of magnesium. Since then many studies were performed in which several 
types or combinations of diuretics in relation to the magnesium homeostasis were compared. 
In these studies serum magnesium, urinary magnesium, magnesium in blood cells and in 
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muscle were measured. Most studies concerned one ore more diuretics from the following 
three classes: 1. thiazides, which influence transport in the distale tubule, 2. loop diuretics, 
having an effect on the ascending loop of Henle, and 3. potassium-sparing diuretics which 
act on the distal tubule (amiloride and triamterene), or aldosteron-antagonists like 
spironolactone. 

In 1981 two studies were published in which the long-term effect of diuretics on 
magnesium was studied {161,162}. Ljunghall et al. {161} found that after 12 months of 
treatment with thiazide urinary magnesium excretion was still increased and serum 
magnesium slightly decreased. After 48 months urinary magnesium was normalized, but 
still a significantly decreased serum magnesium was measured, although the difference was 
only -0.05 mmol/L. Magnesium in muscle biopsies obtained after 36 months of treatment 
was comparable with the concentrations measured in healthy volunteers. In the study of 
Wester et al. {162} decreased serum and muscle magnesium was measured in patients 
treated for more than 36 months with diuretics. However, the type of diuretic prescribed 
was not specified, which makes comparison with the data from other studies hard. 

Affirmation of magnesium loss by thiazide-like diuretics was given in the multiple risk 
factor intervention trial {163}. Participants had been on therapy for usually more than four 
years, and the mean difference in serum magnesium between diuretic users and non-users 
was only 0.04 mmol/L. Very interesting results were also published by Martin et al. {164}. 
They measured serum magnesium in 320 consecutively admitted elderly patients receiving 
diuretics and 250 elderly admitted patients without taking diuretics. Moreover, 24 hours 
urinary magnesium output was measured in 84 of these patients. It was found that subjects 
receiving thiazide diuretics had significantly lower mean serum magnesium compared with 
the groups receiving loop or potassium-conserving combinations. Of the potassium-
conserving diuretics amiloride appeared to be more effective than spironolactone in 
conserving magnesium, but the difference in serum level for both diuretics was not 
significantly different from the non-users. Excretion of magnesium in both loop and thiazide 
diuretic patient groups was significantly larger than in the group receiving no diuretic 
therapy. Kroenke et al. {165} found that treatment with thiazides resulted in a decreased 
serum magnesium (0.94 versus 0.97 mmol/L) and treatment with triamterene-containing 
diuretics in an increased serum magnesium (1.01 versus 0.97 mmol/L). No correlation 
between duration of thiazide use and serum magnesium was found, but hypomagnesemia 
due to thiazide seems dose dependent. 

The effect of potassium-conserving diuretics on magnesium was studied by several 
other groups. Ryan et al. {166} treated 10 patients with congestive heart failure during 3 
days with furosemide followed by amiloride administration. They found that amiloride 
reduced urinary magnesium and increased both serum and lymphocyte magnesium. More 
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than 10 years later this was confirmed by Ng et al. {167} who measured intracellular 
ionized magnesium. Widman et al. {168} showed that a combination of hydrochlorothiazide 
and triamterene led to an increase of muscle magnesium in patients who were previously 
treated with thiazide or furosemide. But serum magnesium remained unchanged after 
addition of triamterene to the medication. Dyckner et al. {169} reported the same effect 
with a combination of amiloride and hydrochlorothiazide. In the study of Murdoch et al. 
{170} amiloride but not spironolactone was associated with a dose-related slight increase in 
plasma magnesium. No differences in erythrocyte magnesium were found when comparing 
treatment with hydrochlorothiazide with or without one of the potassium-conserving 
diuretics. Gozzi et al. {171} measured serum ionized magnesium in 14 volunteers treated 
with the loop diuretic torasemide. Both serum total and ionized magnesium remained 
unchanged during treatment. 

Cisplatin 

The chemotherapeutic cisplatin is well known for its nephrotoxicity. Administration 
can result in azotemia and acute tubular necrosis accompanied by increased excretion of 
platinum, magnesium, zinc and copper. Pathological changes in the kidney consist of focal 
acute tubular necrosis, affecting primarily the distal convoluted tubules and collecting ducts, 
dilatation of convoluted tubules, and formations of casts. Examination of urine sediments of 
patients treated with cisplatin show renal tubular epithelial cells or tubular cell casts {172-
174}. Urinary loss of magnesium can even result in severe hypomagnesemia with serum 
magnesium values of 0.4 mmol/L down to 0.1 mmol/L, leading to clinical symptoms {175-
178}. The incidence of hypomagnesemia is dose dependent. The development of 
hypomagnesemia following cisplatin administration is acute and well-recognized, and 
persistent hypomagnesemia is described as well. In the study of Buckley et al. {176} 41% 
of the treated patients were hypomagnesemic after 1 cycle of chemotherapy, after 6 cycles 
the 2 remaining patients were both hypomagnesemic. Stewart et al. {179} reported an 
incidence of 88% (serum magnesium < 0.74 mmol/L) or 53% (serum magnesium < 0.58 
mmol/L) and both Bell et al. {178} and Lam et al. {174} an incidence of 100%. Markmann 
et al. {180} reported about patients who were found hypomagnesemic prior to the initiation 
of a second-line chemotherapy, while the median cisplatin-free interval for these patients 
ranged from 6-40 months and Mavichak et al. {181} studied six patients with chronic 
hypomagnesemia persisting for about 2-6 years. Recently Ariceta et al. {182} reported 
chronic hypomagnesemia (serum magnesium <0.58 mmol/L) in 6 of the 18 children who 
were followed for a mean period of 2.3 years after arrest of cisplatin therapy. Presence of 
hypomagnesemia was unrelated to the total dose received or the time elapsed since therapy. 

48 



Magnesium in disease 

In a few studies intracellular magnesium was measured. Abbasciano et al. {183} 
measured magnesium in erythrocytes in patients with lung cancer after a single dose of 
cisplatin. Magnesuria increased, serum magnesium decreased as well as erythrocyte 
magnesium. On day 7 intracellular magnesium had recovered to pretreatment values. In a 
second study of the same group magnesium in erythrocytes was also measured 1 month after 
the first, second, third and sixth courses of chemotherapy. They found that an actual 
depletion was manifest after the third and sixth course of chemotherapy (pretreatment level 
minus 18.7%). 

Cyclosporin 
The immunosuppresive agent cyclosporin was introduced in the seventies. 

Nephrotoxicity represents the most frequent and clinically important complication associated 
with its use. Although the exact mechanism responsible for the renal magnesium wasting is 
unknown, microscopic and abnormalities in predominantly the proximal convoluted tubule 
together with increased urinary excretion of proximal tubular enzymes, implicate 
cyclosporin as a proximal tubular toxin. It is presented as an acute or chronic reversible or 
sometimes irreversible renal insufficiency {184,185}. Since its introduction several reports 
were published about association between cyclosporin and hypomagnesemia. {185-192}. 

In 1984 Thompson et al. {186} reported about hypomagnesemia in 12 allogenic bone-
marrow transplant recipients who experienced the neurotoxic effects of cyclosporin. In all 
cases magnesium supplements resolved the symptoms. Barton ef al. {187} studied the serum 
magnesium concentration and urinary outpoint in 27 renal transplants treated with 
cyclosporin and compared the results with allograft recipients treated with azathioprine. In 
the cyclosporin treated patients serum magnesium dropped within 3 weeks from 1.07 to 
0.66 mmol/L and remained at that level for at least 6 months in spite of treatment with 
magnesium oxide. Already after one week inappropriately high urinary magnesium 
concentrations were measured suggesting renal magnesium-wasting. In the group of 
azathioprine treated patients no hypomagnesemia was found, and none of the patients 
required magnesium supplementation. Frost et al. {189} also compared cyclosporin with 
azathioprine. However, besides serum and urinary magnesium they also measured 
magnesium in skeletal muscle. Serum magnesium decreased in the cyclosporine group but 
urinary magnesium excretion and skeletal muscle magnesium did not differ between both 
groups. Therefore, it was concluded that cyclosporin-treated patients are not magnesium 
depleted. However, due to the precision of the skeletal muscle magnesium determination 
and the number of tested patients, a minor magnesium depletion in cyclosporine-treated 
patients could not be ruled out. Moreover, reference values for skeletal muscle magnesium 
were not given. Nozue et al. {188} measured intracellular magnesium in mononuclear blood 
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cells and found increased concentrations. Because serum magnesium was decreased and 

urinary magnesium did not change for 7 weeks, they concluded that renal magnesium 

wasting may not be the primary cause of hypomagnesemia during short-term use of 

cyclosporin. 
Long-term effect of cyclosporin on magnesium was determined by two groups 

{191,192}. Allegra et al. {192} measured 54 to 102 months after renal transplantation 
serum total and ionized magnesium and magnesium in erythrocytes and thrombocytes in 
patients treated with cyclosporin or cyclosporin and azathioprin. Magnesium measurements 
in the renal transplant patients included in the study of Ramos et al. {191} were performed 
1 up to 132 months post-transplant. In both studies serum and intracellular magnesium 
decreased significantly, serum magnesium was lowest and fractional excretion of 
magnesium highest within the first month post-transplantation, in both case improving with 
time. However, the magnesium levels measured in the non-cyclosporine treated patients 
were not reached. 

Pentamidine and foscarnet 
Pentamidine and foscarnet are both known for their use in treatment of opportunistic 

infections in AIDS patients. Pentamidine is a diamidine derivate and effective in the therapy 
for infections due to Trypanosomes, Leishmaniasis and Pneumocystis carinii. Foscarnet, a 
pyrophosphate analogon, is frequently used in the treatment of Cytomegalovirus retinitis. 
Since the epidemic of AIDS with its associated high rates of Pneumocystis carinii and 
Cytomegalovirus infections several reports (most cases) were published about 
hypomagnesemia associated with pentamidine and/or foscarnet therapy {193-200}. 

In a review about pentamidine, Sands et al. {201} wrote that the most frequent 
systematic reaction on pentamidine is nephrotoxicity, usually mild and reversible. It occurs 
in 23% of patients and the mechanism is unknown. The drug has been shown to concentrate 
preferentially in the kidneys, with apparent presence in all anatomic areas. 

Shah et al. {193} presented the first case report about hypomagnesemia accompanied 
by hypocalcemia in a patient with AIDS treated with pentamidine. Their findings, very low 
serum magnesium and calcium concentrations, 0.20 and 1.32 mmol/L, respectively, about 
10 days after intravenously administration of pentamidine, were several times confirmed by 
other authors. Magnesium wasting, with urine magnesium concentration up to 17 mmol/24 
hours, were noticed {196}. Even several months after discharge from the hospital, when 
pentamidine treatment intravenously was changed to aerosolized therapy, high magnesium 
urinary output continued, probably due to accumulation of the drug {201,202}. 

The mechanism of foscarnet induced hypomagnesemia and hypocalcemia is less clear. 
Decreased values of serum total magnesium and calcium have been reported {199} but also 
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transiently decreased values of only the ionized calcium fraction {203}. In an interesting 
study of Jacobson et al. {203} several in vivo and in vitro experiments were performed on 
foscarnet and ionized calcium. They showed that ionized calcium decreases depending on 
the concentration foscarnet added, while the total calcium concentration did not change. The 
ionized hypocalcemia observed, appears to be a transient phenomenon. Unfortunately, 
magnesium ion-selective electrodes were not available those days, but assuming that 
complexation is the most likely cause of ionized hypocalcemia, ionized magnesium would 
undoubtedly decrease too. 

Gentamicin 
Reports about hypomagnesemia and gentamicin therapy were published infrequently, 

and the last paper about this subject was published more than 10 years ago {204-208}. 
Hypomagnesemia during gentamicin therapy develops as a result of magnesium wasting, 
and when the therapy was stopped renal loss of magnesium ceased. Although the 
phenomenon is not a regular adverse effect of gentamicin therapy it can result in very low 
serum magnesium values. One of the two patients presented by Bar et al. {205} had serum 
magnesium values of <0.3 mmol/L (calcium 1.10 mmol/L) accompanied by clinical 
symptoms, and six of the eleven patients presented by Davey et al. {208} had serum 
magnesium values varying from 0.30 to 0.69 mmol/L. Besides gentamicin the latter patients 
received also cytotoxic drugs. Patel {206} reported about a 57 year old male whose serum 
magnesium decreased to 0.32 mmol/L possibly due to magnesium wasting, but the urinary 
magnesium output was only slightly increased to 4.8 mmol/day. 

In summary, both thiazides and loop diuretics are associated with increased urinary 
magnesium output and decreased serum magnesium. Although significant, the reported 
drops in serum magnesium are small. Therefore, frequent measurement of serum 
magnesium in diuretic-treated patients does not seem to be necessary. Several, but not all, 
potassium-conserving diuretics have also a magnesium conserving capacity. Especially in 
elderly patients who are at risk for hypomagnesemia, these diuretics seem the treatment of 
choice {209}. 

Hypomagnesemia is a serious problem in chemotherapeutic therapy with cisplatin. 
Therefore, magnesium supplementation during treatment is recommended {181,210-213}. 

Treatment with cyclosporin can induce decreased serum magnesium values, but less 
severe than with cisplatin. Results reported about intracellular measurements are not 
consistent. Monitoring of serum magnesium is recommended, and magnesium supple
mentation employed as needed {187}. Results on ionized serum magnesium {64} are too 
limited to judge the benefit of this technique in this specific group of patients. 
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Both foscarnet and pentamidine are able to induce hypomagnesemia, the latter by 

magnesium wasting. The influence of foscarnet is probably only restricted to the ionized 

fraction of magnesium but studies with magnesium ion-selective electrodes have not been 

performed yet. The reported cases justify the measurement of serum magnesium during 

treatment. 

Hypomagnesemia due to gentamicin therapy is rare. Routine measurement of serum 

magnesium during gentamicin therapy is superfluous. 

Concluding remarks 

The goal of a magnesium determination in clinical chemistry is to obtain information 
about the magnesium status of the total body or the organ of clinical interest. The 
magnesium status can be studied in serum and blood cells, and in a whole range of tissues 
such as muscle, heart, sublingual cells, and in its different fractions e.g. total or ionized 
magnesium. Since only 1 % of the total body magnesium pool is extracellular, this would 
imply a determination of the intracellular amount, and preferably its active, ionized, 
fraction. It would be most easy to measure inside blood cells, which are easily available 
from the circulation, such as erythrocytes, thrombocytes or mononuclear blood cells. We 
did not find any indication for measurements in erythrocytes or thrombocytes; the advantage 
of establishing intracellular magnesium concentration in mononuclear blood cells seems 
doubtful to us. 

This brings us to a determination of magnesium in cells of the organ of interest. That 

approach is connected to a number of limitations. In the first place the biopsy, for example 

in cardiac tissue. Then there is the imprecision connected to the analytical technique which 

impedes this approach. 
For establishing the magnesium status of the total body we see two solutions. 

Measurement in sublingual cells has been proven to be a good reflection of the intracellular 
level in cardiac disease. In our opinion this would be a promising approach for other 
diseases as well. Otherwise, the magnesium loading test has been advocated as a good 
solution. In our opinion it has three drawbacks: it is cumbersome for the patient, time 
consuming, and a normal renal function is a prerequisite. This means that next to 
nephrology patients, those with circulatory problems (cardiac diseases) or osmotic diuresis 
(diabetes) should be excluded. Moreover, we did not find enough data for its usefulness in 
all kinds of different patient populations. 

Remains the determination of extracellular magnesium in the circulation which is 
easily accessible, and for total and ionized magnesium reliable determinations have been 
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described. At its introduction good hopes existed that the latter technique would be useful. 
The more so since it gives an indication of the active fraction which is thought to reflect the 
free intracellular concentration. Not enough data are available as yet. Only for 
nephrological patients this method has been more extensively studied and there it seems to 
have minimal advantage for diagnosis or treatment. More research is necessary to prove its 
value in other clinical situations. 
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Summary 

We performed an analytical evaluation of a commercially available instrument for 
the determination of ionized magnesium through use of a neutral carrier, liquid-membrane-
based ion-selective electrode. 

Reproducibility (CV 2-4%), linearity (0.30-2.50 mmol/L), lower limit of detection 
(0.30 mmol/L), and absence of interference from calcium indicate adequate performance for 
measuring ionized magnesium in plasma or serum samples in the normal to high range. 
Sodium concentrations in excess of 150 mmol/L caused a negative bias, which can be 
explained by ionic strength induced changes in activity coefficients. The use of heparin as 
an anticoagulant must be restricted to concentrations < 15 IU/mL because of the binding of 
magnesium to heparin. The mean+SD concentration of ionized magnesium and its fraction 
of total magnesium in 76 healthy volunteers were 0.56+0.05 mmol/L and 0.65+0.04, res
pectively. 
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Introduction 

Ion-selective electrodes (ISE) have been developed for the determination of H+, 
Na+, K+, CI", ionized Ca (iCa2+) and Li+ in clinical samples {1-3}. Until recently, no ISE 
was available that reliably measured ionized Mg (iMg2+) in plasma, serum or blood. Efforts 
have been concentrated on the use of neutral ionophore-based membranes, composed of 
ionophore/poly(vinylchloride) (PVC)/plasticizer (1/33/66, by wt). To improve selectivity, 
researchers inserted into the membranes an organic anion in an equimolar ratio to the neut
ral ionophore {4,5}. Problems with such systems have mainly been caused by insufficient 
selectivity against Na \ iCa2+ and H \ as well as the limited lifetime of the electrode. 

Two experimental systems to measure iMg2+ in serum have been described. Rouilly 
et al. {6} used a cell assembly of the kind Hg:Hg2Cl2, KCl (saturated) (KCl (3 mol/L)| 
sample|membrane||MgCl2 0.7 mmol/L, CaCl2 1.2 mmol/L, KCl 4 mmol/L, NaCl 140 
mmol/L, AgCl:Ag at 21°C. The membrane consisted of 1% ionophore ETH 5282 [(N',-
N",N'"-imino-di-6,l-hexandiyl)-tris(N-heptyl-N-methyl-malonamide)]/PVC/o-nitro-
phenyloctyl ether plasticizer (by wt, 1/33/65), and potassium tetrakis(p-chloro-phenyl) 
borate (KTpClB) in a molar ratio of 1.5 relative to the ionophore. This system had two 
major drawbacks: Interference from calcium necessitated calibration of the electrode with 
solutions containing an iCa2+ concentration identical to that in the sample to be measured, 
and the measurements were performed in an open system, which led to rather large pH 
shifts by evaporation of C02. 

Maj-Zurawska and Lewenstam {7} used a more elegant approach by incorporating a 
magnesium ion-selective electrode (Mg-ISE) in the Microlyte 6 analyzer (KONE 
Instruments, Espoo, Finland), making possible the simultaneous measurement of Na+, K+, 
iCa2+ and pH. The membrane composition of the Mg-ISE was ionophore ETH 5220 [N, N'-
octamethy lenebis(N ', N ' -diocty lmalondiamide)] /PVC/chloroparaffin/o-nitropheny lphenyl 
ether (1/33/32.5/32.5, by wt.) and KTpClB in a molar ratio of 0.70 relative to the iono
phore. Measurement conditions were considerably improved over the aforementioned 
method by increasing the temperature to 37°C and by using a closed system of flow-through 
electrodes. However, the authors still reported considerable interference from iCa2+, for 
which no clear solution has been presented. 

Recently, KONE introduced an iMg2+ determination on their Microlyte 6 ion 
analyzer that allows measurement of iMg2+ without interference from iCa2+ in the setting of 
a routine clinical chemistry laboratory. We have performed an extensive analytical 
evaluation of this instrument, including the determination of a limited set of reference 
values. 
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Materials and Methods 

The Microlyte 6 ion analyzer was used with the following electrodes installed: Ag-
/AgCl reference electrode, Ca, Na, K, Cl, pH and Mg. The Mg selective membrane was 
composed of ETH 5220 dispersed in a PVC matrix, with chloroparaffin and o-nitrophenyl 
ether as plasticizers and KTpClB as additive. 

To calibration of the instrument for all ions except Mg, we used two aqueous stan
dard solutions, followed by measurement of a third aqueous standard with an intermediate 
value as a linearity check. The Mg-ISE is calibrated with standard solutions 1 (Ca 1.25 
mmol/L, Mg 0.60 mmol/L) and 2 (Ca 0.75 mmol/L, Mg 0.30 mmol/L). The third calibra
tion solution has a Mg concentration identical to calibration solution 2 (0.30 mmol/L) but 
Ca at 1.75 mmol/L. This procedure enables calculation of the selectivity coefficient 
KPo'Mg Ca, which is stored subsequently in the instrument and used for correction of iMg1"1" 
values for iCa2+, and necessitates simultaneous implementation of the Mg and Ca 
electrodes. Each measurement takes 2 min, followed by a one-point calibration, which also 
takes 2 min. Thus 15 samples can be measured in an hour. The instrument uses 150 pL of 
sample; measurement temperature is 37°C. 

Total Mg was measured by atomic absorption spectrometry (AAS) (PE 2100; 
Perkin-Elmer, Gouda, The Netherlands). 

Selectivity coefficients were determined by the fixed interference method {8}. 
Electromotive force (EMF) values needed for this purpose were measured directly by 
disconnecting the electrodes from the instrument and connecting them with a Century SS-1 
pH/mV meter (Beekman Instruments, Fullerton, USA). Interference from iCa2+, Na+ and 
Li+ was also evaluated by addition of these ions as their chloride salts to a solution 
containing NaCl 140 mmol/L, KCl 4.5 mmol/L, MgCl2 0.6 mmol/L, and 2-{[tris(hydroxy-
methyl)methyl]amino}ethanesulphonic acid (TES) 5.0 mmol/L, pH 7.4. 

Response times are defined as the length of time elapsing between the instant of the 
concentration of iMg2+ changes and the first instant at which the electrode potential 
becomes equal to its steady-state value within 1 mV {8}. We measured these times with the 
same experimental system as was used for the determination of the selectivity coefficients. 
The electrode was equilibrated with an electrolyte solution (composition identical to the 
solution used for the interference studies), after which serum samples with different iMg2+ 

concentrations were introduced. 

The lower limit of detection was determined as the iMg2+ concentration at the inter
section of the extrapolated two linear segments of the calibration curve {8}. This curve was 
determined by addition of MgCl2 to a solution containing NaCl 140 mmol/L, KCl 4.5 
mmol/L, CaCl2 1.25 mmol/L, TES 5.0 mmol/L, pH 7.4. 
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Intra-assay reproducibility was determined with both commercial control materials 
(from human origin) and patients' samples. Commercial control samples were used for 
calculating day-to-day reproducibility. 

Linearity was determined either by mixing standard solutions or by mixing pooled 
patients' samples to which MgCl2 had been added. 

Blood samples were drawn into either plain or heparin-containing tubes with an 
evacuated blood-collecting system (Venoject; Terumo Europe N.V., Leuven, Belgium). All 
procedures followed were in accordance with the rules laid down in the Helsinki 
Declaration of 1975, as revised in 1983. 

All chemicals used were of analytical-reagent grade from E. Merck B.V. 
(Amsterdam, The Netherlands). Sodium heparin (Thromboliquine*, sodium salt) was 
obtained from Organon Teknika B.V. (Boxtel, The Netherlands). Lithium heparin for 
addition experiments was pooled from Venoject tubes. 

Results 

The response times of the Mg-ISE's were always <30 s. Thus a measurement time 
of 120 s allows reading of the potential practically at steady state. 

The selectivity coefficient KPot
Mg Ca was determined with three concentrations of the 

interfering ion. Both a relatively new electrode and one at the end of its lifetime were used. 
Results are shown in Table 1. The selectivity coefficient KPot

MgNa was determined at two 
sodium concentrations (125 and 150 mmol/L); log KPot

MgNa was -2.9 and -3.1, respectively. 
These selectivity coefficients are equal to or smaller than earlier reported values {7}. 

Interference from iCa2+, Na+ and Li+ was determined by the addition of standards to 
buffered solutions (Figure 1). The addition of Na+ resulted in a negative bias, whereas 
added Ca2+ and Li+ addition produced no significant interference. 

Within-calibration CVs, measured with assays of control serum, were 3.9% (iMg2+ 

0.48 mmol/L, n=10) and 1.3% (iMg2+ 0.92 mmol/L, n=10). Assays of patients' samples 
gave within-calibration CVs of 2.2% (iMg2+ 0.50 mmol/L, n=10) and 2.6% (iMg2+ 0.81 
mmol/L, n=10). Day-to-day reproducibility, calculated as CV, was 3.5% (iMg2+ 0.57 
mmol/L, n=36) and 2.9% (iMg2+ 1.05 mmol/L, n=35). 

The lower limit of detection was 0.30 mmol/L iMg2+. 
The linear range for assay of serum samples and dilute electrolyte solutions extended 

from 0.30 to 2.50 mmol/L iMg2+. The comparison between Mg in dilute electrolyte 
solutions determined by AAS and by ISE was analyzed by the regression method of Passing 
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and Bablok, which resulted in ISE= 
0.966 XAAS+0.029 mmol/L (range: 0.30-
2.50 mmol/L). Slope and intercept were not 
significantly different from 1 and 0, respec
tively. 

The lifetime of the electrode was 
limited by a gradual decrease of the cali
bration slope, resulting in decreasing 
sensitivity. Determination of KPot

MgCa after 
measurement of 1000 serum samples 
showed a slight change in Ca selectivity 
(Table 1). However, stable values of control 
samples proved that the instrument still 
applied an appropriate correction factor. Af
ter measurement of -1000 serum samples, 
the electrode should be replaced because of 
the decrease in sensitivity. 

The influence of heparin on iMg2"1" 
and iCa2+ measurements was determined by 
collecting blood from two healthy volunteers 
into different amounts of sodium and lithium 
heparin. As shown in Figure 2, a lithium 
heparin concentration of 15 IU/mL induced 
a non-significant increase in iMg2+; the 
other curves showed a monotonous decrease 
with increasing heparin concentration. A 
comparison of iMg2+ measured in blood 
collected simultaneously plain serum tubes Fi«ure L Interference from iCa2+ Na+, and Li+ on 

detection of iCa2+corrected iMg , determined by 
and lithium heparin tubes (15 units/mL addition of the interfering ions as their chloride salts to 
lithium heparin) showed significantly higher a buffered electrolyte solution; curves are drawn through 
. . . ,. . . . . . the means of triplicates. 
iMg2+ values in lithium heparin plasma 
(paired t-test, n=39; mean difference 0.021 mmol/L, t=6.85, SD=0.019, probability of 
equality p<0.0005). As expected, iCa2+ values detected in the lithium heparin tubes were 
slightly lower than in the serum samples. 

Reference values for serum iMg2+ and the fraction iMg2+ determined in 76 healthy 
volunteers (33 male, 43 woman female, median age 32 years, range 18-60) were 0.56+0.05 
mmol/L and 0.65+0.04 (mean+SD), respectively. 
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Discussion 

The precision of the determination of iMg2+ was slightly less than values reported 
for systems measuring iCa2+, which are in the range 1.0-1.5% {9,10}. Given that the 
biological CV for iMg2+ is unknown, we were not able to calculate whether an analytical 
CV of 2-3 % contributes significantly to the total variation. 

Table 1. Calcium selectivity coefficients determined by the fixed interference method 

Serum ionized calcium l°gKPo,Mg,ca after measurement of 

(mmol/L) 40 sera 1000 sera 

0.78 -47 -44 

1.35 -72 -55 

1.85 -70 -59 

Because no reference system is available for the measurement of iMg2+, we could 
only estimate the accuracy of the method by comparing values for iMg2+ measured in 
aqueous solutions with values measured by AAS. The results of the linearity experiments 
did not indicate bias in the linear range, suggesting adequate accuracy. 

Linearity in the normal to high range of iMg2+ (0.50-2.50 mmol/L) was excellent. 
The lower limit of the linear range (0.30 mmol/L) indicates a slight divergence against AAS 
values. If we assume that the distribution of Mg in ionized and bound fractions does not 
change in hypomagnesaemia, a value of 0.30 mmol/L for iMg2+ corresponds to a total Mg 
of 0.46 mmol/L. Magnesium values <0.46 mmol/L are seen in -2% of the Mg requests in 
our laboratory, which makes this limitation a source of concern. 

The apparently negative interference from Na+ ions can be explained by the 
influence of the ionic strength. The activity coefficients for Mg in the solution used, 
calculated from the Debye-Hiickel equation, are 0.325 and 0.311 at NaCl concentrations of 
140 and 160 mmol/L, respectively. That is, the increase in ionic strength decreases the Mg 
activity by 4%. Because the ionic strength of plasma with an increased concentration of Na+ 

will also be increased, this situation represents a phenomenon that is active in vivo. Correc
tion for this negative bias is thus not necessary if one wishes to report a physiogically 
activity-derived parameter, which is one of the advantages of ISE measurements {11}. 

The gradual decrease in calibration slope was the limiting factor for the lifetime of 
the electrode. When compared with the number of Mg requests in our own laboratory (10-
20 per day), a lifetime of 1000 samples is acceptable. 
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In our view, the recommended sample type for the determination of iMg2+ is serum, 
a matrix that contains no potentially interfering anticoagulants. Second best would be 
plasma heparinized with sodium or lithium heparin (maximal concentration of 15 IU/mL), 
which enables the measurement of iMg2+ in the same sample type recommended for analysis 
ofiCa2+ {12}. 

We were not able to discern the cause of the positive bias (compared with serum) 
introduced when measuring iMg2+ in plasma heparinized with 15 IU/mL lithium heparin. 
Lithium interference was excluded by addition experiments. iCa2+ behaved as expected, 
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Figure 2. Influence of sodium and lithium heparin on ionized magnesium and ionized calcium expressed as 
fractions of the simultaneously measured total serum values of these ions. Each data point represents the 
mean of duplicate determinations in plasma samples obtained from two healthy volunteers. The dashed lines 
show the 2xSD confidence interval of the mean ionized serum value. 

with both sodium and lithium heparin causing a negative bias in comparison with serum. A 
possible explanation for the positive bias is the presence of preservatives in the lithium 
heparin blood-collection tubes. We realize that cellular metabolism may continue in the 
plain tubes during serum preparation {13}; still, serum is our preference. 

During the evaluation period, the Microlyte system functioned without serious 
problems. User-friendliness, speed, calibration frequency and shelf life of calibrants all 
proved to be sufficient for "routine" analysis of iMg2+ in a clinical chemistry laboratory. 
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Evaluation of the Microlyte 6 

We conclude that the Microlyte 6 is a reliable and accurate system for the 
determination of iMg2+. Its non-linearity in the lower range, however, is a potential 
limitation to the assessment of the iMg2+ status in patients with severe hypomagnesemia. 
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Summary 

In this study we validated and compared a magnesium ion-selective electrode with 
a cation-exchange resin technique, and determined all magnesium fractions in serum of 
healthy volunteers and continuous ambulatory peritoneal dialysis patients. The analytical 
aspect of both techniques has been studied by measuring the influence of complexing agents 
on the fraction ionized magnesium. A theoretical approximation of the fraction of ionized 
magnesium, based on mass equilibria and complexation constants, was calculated and 
compared with the measurements. 

Ion-selective electrode measurements showed good agreement with theory. 
Reference values of the ionized, protein-bound, and complexed magnesium fractions were 
(mean + SD) 0.65+0.04, 0.27+0.04 and 0.08+0.03, respectively. Fractions obtained in 
the continuous ambulatory peritoneal dialysis group were 0.62+0.04, 0.22+0.05 and 
0.16 + 0.05, respectively, and differed significantly from the values of the reference 
population. 

We conclude that all known serum magnesium parameters can be measured by a 
combination of ultrafiltration, atomic absorption spectrometry and ion-selective electrode 
measurements. Unknown complexing compounds most probably account for the increased 
fraction of complexed magnesium in serum of patients treated with continuous ambulatory 
peritoneal dialysis. 
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Introduction 

Human serum magnesium, which represents less than 1 % of total body magnesium, 
can be divided into 3 fractions: 1. protein-bound magnesium (Mgprot), mainly bound to 
albumin (76%) and to a lesser extent to globulins (24%) {1}, 2. ionized magnesium 
(iMg2+), which is the biologically active fraction in the extracellular fluid, and 3. 
magnesium complexed with anions such as phosphate, bicarbonate and citrate (Mg.ompi). 
Together, iMg2+ and Mgcompl account for the ultrafiltrable fraction (Mg^) of human serum 
magnesium. 

Over the years, many different methods have been developed for determining serum 
total magnesium (tMgs). In 1947 the first colorimetric method for measuring magnesium in 
biological fluids was described {2} and studies are still being published about this technique 
{3}. Other methods involve enzymology {4,5}, fluorometry {6-8}, flame-emission 
spectrometry {9} or atomic absorption spectrometry (AAS). The latter method has been 
proposed as the candidate reference method for the determination of magnesium in human 
serum {10}. 

Only a few methods are available for the determination of the different fractions of 
magnesium in serum. Mgprot can be measured by ultrafiltration {11}, ionized serum 
magnesium (iMg2+

s) has been estimated by use of cation-exchange membranes or strips 
{12,13}, and for the direct measurement of Mg.,,^, cation-exchange resin beads have been 
proposed {14}. The latter method simultaneously leads to an indirect measurement of 
iMg2+

s. The availability of an ion-selective electrode (ISE) for determination of iMg2+
s 

{15}, has opened new ways for determination of different magnesium fractions. It was 
shown that, with this ISE-method, reliable and reproducible results could be obtained for 
iMg2+

s concentration in the normal physiological range. 
To validate the Mg-ISE, we have studied the influence of magnesium-complexing 

agents on the ionized fraction, by adding hydrogenphosphate, hydrogencarbonate, and 
citrate to serum samples. In addition, we used the experimental results for comparison of 
the ISE-method with the cation-exchange resin method. As described in the literature, this 
latter method is an indirect method because iMg2+ and Mgprotare bound by the resin beads, 
and the remaining magnesium concentration accounts for the complexed fraction {14}. On 
the other hand, measurements performed with a Mg-ISE leads directly to the concentration 
of iMg2+ and indirectly to the complexed magnesium fraction (Mgukr minus iMg2+). 

Because ISE measurements were performed in both serum and the corresponding 
protein free ultrafiltrate, we could check whether or not the measured serum ionized 
magnesium value accounts for the free ionized fraction of the ultrafiltrate. 

Moreover, a theoretical approximation of the fraction ionized magnesium (friMg2+) 
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in serum ultrafiltrates, based on mass equilibria and complexation constants, was calculated 
and compared to the measurements performed in serum ultrafiltrates using both the direct 
ISE and the indirect resin technique. 

After establishing the most appropriate technique, we decided to define reference 
values of the different magnesium fractions in human serum and, as an example of a 
population showing deviations in these fractions, we studied a group of CAPD-patients. 

Materials and Methods 

Blood samples were collected in plain, non-siliconized tubes with an evacuated 
blood-collecting system (Venoject, Terumo Europe N.V., Leuven, Belgium). After 
centrifugation, the sample tubes remained closed and were stored at +4°C for a maximum 
period of 2 hours. Ultrafiltrates of serum samples were obtained using the Micropartition 
System equipped with YMT membranes (MPS-1, Amicon Corp., Beverly MA, USA) {11}. 
Centrifugation speed, time, and temperature were 550 X g, 35 min and 25°C, respectively. 
Because of the increased pH of the serum ultrafiltrate (up to 0.9 pH units), due to the loss 
of C02 and removal of the protein buffer, we added, before measurements were performed, 
5-10 ^L 0.5 N HCl to restore the pH of the ultrafiltrates to its original value in serum. 

Total and ultrafiltrable magnesium were measured by AAS (PE 2100, Perkin-Elmer, 
Perkin Elmer & Co GmbH, Überlingen, Germany). Ionized magnesium was measured in 
serum, as well as in ultrafiltrates, directly by a magnesium ISE installed in the Microlyte 6 
ion analyzer (KONE Instruments, Espoo, Finland). For indirect measurement of iMg2"1" in 
ultrafiltrates, the method of Speich et al. {14} was followed. Cation-exchange resin with a 
capacity of 4.4 meq/g was obtained from Sigma (St. Louis, Missouri MO, USA). After 
preparation of the resin, its distribution coefficient for binding magnesium was determined 
by measuring the extraction of this cation from electrolyte solutions containing various 
amounts of MgCl2 and physiological concentrations of Na, K and Ca. For the measurement 
of friMg2+ 1.0 mL ultrafiltrate was gently mixed during 15 min with 0.2 g of cation-
exchange resin in closed 1.5 mL reaction tubes (Micro test tube, Eppendorf, Hamburg, 
Germany). 

Comparison of the two methods for the determination of magnesium fractions in 
ultrafiltrates was performed in the following manner. Approximately 30 mL serum, drawn 
from a healthy volunteer, was divided in two portions of 15 mL each. In one of these, 
approximately 0.02 g Na2HP04 was dissolved. Mixing of the two portions in different 
ratios led to a series of aliquots with an increasing concentration of phosphate. In the same 
way, two other series with increasing concentrations of NaHC03 and Na3C6H507.2H20 
were made, using sera of two other healthy volunteers. After ultrafiltration, the magnesium 
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concentration was determined by AAS. The determination of phosphate in the ultrafiltrated 
aliquots was based on the reaction of phosphate ions with ammonium molybdate and 
ferrous ammonium sulfate to form molybdenum blue, which was measured photo
metrically. The concentration bicarbonate was calculated using its activity coefficient and 
the Henderson-Hasselbalch equation, after measuring the pH and pC02 with a blood-gas 
analyzer (BGM-IL 1312, Instrumentation Laboratory, Milano, Italy). Citrate was 
determined by an enzymatic method based on the conversion of citrate to oxaloacetate 
catalysed by citrate lyase {16}. The ionized fraction of magnesium (in relation to the total 
magnesium concentration) of the ultrafiltrates was calculated directly, based on ISE and 
AAS measurements of the serum ultrafiltrates, as well as indirectly from the complexed 
magnesium fraction obtained with the resin method. 

All chemicals used were of analytical reagent grade (E. Merck B.V., Amsterdam, 
The Netherlands). 

Reference values for all serum magnesium parameters were established by taking 
blood from 81 healthy volunteers; 35 males, 46 females, median age 32 years, range 21-68 
years. Serum magnesium parameters were measured in serum of 29 CAPD-patients (15 
males, 14 females, median age 45 years, range 23-77 years) all using PD-1 dialysis solution 
(DIANEAI/137, Baxter, Baxter Healthcare Ltd, Thetford Norfolk, UK), which has a 
magnesium concentration of 0.75 mmol/L, for at least 6 months. All procedures followed 
were in accordance with the rules laid down in the Helsinki Declaration of 1975, as revised 
in 1983. 

Results 

In the Figures la, b and c the ionized magnesium fractions of the ultrafiltrates, 
obtained directly by the ISE method and indirectly with the resin method, after addition of 
Na2HP04, NaHC03 and Na3C6H507.2H20, are shown. Because the stability constants for 
the complexation of magnesium with these anions, which are the main natural complexants 
in serum {17}, are given in the literature {18,19}, the experimental results could be 
compared with theoretical expectations. The complexation of magnesium ions with 
complexant L can be described as: 

Wj^L (1) [L]=[LT]-[MgL] (2) 

were KMg L is the stability constant of the MgL-complex and [Lp] and [L] are the total and 
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free concentration of the ligand, respectively. Serum ultrafiltrate contains two different 
magnesium fractions: [Mgultr] = [iMg2+] + [Mgcompl] (3) 
Therefore, when several (n) complexing agents are present, the total magnesium concen
tration in the ultrafiltrate can be written as: 

, ^ (K„ r) X[/7^2+]X[ZJ 

After entering the measured total ligand and total magnesium concentrations of the 
ultrafiltrates (Lp and Mgul[r), together with the values for the stability constants (63, 5.5 and 
1778 mol/L for hydrogenphosphate, hydrogencarbonate and the citrate complex, 
respectively, all at an ionic strength of 0.16 mol/L and a temperature of 37, 25 and 25°C 
respectively), the remaining iMg2+ concentration could be calculated by trial. These 
iterative calculations were performed using the computer program LOTUS 123 (Lotus 
Development Corporation, Cambridge, UK). The results are included in the figures la, b 
and c. Addition of all three magnesium complexing agents induced a decrease in friMg2* 
when measured by the direct ISE-based technique. On the other hand, the determination of 
iMg2+ in serum ultrafiltrate performed by the indirect resin technique did not result in the 
expected decrease after addition of the complexing sodium salts. Only high concentrations 
of hydrogen phosphate and, to a lesser extent citrate were accompanied by a slight decrease 
of friMg2 + . The results of the direct ISE-method were supported by the theoretical 
approximation (Figure 1) although, at low anion concentrations, a difference between the 
direct measured and the calculated friMg2+ was found. 

Comparison of the measured values of iMg2+ in both serum and ultrafiltrates, 
according to Passing and Bablok, resulted in: iMg2+

ultr = 1.069 X iMg2+
s + 0.002. The 

confidence interval of the slope (p<0.05) was 0.968 to 1.188, and did not differ 
significantly from 1.0. Number of tested sample pairs was 43, and the minimum and 
maximum iMg2+ values were 0.12 and 0.63 mmol/L, respectively. 

In Table 1, the mean serum magnesium parameters determined in serum of 81 
healthy volunteers are shown. Tentative reference ranges, based on a Gaussian distribution, 
were calculated. The mean serum magnesium parameters, including standard deviations, of 
29 CAPD-patients using PD-1 dialysis solution are shown too. The difference between the 
population means of the magnesium fractions were tested by a t-test after logarithmic-
transformation of the obtained data. 

All measured magnesium parameters (tMgs, iMg2+
s and Mgu,tr) of the CAPD-patients 

were significantly higher than the mean values of the reference population (p< 0.001). The 
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fractions protein-bound magnesium (frMgprot) and friMg2+
s of CAPD-patients were a little 

lower, 0.05 and 0.03 respectively, but the fraction complexed magnesium (frMgcorapl) was 
markedly higher, twice the mean reference value. 
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Figure 1. Measurement and calculation of the 
friMg2+in serum ultrafiltrates after addition of di-
sodiumhydrogenphosphate, sodiumhydrogen-
carbonate, and trisodiumcitrate to human serum 
samples. (O) indirect cation-exchange resin-based 
technique, (*) direct ISE-based method, and ( + ) 
calculated values by a theoretical approximation 

Discussion 

Measurement of friMg2+ in serum ultrafiltrate by both the direct ISE-method and the 
indirect resin-based technique resulted in significantly different values after addition of 
complexing agents. Using the Mg-ISE, complexation of magnesium by hydrogenphosphate, 
hydrogencarbonate, and citrate could be detected in concordance with the magnitude of the 
complex stability constants (KMg HC03<KMg HP04<KMgC6H507); the indirect technique only 
detects some complexation of magnesium at high phosphate or citrate concentrations. An 
explanation of the failure of the resin method is that the complexation reactions of 
magnesium with various small ligands present in serum ultrafiltrates are dynamic equilibria. 
Addition of the cation exchange resin to the ultrafiltrates causes a shift of the equilibria. In 
the right-hand side of the mass balance equation (4), a term should be added representing 
the resin-bound magnesium fraction, equal to wr/Vultr x Dg x [iMg2+] where wr is the dry 
mass of the resin added, Vultr the volume of the ultrafiltrate and Dg the distribution 
coefficient of magnesium to the resin. The effect of including this term on the calculated 
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results is appreciable. In fact, calculated values of the ionized fraction, taking this term into 
account, show a close agreement to the experimental results with the resin method. Our 
conclusion from these experiments is that the resin method does not give an accurate 
estimation of the complexed fraction of magnesium in serum. It therefore can not be used to 
establish iMg2+

s. 

While the trend in the free ionized fraction, as measured by the ISE-method after 
addition of complexing agents, is adequately described by theory, differences are found 
between the experimental and calculated values for ultrafiltrates, especially with the 
naturally occurring concentrations of hydrogenphosphate, hydrogencarbonate and citrate. 
The measured complexation is generally less than expected. A possible explanation is that 
the ligands in the ultrafiltrate are not completely available for magnesium complexation; for 
instance, because they are partly bound to other ions such as calcium. However, 
recalculation of the total concentration of phosphate, bicarbonate and citrate to the 
concentration of free ligand after complexation with calcium, did not completely solve the 
problem (results not shown). Still, the experiment shows that the ISE-method is most 
suitable for detecting the friMg2+

s. 

Table 1. Serum magnesium values in healthy volunteers and CAPD-patients 

Concentrations Fractions 

tMg, Mgultr iMg2+
s frMgprM friMg2^ frMg,,,,,,,,, 

mmol/L mmol/L mmol/L 

Ref.popuIation:a 

(mean + SD) 0.88+0.06 0.63+0.05 0.56±0.05 0.27+0.04 0.65 ±0.04 0.08+0.03 

CAPD-patients:" 
(mean ± SD) 1.24±0.18 0.97+0.14 0.76+0.08 0.22+0.05 0.62+0.04 0.16±0.05 

Significance' p<0.001 p<0.001 p<0.001 p<0.001 p<0.01 p<0.001 
Number of healthy volunteers 81; male 35; female 46; median age 32 years; range 21-68 years. b Number 

of CAPD-patients 29; male 15; female 14; median age 45 years; range 23-77 years, all using a dialysis 
solution with a magnesium concentration of 0.75 mmol/L.c Statistical comparison of the two populations by 
the two sample t method after logarithmic transformation. 

From these results, together with the observation that iMg2+ values obtained in 
serum did not deviate significantly from those in the corresponding ultrafiltrates, it can be 
concluded that all known serum magnesium fractions can be determined by ISE 
measurements in serum, and AAS measurements in serum and ultrafiltrates. 

Comparison of our ISE results with those obtained in the pre-magnesium ISE period 
shows a discrepancy for the friMg2+ in human serum {12-14,20} (Table 2). Walser {20}, 
whose data have been reported in several reviews, measured iMg2* spectrophotometrically 
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in plasma ultrafiltrates of 20 healthy volunteers. These measurements resulted in a mean 
fraction of iMg2+

s and Mgcomp, of 0.55 and 0.13, respectively. Except for possible 
differences in technical performance, an explanation for the discrepancy from our results 
could be the use of oiled heparinized syringes for collecting blood from the volunteers. As 
has been shown for calcium, heparin has the ability to bind magnesium ions, causing a 
decreased iMg2+

s concentration {15} and an increased frMgcorapl. 

Since the first publication on Mg-ISE measurements in human serum appeared in 
1990 {21}, several authors tested groups of normal healthy volunteers {22-26} (Table 2). 
Except Altura and Altura {25}, who measured a limited group of 16 volunteers, none of 
these authors performed iMg2+

s measurements in combination with ultrafiltration. 

Table 2. Serum magnesium values in healthy volunteers (1967 -1995) 

Concentrations Fractions 

Studies n tMgs Mg„itr Mg\ frMgprot friMg2+
s frMg^p, 

69 

mmol/L mmol/L 

0.65 

mmol/L 

D'Costa{ll} 69 

mmol/L mmol/L 

0.65 

mmol/L 

Heaton{12} 12a 0.84 0.65 0.51 0.61 

Frizel{13} 10 0.90 0.66 0.73 

Speich{14} 46 0.89 0.67 0.55 0.33 0.62 0.05 

Walser{20} 20 0.96 0.66 0.53 0.32 0.55 0.13 

Sachs{22} 91 0.88 0.57 0.65 

Zoppi{23} 103 0.85 0.60 0.71 

Altura{24} 60 0.81 0.58 0.71 

Altura{25} 16 0.87 0.70 0.58 0.19 0.67 0.14 

Okorodudu{26} 50 0.80 0.50 0.63 

This study 81 0.88 0.63 0.56 0.27 0.65 0.08 
n: Number of tested healthy volunteers,a Miscellaneous patients. 

Concerning the friMg2+
s, Okorodudu et al. {26} as well as Sachs et al. {22}, and 

Altura et al. {25} presented values of approximately 0.65, which corresponded well with 
our results. In another study Altura et al. {24} reported a mean friMg2+

s of 0.71. This 
value was also found by Zoppi et al. {23}, who used a Mg-ISE from the same manufacturer 
as Okorodudu et al. and Sachs et al. Further study showed that the discrepancy in the 2 
results of friMg2+

s published by Altura et al. was caused by the difference in the 
concentration of total magnesium of the populations tested, namely 0.81 and 0.87 mmol/L, 
respectively. 

The frMgcompi measured by Altura et al. {25} was significantly higher in comparison 
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with our results (0.14 versus 0.08). An explanation could be their modified method of 
ultrafiltration, trying to limit the increase of the pH of the ultrafiltrates. 

In serum of CAPD-patients, increased concentrations of tMgs (41%) and iMg2+
s 

(36%) were found. Therefore, friMg2+
s was slightly lower than the mean value of healthy 

volunteers, namely 0.62 versus 0.65 (p<0.01). frMgprol in serum of CAPD-patients was 
lower (p< 0.001), which can be explained by the low concentration of albumin in this 
patient group (mean value: 35 g/L versus 46 g/L in the reference group). Consequently, 
frMgultr was increased. The combination of increased frMgultr, and a decreased friMg2+

s led 
to the suggestion that the presence of unknown anions or other compounds with 
magnesium-complexing capacity might account for this deviation. Comparison of the 
calculated frMgcomp, of CAPD-patients and normal healthy volunteers, based on a mean 
anion concentration of hydrogen bicarbonate, phosphate and citrate of both populations, of 
which the two last-mentioned anions are significantly increased in serum of the studied 
CAPD-patients, resulted in a difference of only 3%. This observation supports the 
conclusion of the existence of unknown magnesium complexing compounds in serum of 
CAPD-patients. 

In summary, we conclude that all known human serum magnesium parameters, 
including complexed magnesium, can be established by a combination of ultrafiltration, 
AAS and Mg-ISE measurements. Because it is supposed that iMg2+ is the biologically 
active compound in the extracellular fluid and its activity is influenced not only by the 
protein concentration, but also by the existence and capacity of magnesium complexing 
compounds, this measurement is to be preferred over that of total magnesium. This is 
supported by our results obtained in the CAPD-patient group, in which a disturbance of the 
relationship between the several magnesium fractions has been shown. 

We, therefore, conclude that our results are a step towards a reliable measurement 
of the several magnesium fractions in serum of healthy volunteers and patients. The clinical 
importance of the determination of iMg2+

s should be further proven by relating it to patient 
outcome, especially in populations suspect for magnesium deficiency. 
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Summary 

In a two-center (Academic Medical Center, The Netherlands, and National Institutes 
of Health, USA) study, we compared ionized magnesium results in serum determined with 
the AVL 988/4, KONE Microlyte 6 and NOVA CRT, which are the currently available 
analyzers equipped with a magnesium ion-selective electrode. The comparison was 
performed with frozen serum samples from healthy volunteers and patients. Imprecision and 
reference intervals were established. 

We found the best agreement between the KONE (x) and AVL (y) magnesium ion-
selective electrodes (y=0.972x-0.013; n=138) with samples from patients. With samples 
from healthy volunteers, all three analyzers reported significantly different results 
(p<0.05). Best precision was found using the NOVA; coefficients of variation established 
at three levels were all <4.0%. Coefficient of variations for the AVL and KONE were 
<5.0% at normal and high ionized magnesium concentrations, but 10.7% and 9.4%, 
respectively, at a concentration of about 0.30 mmol/L. The reference intervals 
(mean ± standard deviation) based on measurements in fresh serum samples were different 
for each analyzer: 0.55-0.63 mmol/L for AVL, 0.47-0.57 mmol/L for KONE and 0.43-0.55 
mmol/L for NOVA. 

Thus, significant differences among the ionized magnesium concentration obtained 
with the three analyzers, limit comparison of results in clinical practice, and need to be 
resolved (e.g. improvement of specificity and standardization of calibrators). 
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Introduction 

Since 1980 several studies have been published about the development of ionophores 
selective for magnesium (Mg). In 1990 this research resulted in two papers about the 
measurement of the ionized Mg concentration (iMg2+) in human serum {1,2}. Hereafter 
evaluation reports about commercially available analyzers equipped with an ion-selective 
electrode (ISE) were published {3-5}, followed by studies on Mg fractions in serum {6,7}, 
establishment of reference intervals, and influence of pH, heparin and other pre-analytical 
factors {8-13}. 

In these studies, Mg ion-selective electrodes (Mg-ISE's) obtained from three 
different manufacturers were used: AVL, KONE, and NOVA. 

Comparison of two of the Mg-ISE's was done by Altura et al. in 1994 {14}. In a 
small study they measured serum iMg2+ (iMg2+

s) from 13 healthy volunteers and 21 
hospitalized patients using the KONE and the NOVA analyzers. The AVL and NOVA 
analyzers were compared in four studies by the coauthors of the present study from the 
National Institutes of Health (NIH), Bethesda, MD, USA {13,15-17}. However, until now 
no study has compared all three commercially available Mg-ISE's. 

We report a two-center comparison study comparing the three currently 
commercially available Mg-ISE's. Serum obtained from both patients and healthy volunteers 
was collected, and iMg2+

s determined at two different locations: the Academic Medical 
Center (AMC) (Amsterdam, The Netherlands) provided the AVL 988/4 and KONE 
Microlyte 6 results, and the NIH (Bethesda, USA) provided the NOVA results. 

Material and Methods 

Analyzers 
The AVL 988/4 (AVL Medical Instruments AG, Schaffhausen, Switzerland), KONE 

Microlyte 6 (KONE Instruments, Espoo, Finland), and NOVA CRT (NOVA Biomedical, 
Waltham, MA, USA) analyzers were described previously {4,15}. Briefly, the ion-selective 
membrane of the Mg electrode contains a neutral carrier ionophore (ETH 7025 for AVL, 
ETH 5220 for KONE, proprietary for NOVA) dispersed in a Polyvinylchloride (PVC) 
matrix. The electrode is calibrated with aqueous calibrators at the following Mg/Ca 
concentrations: 0.30/0.90, 0.30/1.25, 0.90/0.90, 0.30/0.90 mmol/L for AVL, 0.30/0.75, 
0.30/1.75, 0.60/1.25 mmol/L for KONE, and 0.50/1.00, 0.50/2.00 and 1.50/1.00 mmol/L 
for NOVA. The manufacturer warrants the analytical range of 0.1 to 3.0 mmol/L for AVL, 
0.2 to 3.0 mmol/L for KONE and 0.1 to 2.5 mmol/L for NOVA Mg-ISE. Each analyzer 
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automatically corrects for the response of the Mg-ISE to the free calcium in the sample 
(chemometric correction). The KONE and NOVA analyzers automatically provide the 
iMg2+

s result corrected to pH of 7.40 (iMg2+
s pH=7.4). The NOVA analyzer reports these 

results only for samples with pH between 6.9 and 7.8; for KONE no pH restriction was 
specified. 

An atomic absorption spectrometer (AAS) (PE 2100, Perkin Elmer, Gouda, The 
Netherlands) was used to determine serum total Mg concentration (tMgs). 

Samples 

Samples were collected at both locations from 138 presumably healthy volunteers 
(AMC: 25 males, 44 females, median age 37.5 years, range 21-61 years; NIH: 26 males, 
43 females; median age 37 years, range 20-62 years) and patients (AMC: n=90, NIH: 
n=8). Healthy volunteers had their breakfast and did not use Mg supplements. Patients with 
both a normal and abnormal tMgs (e.g. hemodialysis patients or patients treated by cisplatin) 
were included in the study. 

The same three-level lyophilized human-based control sera, produced in one batch 
(Nycorned AS, Diagnostics, Oslo, Norway), were used at both institutes as a control. 

Procedures 

The blood was drawn anaerobically in silicone-free tubes (Vacutainer ref. 362745, 
Becton Dickinson BV, Leiden, The Netherlands). The separated serum was analyzed within 
1 hour of drawing (fresh samples) on AVL, KONE (both at AMC) and NOVA (NIH). Two 
aliquots of each sample (#1 and #2) were stored in air-tight capped plastic tubes 
(Microtubes, Sarstedt BV, Etten-Leur, The Netherlands) at -20 °C (frozen samples). The 
tubes were filled completely and the aliquotting was performed with minimal exposure of 
sample to air. The #1 aliquots were stored at the location of drawing and the #2 aliquots 
were shipped on dry ice to the other location. The aliquots were stored for up to 9 months. 
The subsequent determinations of pH, iMg2+

s and tMgs were coordinated so that the same 
frozen aliquots were analyzed at both locations on the same day, #1 at initiating laboratory 
and #2 at the other laboratory. The capped tubes were allowed to stand at room temperature 
for 1 hour, the samples were mixed, and immediately analyzed. 

All samples were analyzed for iMg2+, pH and tMgs, and when provided by the 
analyzer, the iMg2+

pH=7 4 was recorded. The measurements were performed in duplicate and 
the data were analyzed using the calculated mean of duplicates. 

Because comparison of the iMg2+
s results was based on frozen samples, we 

evaluated the effect of storage at -20 °C on the iMg2+ results of each analyzer by comparing 
iMg2+ of fresh and #1 frozen aliquots. Differences between the fresh and frozen iMg2+ 
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results were analyzed using the paired t-test. The effect of transport on dry ice was 
evaluated by comparing the pH of 1# frozen aliquots stored in Amsterdam with pH values 
from the #2 aliquots after shipping to NIH. Differences were analyzed by the paired t-test. 

Method imprecision was determined by daily measurement of the three control sera 
and was expressed as the coefficient of variation (CV) of the calculated mean iMg2+. The 
reference interval for the iMg2+

s was calculated as the mean ± SD using the results for the 
fresh samples from healthy volunteers. Comparison of the results obtained with the three 
analyzers and the correlation between iMg2+

s and tMg, was calculated by debiased 
regression according to Passing and Bablok {18}. The mean difference between the iMg2+

s 

results was calculated by the paired t-test. Statistical analysis was done with SPSS, version 
6.1.3 (SPSS Benelux BV, Gorinchem, The Netherlands) and Evalkit, version 3.1 (Tilburg, 
The Netherlands). Values of p< 0.05 (two-tailed) were considered significant. 

All procedures were in accordance with the ethical standards laid down in the 
Helsinki Declaration of 1975, as revised in 1983. 

Results 

Imprecision 

The results from the daily measurements of the three control sera are summarized in 
Table 1. The imprecision (expressed as percentage of CV) of the NOVA measurements at 
all three iMg2+ levels was <4%. For the AVL and KONE analyzers, the imprecision was 
<5.0% at iMg2+> 0.65 mmol/L, but at iMg2+ close to 0.30 mmol/L, the imprecision was 
9.4% and 10.7%, respectively. 

Table 1. Day-to-day imprecision of the measurement of ionized magnesium 
using the AVL, KONE and NOVA magnesium ion-selective electrodes. 

Analyzer Days Level 1 Level 2 Level 3 

(n) Concentration CV Concentration CV Concentration CV 

20 

(mmol/L) 

0.32 

(%) 

9.4 

(mmol/L) (%) (mmol/L) 

1.01 

(%) 
AVL 20 

(mmol/L) 

0.32 

(%) 

9.4 0.65 3.1 

(mmol/L) 

1.01 4.0 

KONE 20 0.28 10.7 0.65 4.6 1.10 4.5 

NOVA 19 0.21 3.6 0.53 3.1 1.03 1.2 

Comparison study 

Data from the method comparison study for iMg2+ results of the frozen samples are 
ummarized in Table 2 and Figure 1. The table shows the slope, intercept and mean 
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difference including their 95% confidence interval (CI) for the healthy volunteers and 
patients. The figure shows the relationship between tMgs (x) and iMg2^ (y) for the normal 
and patient population. Based on iMg2+ (not pH corrected) obtained in patient samples, the 
AVL and KONE results are not significantly different, but in samples from healthy 
volunteers all analyzers gave different iMg2*. However, the mean difference between the 
KONE and AVL iMg2+ results was only 0.0097 mmol/L (paired t-test, p<0.001). When 
using iMg2+

pH=74 values, the KONE and NOVA reported comparable iMg2+ in samples 
from healthy volunteers, but significantly different values in samples obtained from patients. 

The mean difference (frozen minus fresh) between iMg2+ in fresh and iMg2+ in 
stored frozen serum samples was calculated for each analyzer. AVL (69 healthy volunteers 
plus 90 patients): mean -0.02 mmol/L, 95% CI -0.025-0.007 mmol/L, p< 0.001; KONE 
(69 healthy volunteers plus 90 patients): mean +0.01 mmol/L, 95% CI -0.007-0.018 
mmol/L, p=0.367 and NOVA (69 healthy volunteers plus 8 patients): mean -0.03 mmol/L, 
95% CI -0.036~0.021 mmol/L, p< 0.001. The mean difference (shipped minus non-
shipped) between the pH of frozen shipped and pH of frozen non-shipped serum samples 
was -0.006, 95% CI -0.012-0.001, p=0.02. 

Reference interval 

Table 3 shows the AVL, KONE and NOVA reference intervals for iMg2+
s and the 

mean value for serum tMgs. For comparison, the table also shows reference intervals that 
have been published previously. The highest mean iMg2+

s in this study with samples from 
healthy volunteers was obtained with the AVL (0.59 mmol/L), while the mean value 
measured by both the KONE and NOVA were substantial lower, 0.52 and 0.49 mmol/L, 
respectively. 

Discussion 

Reproducibility 

The imprecision of the iMg2+
s measurement in the middle and high range (0.65-1.10 

mmol/L) is comparable for all three analyzers (Table 1). AVL and KONE showed greater 
imprecision at low iMg2+ (=0.30 mmol/L), whereas the NOVA analyzer performed better 
(3.6% at iMg2+ 0.21 mmol/L). The high CV (10.7%) of level 1 measured with the KONE 
may be explained by the lower limit of linearity found by van Ingen étf al. (0.30 mmol/L) 
{4}, which is higher than that specified by the manufacturer (0.20 mmol/L). Maj-Zurawska 
et al. {2} reported a CV of 3.6%, but their lowest control level had a Mg concentration of 
0.44 mmol/L. However, a CV of 3.0%, obtained using a human serum sample with iMg2+ 
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of 0.35 mmol/L, has also been reported {21}. In previously published studies {11,15,20} 
better results for the AVL were found. However, in all those studies AVL control material 
was used, which is a bovine albumin-based electrolyte solution; our results were based on 
lyophilized human-based serum. The characteristics of the control material seem to have 
less influence on the NOVA Mg-ISE. Hristova et al. {15} used NOVA controls (bovine 
albumin-based electrolyte solution) and reported a CV of 4.5%, which is even higher than 
our value of 3.6% with lyophilized human-based serum. 

Comparison study 
The best agreement among the three analyzers was between the KONE and AVL 

(Table 2, Figure 1) where the measured iMg2+
s did not differ significantly with patient 

specimens. The results obtained using the NOVA analyzer showed iMg2+ in these 
specimens that was significantly lower than the AVL and KONE iMg2+. In sera obtained 
from healthy volunteers, all analyzers gave different results. When studying healthy 
volunteers (Figure 1), a large scatter of points and thus a wide 95% CI of the slope and 
intercept, for the KONE and NOVA analyzers can be seen. The large variation of iMg2+

s in 
healthy volunteers with a similar tMgs is probably the cause of the lack of correlation 
between these two analyzers and the AVL. Calculations based on iMg2+

s pH=74 values 
showed that the KONE and NOVA analyzers gave comparable results in the group of 
healthy volunteers (Table 2), but the 95% confidence interval of the slope and intercept was 
large. Because only samples with pH between 6.9 and 7.8 were included, this comparison 
was based on 88 samples instead of 138 samples. When comparing KONE and AVL iMg2+ 

(both not pH corrected) based on these 88 sera, slope and intercept (0.857 and 0.073 
mmol/L, respectively) were also not significantly different from 1.0 and 0.0, respec-tively. 

Another study found similar results to ours. Hristova et al. {15}, who compared the 
pH, Na, Ca and Mg results of the NOVA analyzer with those of the AVL, reported a 
significant different for iMg2+ in specimens from healthy volunteers. In specimens from 51 
patients, the AVL and NOVA analyzers were found to correlate (r=0.837, p<0.001). 
However, after excluding the results of the five samples with the lowest iMg2+ 

(iMg2+ <0.35 mmol/L) the correlation coefficient decreased to 0.741. In our study the same 
phenomenon was observed. When comparing AVL and NOVA with samples from patients 
with an iMg2+

s below the mean reference value (n=41), a slope (0.870) and intercept (0.026 
mmol/L) were found that did not differ significantly from 1.0 and 0.0 mmol/L, 
respectively. In a second study of Hristova et al. {17}, iMg2+

s was measured with both 
analyzers in chronic alcoholics, and the difference in the iMg2+

s was significantly. But, in 
this specific patient population the correlation between NOVA and AVL at low iMg2+

s 

(<0.38 mmol/L) was worse than at normal and high iMg2+
s. In one preceding study the 
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0.70-, Normal individuals 

0.65-

o 
E 
E 

KONE analyzer was compared with the NOVA analyzer. Serum obtained from only 12 
healthy volunteers and 21 randomly-selected hospitalized patients was first measured in 
Germany (KONE) and then sent to the USA for measurement on the NOVA analyzer. In 
this small study, a comparable mean iMg2+

s was found for both analyzers {14}. 
The comparison study 

was performed on frozen 
specimens since two different 
institutes were involved. 
Transport of the frozen aliquots 
on dry ice between the two 
institutes compared to the initial 
frozen aliquots effected a 
minimal change of pH (-0.006, 
shipped minus non-shipped), 
which has an undetectable 
influence on iMg2+

s. Because 
iMg2+

s was measured in both 
fresh and frozen samples at the 
institute of collection, fresh vs. 
frozen comparisons were done 
with all specimens for each 
analyzer. Based on measure
ments performed with the AVL 
and NOVA analyzers, a signifi-
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found. However, these differen-

Mgt0, (mmol/L) . , . . 
ces (frozen minus fresh) were 

Comparison between tMgs and the AVL 988/4 (A), KONE Microlyte a r a b i e a n d m i n O T ; _0 0 2 

6 (D), and NOVA CRT (O) iMg2+ results determined in frozen serum 
samples from healthy volunteers and patients. Each line represents the a n d -0.03 mmol/L, respectively, 
debiased regression iMg2+

 s = A x tMgs+ B. The calculated values of j h e mean difference determined 
A and B with 95% confidence interval for healthy volunteers (upper 
figure) are: AVL: 0.60 (0.54-0.67) and 0.05 mmol/L (-0.01-0.10 with the KONE analyzer was 

mmol/L), KONE: 0.75 (0.63-0.88) and-0.09 mmol/L (-0.19-0.02 even smaller ( + 0 . 0 1 mmol/L) , 
mmol/L), and NOVA: 0.80 (0.64-1.00) and -0.18 mmol/L (-0.35- ^ ^ Ç5% Q w h i c h e n d o s e d 

0.046 mmol/L). The calculated values of AandB with 95% confidence 
interval for patients (lower figure) are: AVL: 0.64 (0.61-0.67) and 0.0, was larger than that of the 
0.04 mmol/L (0.02-0.06 mmol/L), KONE: 0.64 (0.59-0.70) and 0.06 A y L a n ( ] NOVA analyzers 
mmol/L (0.00-0.11 mmol/L), and NOVA: 0.43 (0.38-0.50) and 0.13 . , , . „ 
mmol/L (0.09-0.18 mmol/L), respectively. T h i s suggests that the influence 

of freezing on a serum sample 
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measured by the KONE analyzer has greater imprecision, while for the AVL and NOVA 
analyzers freezing seems, as expected, to induced a relative constant negative bias in the 
iMg2+

s due to a decreased H+ concentration. The KONE finding corresponds to the results 
published by Sanders et al. {12} who investigated the influence of storage at +4°C, -20°C 
and -80°C. They also found a positive and negative deviation with the KONE. Based upon 
their data they advised a maximum period of storage of 3 months at -20°C, after this period 
of storage the pH of all their samples exceeded 7.8. However, in our population the pH of 
only a limited number of samples, measured by the KONE, increased due to storage up to 
>7.8, and exclusion of these values did not influence the mean difference between fresh 
and frozen iMg2+

s (mean difference 0.10 mmol/L, p>0.05, n=145). 

Reference interval 

In addition to the differences between the analyzers noted above, also different 
reference intervals for healthy volunteers were obtained with each instrument. From the 
overview in Table 3, it can be concluded that the iMg2+

s reference interval not only depends 
on the manufacturer of the Mg-ISE, but also on the reference population tested. For 
example, the mean iMg2+

s for the AVL analyzer ranges from 0.52 mmol/L {15} to 0.60 
mmol/L {11}. The mean iMg2+

s reference value for the NOVA analyzer ranges from 0.49 
mmol/L (this study) to 0.58 mmol/L {3}. When studying all results presented in Table 3, it 
is striking that the difference between the highest and lowest reported mean iMg2+

s is even 
larger than the difference between the highest and lowest reported mean tMgs (0.11 and 
0.09 mmol/L, respectively), while for the biologically active iMg2+ fraction a more narrow 
range would be expected. 

Some results in this study are difficult to explain. The KONE and NOVA analyzers 
give comparable iMg2+

s pH=7 4 results in the group of healthy volunteers but significantly 
different iMg2 \ pH=74 results in the patient population. When comparing the KONE and 
AVL iMg2+

s results, the opposite was found (Table 2). Moreover, the KONE and AVL 
analyzers measured comparable iMg2+ in control level 2 (0.65 mmol/L), but did not show a 
similar reference interval. The mean iMg2+ of control level 3 measured by the NOVA and 
AVL analyzers was similar (1.03 mmol/L and 1.01 mmol/L, respectively) but the between-
analyzer difference in patient samples increased with increasing iMg2+

s (Figure 1). 
Therefore, it can be concluded that not only different calibration methods or incomplete 
chemometric correction for the iCa2+ interference are responsible for the discrepancies 
between the analyzers {16}, but also the characteristics of the Mg ion-selective membranes. 
The most important component, the ionophores, used in the KONE and AVL Mg ion-
selective membranes, are both developed at the Swiss Federal Institute of Technology (ETH 
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Table 3. Mean total and ionized magnesium concentrations and the reference interval 
of ionized magnesium in serum from healthy volunteers. Literature overview. 

Study Number of Mean magnesium concentration Reference interval 

tested 
samples 

tMg, 
(mmol/L) 

iMg2+
s 

(mmol/L) 
Mg2+

S 

(mmol/L) 

AVL analyzer: 

tested 
samples 

Sachs« al. {19} 91 0.88 0.57 0.54-0.60 

Hristova et al. {15} 50 0.82 0.52 0.44-0.62 

Filos et al. {20} 100 0.79 0.54 0.49-0.59 

Zoppi et al. {11} 103 0.85 0.60 0.55-0.65 

Hristova et al. {17} 40 0.85 0.56 0.52-0.60 

This study* 70 0.85 0.59 0.55-0.63 

KONE analvzer: 

Ingen van et al. {4} 76 0.86 0.56 0.51-0.61 

Ising et al. {8} 79 0.85 0.55 0.46-0.60 

Huijgen et al. {6} 81 0.88 0.56 0.51-0.61 

This study* 68 0.85 0.52 0.47-0.57 

NOVA analvzer: 

Altura et al. {3} 60 0.81 0.58 0.53-0.63 

Hirstova et al. {15} 50 0.82 0.51 0.37-0.64 

Hirstova et al. {17} 40 0.85 0.50 0.46-0.54 

This studyb 72 0.82 0.49 0.43-0.55 

In reference 8 and 15 the reference interval was defined by a non 
reference interval was defined as mean + SD; "samples collected 

•parametric method, in all other studies the 
at the AMC; bsamples collected at the NIH 

5220 and ETH 7025, respectively). These molecules show certain similarity in their 
structures; they are both built of units of malondiamides bridged by octanes {22,23}. Of 
course the characteristics of an ion-selective membrane is not only determined by the 
structure of the ionophore, but also by the concentration of anionic sites (e.g. potassium 
ietraphenyl-borate) and plasticizers used. However, similar structure of the ionophores used 
in the AVL and KONE membrane could be the explanation for the concordance found in the 
comparison study. Unfortunately, the composition of the NOVA Mg-ISE is still proprietary. 

In conclusion, this study shows that iMg2+ concentration measured in serum samples 
iepends on the analyzer used. Here it is demonstrated that, based on serum samples 
obtained from patients, best agreement was found between the AVL 988/4 and KONE 
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Microlyte 6. The NOVA CRT iMg2+
s results were lower on average. The reference 

intervals were different for each analyzer. Therefore, we conclude that the Mg-ISE's can be 
used for patient care only if accessory reference intervals are established. We recommend 
improvements to the specificity of electrodes, research on interference of common drugs, 
and standardization of calibrators and control materials. 
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Summary 

In this study we establishing the analytical variation and reproducibility of the 
intracellular magnesium assay in mononuclear blood cells and erythrocytes. The analytical 
variation of the several determination steps was assessed as well as the reproducibility for 
the complete intracellular Mg-assay (combination of pre-analytical, analytical, and 
biological variation). The influence of platelets was determined by comparing magnesium 
concentrations obtained from heparinized blood and defibrinated blood. 

Coefficients of variation of the several determination steps used in the mononuclear 
blood cells magnesium assay and erythrocytes magnesium assay were <5.4%. The overall 
analytical variation was 5.0% to 6.8%, and reproducibility of the complete magnesium 
assay 11.6% to 14.0%. Magnesium measurements in mononuclear blood cells (expressed as 
fmol/cell) obtained from heparinized blood showed significantly higher values than those 
obtained from defibrinated blood. 

This is the first study to describe in detail reproducibility data for the individual 
steps in the overall procedure to measure intracellular magnesium. It is shown that results 
obtained in daily practice should be interpreted with care. Moreover, the removal of 
platelets is essential in the determination of magnesium in mononuclear blood cells. 
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Introduction 

Magnesium (Mg) in the human body is mainly located intracellularly (Mgimra), and it 
is after potassium the second most abundant intracellular cation. Serum magnesium 
contributes for < 1% to the total amount in the body and its function as a marker for 
magnesium deficiency is doubtful {1}. Therefore, an increasing interest can be noticed in 
the measurement of its intracellular concentration. Muscle or bone biopsies seem to be good 
samples but are not suited for routine measurements. Mononuclear blood cells (MBC) and 
erythrocytes (RBC) are more easy to obtain, but opinions about the clinical impact of these 
Mg-parameters are not uniform. However, for a good interpretation of the relevance of 
determining Mgintra, the precision of all elements of the assay, including the pre-analytical 
ones, first must be established. For example, a MBC suspension obtained from heparinized 
blood is often contaminated with platelets {2,3}. Although several studies about the 
diagnostic value, and relation of Mgimra to other Mg-parameters already have been 
published, until now no thorough study about the precision of the whole assay of Mgimra has 
been described. A few authors have presented results from reproducibility measurements, 
but those were confusing and not always complete {2,4-7}. The studies of Urdal et al. {8} 
and Schwinger et al. {9} provided more interesting data, but did not cover all aspects 
either. 

Therefore, we established the analytical variation of the magnesium determination in 
MBC (expressed as fmol/cell and as /miol/g protein) and RBC (fmol/cell and as /*mol/g dry 
weight), by measuring the within-day and day-to-day reproducibility of the cell count, dry 
weight, Mg, and protein measurements. Moreover, the within-day and day-to-day 
reproducibility were assessed of the complete intracellular Mg-assay (combination of pre-
analytical, analytical, and biological variation) in MBC and RBC obtained from heparinized 
blood. Since this type of sample may lead to interference from thrombocyte Mg at the 
measurement in MBC, we compared Mgintra results obtained from heparinized blood with 
those from defibrinated blood as well. 

Material and methods 

Technical part 
Blood samples, either 10 mL heparinized blood and/or 20 mL defibrinated blood, 

were obtained from healthy laboratory employees between 9 and 10 AM. Volunteers had 
their regular breakfast but did not use Mg supplements. Evacuated 10 mL lithium heparin 
iaibes (15 U/mL) were obtained from Terumo (Leuven, Belgium). Tubes to prepare 
defibrinated blood (evacuated 10 mL tubes containing 0.8 g polystyrene granules) were 
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obtained from Becton Dickinson (Etten Leur, The Netherlands). After defibrination both 
heparinized blood and defibrinated blood were treated identically. 

To isolate MBC and RBC from whole blood, the blood samples were diluted with an 
equal amount of a phosphate buffered-saline solution (PBS; Na 160 mmol/L, H2HP04 1.3 
mmol/L, HPO4 9.2 mmol/L, CI 140 mmol/L), and layered over 4 tubes each containing 4 
mL density gradient separation liquid (Lymphoprep, Nycorned, Norway). The tubes were 
centrifuged (400 X g, 35 min) and both the MBC and RBC fractions were pooled. 

MBC were washed twice with PBS, and the final pellet was resuspended in 4.5 mL 
PBS. Of this, 0.5 mL was used for cell count and leucocyte differentiation leading to a 
mean MBC percentage of 97+0.6%. The remaining 4.0 mL MBC suspension was 
centrifuged (600 x g, 10 min), the pellet lysed with 1.0 mL distilled water, and stored at -
20°C until magnesium and protein were determined. 

Of the isolated RBC 1.0 mL was washed three times with CsCl, 155 mmol/L, pH = 
7.4 (600 X g, 10 min). For cell counting 100 pL was diluted with 400^L PBS; 200/uL was 
lysed with 800^L distilled water. The lysate was stored at -20°C until Mg and dry weight 
were determined. 

Mg measurements of the cell lysates were performed by Atomic Absorption 
Spectrophotometry (PE2100, Perkin Elmer, Überlingen, Germany). The protein concen
tration of the MBC lysate was measured photometrically using Coomassie Brilliant Blue 
(Microprot, Oxford Labware, USA). Cell count was performed by a Bayer-H3-system 
(Bayer, Tarrytown, NY, USA), and the dry weight of the RBC lysate was measured by 
evaporating water (95°C, 60 min) from 100 yiL lysate in preheated and weighed 1.0 mL 
glass tubes. 

Experimental setup 

To assess both the analytical variation and the reproducibility of the complete 
intracellular Mg-assay (a combination of the pre-analytical, analytical, and biological 
variation) in MBC and RBC, the following experiments were performed. 

The within-day analytical variation (expressed as CVwithin.day) was determined by 
drawing 10 tubes of heparinized blood from one healthy volunteer. Isolated cells were 
pooled and all measurements (Mg, protein, cell count and dry weight) were performed 10 
times. 

The day-to-day analytical variation (expressed as CVday.t0.day) was calculated by 
subtracting the within-day analytical variation from the overall analytical variation (CVa„) 
(see equation 2). The latter was determined by drawing 10 tubes of heparinized blood from 
two healthy volunteers each. Isolated cells were pooled per volunteer, and divided into 10 
aliquots which were measured every next 10 days, with a two-day break between day 5 and 
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day 6. Aliquots used for cell count of RBC were stored at +4°C, and aliquots used for Mg, 
protein and dry weight determinations were stored at -20°C. Because MBC cannot be 
stored, the overall analytical variation of the cell count of MBC was approximated by using 
a commercial control sample (Parameter Control Low, Baker BV, Deventer, The 
Netherlands). 

The within-day reproducibiliy of the complete Mg-assay (expressed as CVwkhin.day) 
was determined by drawing 10 tubes of heparinized blood from one healthy volunteers. All 
10 blood samples were worked up separately. 

The day-to-day reproducibility of the complete Mg-assay (expressed as CVday_t0_day) 
was calculated by subtracting the within-day reproducibility from the overall reproducibility 
(CVan) (see equation 2). The latter was determined by drawing 1 tube of heparinized blood 
from 2 healthy volunteers each, during 10 days, with a two-day break between day 5 and 
day 6. Cells were isolated immediately and all parameters were measured on the day of 
sampling. 

Comparison between the Mg concentration in MBC obtained from heparinized blood 
and defibrinated blood was performed by drawing 10 mL heparinized blood and 20 mL 
defibrinated blood from 17 healthy volunteers. Cells were isolated, lysed, and stored until 
all samples were collected. 

Calculations 

Mg in MBC was expressed as fmol/cell and ^tmol/g protein. Mg in RBC was 
expressed as fmol/cell and ^mol/g dry weight. 

Coefficient of variation (CV) of 10 measurements was calculated as the standard 
deviation divided by the mean value. The CV of a ratioed unit (e.g. fmol/cell) was 
calculated as follows {10}: 

^ U - = JCVlzD
+CVlc+CVleD-CVlc (1) 

with, MgD the Mg determination in the cell lysate and CC the cell count. The day-to-day 
analytical variation or reproducibility of the complete Mg-assay was calculated as follows: 

CK , „ = JCV2-CV2._. „ (2) 
day-to-day y al1 mthm-day v ' 

n case of experiments performed in duplicate, the calculated CVs were averaged. 
Statistical analysis of the difference between the Mgimra concentration in the two 

lifferent sample types was performed by a paired t-test. 
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All procedures followed were in accordance with the rules laid down in the Helsinki 
Declaration of 1975, as revised in 1983. 

Results 

Analytical variation 
Within-day reproducibility measurements of the several determination steps of the 

Mg-assay resulted in CVs smaller than 2.7%. CVs of the day-to-day reproducibility were 
all smaller than 5.0%, with the exception of the dry weight determination (duplicate) of 
RBC, for which calculated mean CV was 5.4% (Table 1). From all measurements one 
result, the Mg concentration of the RBC lysate on day 7, was rejected. This value deviated 
more than 20% from the mean value based on the other nine concentrations. 

Table 1. Review of the analytical variation 
of the several determination steps of the intracellular magnesium assay 

Mononuclear blood cells Erythrocytes 

CV vithin-day (%) CV lay-ec-da. (%) C V within-day(%) CVday.t(Mjay(%) 

Author Mg cc Prot Mg CC Prot Mg CC DW Mg CC DW 

Elin 3.0 8.7 

Martin <2.0 5-10 3.4 

Schwinger 1.7a 1.7a 2.4" 2.0" 0.9" 1.7" 

Urdal 5.3° 11.0° 

Reinhart 3.6" 

This study 1.6e 2.6 1.7 4.4 1.3 2.6 1.5 2.1 1.3 3.3 3.3 5.4 
Mg: magnesium measurement; CC: cell count; Prot: protein measurement; DW: dry weight determination; 
Mntra-assay (n=10) ; "interassay (n=10) ; c n = 1 2 ; d n=7; en=10. 

Calculated CVs of the ratioed units based on the CVs of the numerator (Mg 
concentration in cell lysates) and denominator (cell count, protein concentration or dry 
weight) are presented in Table 2. The overall CV of the analytical variation of the 4 Mg-
parameters ranges from about 5.5% to 6.8%. 

Reproducibility of the complete intracellular Mg-assay 
Results are presented in Table 2. The CVwithin.day of the Mg-assay in RBC was about 

4.5%, and in MBC 8.0%. The CVday.l0_day ranged from 9.0 to 11.5%, and the CVal, was for 
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both types of cells more or less comparable: 12%, with the exception of MBC (jumol/g prot) 
which CVa„ was found 14.0%. 

Table 2. Analytical variation and reproducibility results 
of the complete magnesium assay in mononuclear blood cells and erythrocytes 

Analytical variation Reproducibility of the complete assay 

CV 
within-day 

(%) 

CV 
day-to-day 

(%) 

cv,. 
(%) 

CV 
*-* * within-day 

(%) 

CV 
day-to-day 

(%) 

cv., 
(%) 

MBC (fmol/cell) 3.0 4.7 5.5 8.1 9.0 12.1 

MBC (^mol/g prot) 2.3 5.2 5.7 8.0 11.5 14.0 

RBC (fmol/cell) 2.6 4.3 5.0 4.0 10.9 11.6 

RBC (/imol/g cells) 2.0 6.5 6.8 4.7 11.3 12.3 

10 Mg determinations, and the CV of ten determinations of the protein concentration, dry weight or cell 
count. CVwithin^ay and CVal, (both mean of two) representing the reproducibility of the complete Mg-assay 
are both based on ten complete Mg determinations, and CVday.I0.day was calculated according to Equation 2. 

Heparinized blood vs defibrinated blood 

In figures 1 and 2 the differences between the Mg concentration of MBC obtained 
from heparinized blood, and the Mg concentration of MBC obtained from defibrinated 
blood are plotted against the mean intracellular Mg concentration of these two different 
sample types {12}. The results of a paired t-test are presented in the legend of each figure. 
When expressed as fmol/cell, 16 of the 17 heparinized blood samples resulted in a higher 
intracellular Mg concentration when compared with the simultaneously drawn defibrinated 
blood samples. This observation was found significant (p<0.001). When expressed as 
/imol/g prot the mean difference between the two sample types was positive too (+4.9 
/jmol/g prot), but this was not significant. 

Discussion 

Since in clinical chemistry and medicine an increasing interest in the measurement of 
the Mg concentration of MBC and RBC can be observed, knowledge of the precision of the 
technique is essential. Therefore, this study about the reproducibility of the used analytical 
methods as well as the complete Mg-assay was performed. Although reproducibility 
measurements about intracellular Mg-assay s are scarce, some comparison with other authors 
is possible. 
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Analytical variation 

In Table 2 the reproducibility measurements of the several determination steps of the 
Mg-assay in MBC are compared with those from other authors. Elin et al. {4} reported a 
CVwithin.day for the Mg measurement and cell count, which was much higher than our results, 
but the CVwithin.day reported by Martin et al. {2} and Schwinger et al. {9} corresponded 
better. 

Urdal et al. {8} measured the Mg and protein concentration in MBC lysate on 12 
different days. This resulted in an analytical CVday.to_day of 5.3% and 11%, respectively. As 
an average we found a comparable precision of the Mg determination in MBC lysate, but 
our mean CVday.10.day of the protein assay was much lower: 2.6%. The CVday_t0_day of the Mg 
determination in stored MBC lysates reported by Schwinger et al. {9} was only 2.4%. 
However, this low value was presented as the interassay CV without further explanation. 

The contribution of the within-day analytical variation of the ratioed unit to the total 
analytical variation was about half that of the day-to-day analytical variation (Table 1). 
Obtained values were comparable with the precision established by Deuster et al. (CV 
2.2%), who determined the within-run precision of the Mg-assay in RBC by six replicate 
analyses of one sample from six individuals {6}. 

Isolated MBC deteriorate during storage which hampers cell counting of one sample 
on consecutive days. To overcome this problem we used a commercial control sample for 
establishing the CVal, of the cell count. After calculating the ratioed CV of the intracellular 
Mg concentration (fmol/cell) with formula (1), and subtracting CVwithin.day (formula 2) we 
found a CVday.t0.day of 1.3%. We realize that this solution of using a commercial control 
sample is not ideal and presumably leads to an underestimated precision of the cell count: 
1.3% (CVday.to.day) versus 2.6% (CVwithin.day). However, Schwinger^ al. {9} were able to 
present both intra-assay and interassay CVs of the cell count of lymphocytes 1.7% and 
2.0%, respectively (see Table 2). Unfortunately, no information about storage conditions 
was given. 

For the day-to-day analytical variation of the Mg-assay in MBC, expressed as 
/xmol/g prot, we found a value much lower than Urdal et al. {8}, 5.2% vs 16%. Based on 
their reported values of the precision of the Mg and protein assay (Table 2), we were not 
able to calculate a ratioed CV of 16%. Therefore, we think this high value was obtained by 
calculating the final intracellular Mg concentration (/̂ rnol/g prot) daily, and using these 
multiple results for establishing the Cvday.I0.day. 

Reproducibility of the complete Mg-assay 
As expected the CVwilhin.day is smaller than the CVday.to.day (Table 1). However, the 

CVday_to_day of the Mg-assay in RBC is twice the CVwilhin.day, while the difference between 
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CVday-to-day and CVwithin_day in MBC is only 1 to 3%. A possible explanation could be a very 
large contribution of the MBC isolation procedure to the inaccuracy, which is comparable 
for both the CVwithin.day and CVday_t0.day. As a result the CVwithin.day will be relative high (8%) 
and the difference between CVwithin.day and CVday_t0_day of the Mg-assay in MBC reduced. In 
Table 3 our reproducibility measurements of the complete assay are compared with those of 
others. Reinhart et al. {5} determined the within-day reproducibility of the Mg-assay in 
MBC (expressed as fg/cell) too. They made 10 cell isolates on the same day and assayed 
those as 10 separate specimens. In our opinion their CV (3.0%) is very low. In our study 
the within-day analytical variation was already 3.0%. Martin et al. {2} determined the 
cVwilhin-day of the Mg-assay in MBC by drawing a second sample from the same subject later 
on the day. Gallager et al. {7} assessed the precision of the entire assay by duplicate 
analyses of 15 specimens. The day-to-day reproducibility of the complete Mg-assay was 
more or less comparable for both types of cells (Table 1). Elin et al. {4} reported lower 
values (<5.0% and 6.0%), but also a very high CV (17.9%), based on measurements 
performed during five days (Table 3). Urdal et al. {8} reported CVs for Mg in MBC 
comparable with ours. The CVday.t0.day reported by Martin et al. {2} was high. They 

Table 3. Review of reproducibility results of the 
complete magnesium assay in mononuclear blood cells and erythrocytes 

Mononuclear blood cells Erythrocytes 

Author CV 
^ * within-dai 

,(%) ^ - »dav-to-dav(%) * - "within-davC ">) * - ' d a v - I o - d a v ' '") 

Reinhart fg/cell 3.0a 

Martin fmol/cell 
/tmol/g prot 

8.8" 

12.0 
22.0C 

Gallager nmol/106cells 3.7d 5.8" 

Schwinger fmol/cell 5.7= 35 

Elin fmol/cell 6.0, 17.9f 
<5.0f 

Urdall fmol/cell 

/imol/g prot 
12.08 

12.0" 

Deuster liglg Hb 3.3' 

This study fmol/cell 
ftmol/g prot 
/imol/g cells 

8.1J 

8.0> 
9.0 

11.5 
4.0 

4.7j 

10.9 

11.3 
' n= 10; b duplicate analysis of samples from 24 subjects;c two samples with an interval of 7 days from 10 
subjects; d duplicate analysis of 15 specimens; e 10 identical samples taken from 5 persons from which 
lymfocytes were isolated; fn=5; g n = 9 , and 32% whenn=12; hn = 12; ' n=6; > n=10. 
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measured Mg in MBC (fmol/cell) in 10 subjects twice, with 6 days in between. 
The overall reproducibility of the complete assay varies from 11.6% to 14.0% 

(Table 1). Based on these values, and the CVaU of the analytical variation, it can be 
concluded that the contribution of the pre-analytical (blood drawing and cell isolation) and 
biological variation was about 50% (45% to 59%) of the overall reproducibility of the 
complete Mg-assay in both MBC and RBC. Reported values for the intra-individual 
coefficient of variation are 18.1% and 7.8% {11}, and 18.5% and 3.4% {7} for MBC and 
RBC, respectively. However, the measurements of Elin et al. {11} were performed five 
times with an interval of five months, Gallacher et al. {7} collected blood at regular 
intervals during 20 weeks, and our experiment took only two weeks. Biological change 
assessed by Martin et al. {2} and Schwinger et al. {9} was based on a period of one week. 
The former authors reported an intrasubject CV for Mg measurements in MBC (fmol/cell) 
of 22%, and the latter used 3 consecutive samples obtained during that week from 12 
persons which resulted in CVs of 4.8% and 5.9% for lymphocytes and RBC, respectively. 
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defibrinated blood (fmol/cell) 

Figure 1. Difference between Mg measurements in 
MBC obtained from heparinized, and defibrinated 
blood. Mg concentration expressed as fmol/cell. 
Paired t-test: t=6.36, p<0.001. 

30 35 40 45 50 55 60 65 70 75 80 

Average Mg concentration in heparinized and 
defibrinated blood limol/g prot) 

Figure 2. Difference between Mg measurements in 
MBC obtained from heparinized and defibrinated 
blood. Mg concentration expressed as /*mol/g 
protein. Paired t-test: t= 1.45, p<0.16. 

Heparinized blood vs defibrinated blood 
From the results presented in Figures 1 and 2 it can be concluded that Mg 

measurements in MBC obtained from heparinized blood result in higher values than in MBC 
obtained from defibrinated blood, due to the presence of platelets. When expressed as 
fmol/cell the Mg concentrations measured in both sample types are significantly different 
(p< 0.001). Martin et al. {2} mentioned the contamination of platelets as a possible 
contribution to the analytical error of the Mg-assay too. In a subsequent letter Kemp et al. 
{3} stated that ignoring the contribution of these contaminating platelets can lead to an 
overestimation of the Mg concentration of up to 75 %. Elin et al. {4} discerned this problem 
and removed the platelets by repeatedly washing the blood sample before the isolation 
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procedure was started, and Schwinger et al. {9} introduced an extra centrifugation step 
before layering the buffycoat on the gradient. We think our method of using defibrinated 
blood is less time consuming and easier to perform. Anyhow, removal of the platelets is an 
essential step in the Mg-assay in MBC, in which washing of the already isolated MBC does 
not result in the intended result. 

In conclusion, the CV's of the reproducibility of the complete Mg-assay are rather 
high. Since the presented CV's are obtained using blood of healthy volunteers, these results 
cannot be extrapolated for patients with abnormal Mgin[ra concentrations. Improvement of 
the method, or development of new methods (e.g. determination of intracellular ionized 
Mg) seems to be necessary. Removal of platelets should be an essential step in the isolation 
procedure of MBC, and Mgintra concentrations obtained in daily practice should be 
interpreted with care in view of the relative high coefficient of variation. 
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Summary 

To establish the best measure for determining magnesium overload, we measured 
ionized and total magnesium in serum and mononuclear blood cells and total magnesium in 
erythrocytes in blood of 23 haemodialysis patients, known for their disturbed magnesium 
homeostasis. 

When comparing the mean magnesium values obtained in the patient population with 
those of a control population, all of these magnesium parameters, including the biologically 
active fractions, were significantly (p<0.05) increased. Because serum total magnesium 
was not increased in all dialysis patients studied, the population was divided into two 
groups, according the serum total magnesium >1.0 mmol/L or less than that. Results in 
these two populations show that serum ionized magnesium and ionized magnesium in 
mononuclear blood cells might give a better indication about the magnesium status of the 
tested patients than the currently used serum total magnesium data. However, neither of the 
two markers, especially serum ionized magnesium, are able to discriminate fully between a 
normal magnesium homeostasis and magnesium excess. 

We therefore conclude that the two ionized magnesium markers offer minimal 
advantage for this discrimination, and that the total magnesium concentration in serum 
remains the method of choice. 
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Introduction 

In trying to obtain information about the magnesium (Mg) status of a patient, 
clinician and clinical chemists are generally confined to the measurement of the total 
magnesium concentration in serum (tMgs). However, around 1990 ion-selective electrodes 
for the determination of ionized Mg in blood became available {1}. In our laboratory we 
evaluated one of these electrodes and established reference values with it {2,3}. This 
method measures the biologically active Mg fraction, which possibly gives more reliable 
information on the functional Mg status. However, because serum Mg represents < 1 % of 
total body Mg, several techniques for the measurement of intracellular Mg in many kinds of 
tissues and cells have been published {4-6}. 

In 1991, Ng et al. described a method for measuring ionized Mg in human 
lymphocytes, using a Mg-sensitive fluorescent probe in combination with 
spectrophotometry {7}. We tested several aspects of this so-called multiple cell detection 
method (MCDM) and compared the results of this system with intracellular ionized Mg 
concentrations measured by flowcytometry, the so-called single-cell detection method 
(SCDM). We concluded that Mg concentrations measured by both techniques are 
comparable, but we prefer MCDM because it is more easily accessible and less expensive, 
sven though flowcytometry has the advantage of single cell detection. 

In the present study we tried to assess which Mg marker in blood might best 
ndicate deviations from the "normal" condition in healthy volunteers. Therefore, we 
neasured extracellular Mg and intracellular Mg, both ionized concentrations and total 
oncentrations, in blood of 23 haemodialysis patients. Known for their disturbed Mg 
omeostasis {5}, these patients represent a model for hypermagnesemia in this study. We 
len compared the intracellular and extracellular Mg fractions in this specific patient 
opulation with the commonly used tMgs value and with Mg values obtained in blood from 
ealthy volunteers. 

laterial and Methods 

ibjects 

Venous blood used for the measurement of ionized and total Mg in serum was 
awn into plain, non-siliconized 4.5 mL tubes. Blood used for determining total Mg 
mcentrations in mononuclear blood cells (MBC; tMgMBC) and erythrocytes (RBC; tMg^c) 
as collected in 10 mL heparin-containing tubes, and blood for determining ionized Mg in 
BC (iMg2+

MBC) was drawn in 10 mL tubes containing 0.8 g polystyrene granules. All 
bes used were vacutainer tubes (Becton Dickinson, Etten Leur, The Netherlands). 
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Reference values for iMg2+
MBC were obtained by drawing blood from 40 healthy 

laboratory workers (16 man, 24 woman, median age 36 years, range 21-54 years). 
Reference values for the other Mg markers had already been established during previous 
Mg studies in our laboratory {3}. 

The chronic haemodialysis patients (16 man, 7 woman, median age 60 years, range 
26-85 years) participating in the study were in a stable condition, hydrated to normal on 
clinical grounds, and had been treated with haemodialysis for a median of 15 months (range 
3-188 months). Underlying renal diseases were chronic glomerulonephritis (n=14), chronic 
tubularinterstitial nephritis (n=8), and unknown (n=l). All patients were treated 2 or 3 
times a week using a dialysis solution containing Mg at 0.5 mmol/L (Gambro BV, Breda, 
The Netherlands); no MgC03 was used as a phosphate-binding agent. Blood was obtained 
just before treatment was started. All procedures followed were in accordance with the 
Helsinki Declaration of 1975, as revised in 1983. 

Chemicals 

Fluorescent probes [Mag-indo-1/acetoxymethyl ester (AM) and Mag-Fura-2/AM] 
were obtained from Molecular Probes Europe, Leiden, The Netherlands. The ionophore 4-
Br-A23187 and nigericin were obtained from Sigma Chemical Co., St. Louis, MO, USA, 
and EDTA and ethylene glycol-bis(ß-aminoethyl ether)-N,N,N',N'-tetra-acetic acid 
(EGTA) from Boehringer Mannheim GmbH, Germany. Other chemicals, all of analytical 
reagent grade, were purchased from E. Merck BV, Amsterdam, The Netherlands. 

Measurement of total and ionized Mg in serum 

After clotting (45 min) and centrifugation (10 min, 1500g), serum was separated 
from the cells and stored in completely filled rubber-sealed air-tight tubes at -20°C, for no 
more than 4 weeks. After thawing, the pH was only slightly increases, so the ionized Mg 
fraction did not change significantly. tMgs was measured by atomic absorption spectroscopy 
(PE2100, Perkin Elmer & Co GmbH, Überlingen, Germany), the ionized serum Mg 
(iMg2+

s) by a Mg ion-selective electrode installed in the Microlyte 6 ion analyzer (KONE 
Instruments, Espoo, Finland). 

Isolation ofMBC and loading with a fluorescent probe 

MBC and RBC used for the determination of the total and ionized intracellular Mg 
concentration were isolated from heparinized and defibrinated blood, respectively, as 
described previously {8}. After counting en differentiating the cells (percentage of 
harvested MBC 97+0.8%), we dissolved in 1.0 mL of H20 the isolated MBC used for the 
determination of tMgMBC; for iMg2+

MBC determinations we dissolved the cells in 2.0 mL 

126 



Magnesium in haemodialysis patients 

buffer containing (in mmol/L) 94.1 NaCl, 23.8 NaHC03, 5.64 Na2HP04, 0.42 Ca(N03)2, 
5.36 KCL, 0.41 MgS04, 11.1 glucose and 25 HEPES, pH 7.35, plus 5% fetal calf serum. 

We used two different fluorescent probes, loading the cells with Mag-indo-1/AM or 
Mag-fura-2/AM at a final concentration of 10.9 /xM and 9.4 fiM, respectively, by a 
modification of the method of Raju et al. {9}. The cell suspension also contained Pluronic 
20% (in dimethyl sulfoxide) and Probenecid at a final concentrations of 0.03 g/L and 1.0 
mmol/L, respectively. The main difference between the two fluorescent probes is their 
difference in emission and excitation behavior. Mag-indo-1 is a dual-emission probe while 
Mag-fura-2 is a dual-excitation probe. The advantage of the latter is its greater increasing 
ratio from minimum to maximum Mg concentration, which theoretically allows better 
precision of the Mg measurement. So, after comparing flow-cytometric intracellular Mg 
measurements with multiple cell detection, we used the MCDM with Mag-fura-2 for further 
measurements. 

Measurement of total intracellular Mg concentration 
The total Mg concentration in MBC and RBC was measured as described previously 

{8}. The number of isolated cells were counted by a Bayer-H3-system (Bayer Tarrytown, 
NY, USA), the protein concentration of the MBC lysate was measured photometrically 
after treatment with Coomassie Brilliant Blue (Microprot, Oxford Labware, St Louis, 
USA), and the Mg measurements were performed by atomic absorption spectrophotometry, 
as above. The intracellular Mg concentration of MBC was expressed as /miol/g protein; 
that of RBC, as fmol/cell. 

Measurement of the intracellular ionized Mg concentration 
The intracellular ionized Mg fraction was determined using the equation established 

by Grynkiewicz et al. {10}. 

Mt - Kd x ( * ^ x VW tee probe) 
d (R^-R) Sb(of free probe) w 

with Kd the dissociation constant of the probe/Mg complex, R the excitation or emission 
ratio at the current intracellular Mg concentration, Rrain the excitation or emission ratio at 
minimal intracellular Mg concentration, Rmax the ratio at maximal intracellular Mg 
concentration, Sf the fluorescence intensity of the highest wavelength at Rmin, Sb the 
luorescence intensity of the highest wavelength at Rmax. After making the cells permeable 
or Mg by adding the ionophore 4Br-A23187 (final concentration of 7.5 /miol/L) and 
ligericine (final concentration 10 /miol/L), we determined Rmax through addition of 
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EDTA/EGTA (final concentration 1.25 mmol/L, each), and Rmaxby the step wise addition 
of an increasing concentration of MgCl2 (final concentration -6.5 mmol/L, ionized Mg). 
Because it is impossible to bind all Mg by EDTA/EGTA and saturate all Mag-indo-1 or 
Mag-fura-2, values for Rmin and Rmax were approximated by calculations based on the 
measured ratios, after which iMg2+

MBC was calculated by use of Eq. 1. 

Measurements were performed in 2.0 mL cell suspension (0.3 xlO6 to 0.8 xlO6 

cells/mL) in a 3.0 mL quartz cuvette at 37°C with a dual excitation and emission 
spectrophotometer (SLM-Aminco, Aminco Bowman series 2, Luminescense Spectrometer, 
Rochester, NY, USA). Excitation was performed at À=382 run (free Mag-fura-2) and 345 
nm (bound Mag-fura-2); emission was monitored at À=496 ran. Kd, determined by 
measuring R after the addition of small amounts of MgCl2, was found to be 1.44 mmol/L. 

Statistics 

All statistical analyses were performed with the statistical package Statgraphics 
(PLUS*WARE Products, Rockville, Maryland, USA). Mg concentrations obtained in 
different populations were compared using the two sample t-test, or Mann-Whitney U-test 
if necessary. A two tailed probability of p< 0.05 was considered significant. Correlations 
between different Mg parameters were investigated by the Kendall rank correlation test. 

Results 

Comparison of Mag-indo-1 and Mag-fura-2 

Two different fluorescent probes were used for determining iMg2+
MBC in the patient 

population as well as in the group of healthy volunteers. Before pooling the Mg 
concentrations obtained with both probes, we compared the different values by the two 
sample t-test. In neither population, healthy volunteers or haemodialysis patients, was a 
difference detected between iMg2+

MBC measured by Mag-indo-1 and by Mag-fura-2 
(haemodialysis patients p=0.270, healthy volunteers p=0.490). 

Mg in haemodialysis patients and healthy volunteers 

Table 1 presents the mean total and ionized Mg concentrations in serum and MBC, 
and the total Mg concentrations in RBC of healthy volunteers and 23 haemodialysis 
patients. Ranges (mean±SD) of the intracellular Mg concentrations were much wider than 
those for Mg in serum. Nevertheless, all Mg markers, including the intracellular fractions, 
of the patient population were significantly greater than those of the healthy population. 
tMgRBC showed the largest increase, namely 1.5 times the mean value for the healthy 
volunteers. 
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Table 1. Magnesium markers in blood of healthy volunteers and 
haemodialysis patients 

Extracellular Intracellular 

Populations tMg/ iMj^V tMgMBC
b i M ^ W tMgRBC

d 

mmol/L mmol/L pmol/g prot mmol/L fmol/cell 

Volunteers: 

n 81 81 68 40 83 
Mean 0.88 0.56 47.5 0.24 0.18 
Range3 0.75-1.01 0.47-0.65 27.1-67.8 0.16-0.36 0.12-0.24 

Patients (n=23): 

Meanb 1.12 0.71 53.9 0.32 0.27 
Range* 0.62-1.62 0.47-0.95 26.7-81.2 0.19-0.53 0.19-0.35 

Ratio0 127 127 113 133 150 

For iMg2+
MBC the two samples t-test was performed after logaritmic transformation. ° Mean for haemodialysis 

patients divided by mean for healthy volunteers. 

There was a correlation between tMgs and iMg2+
s, but also between the two serum 

Mg markers and tMgRBC in blood of the haemodialysis patients. The Kendall Rank 
correlation coefficient (T) was 0.517 (p= 0.0003) for tMgs vs tMgRBC, and 0.352 
(p=0.0138) for iMg2+

s vs tMgRBC. No correlation could be detected between iMg2+
s and 

iMg2+
MBC or between the other Mg parameters. 

We divided the haemodialysis patient group into two populations, based on whether 
the tMgs concentration was below or above the upper reference limit of 1.0 mmol/L. Table 
2 presents the blood Mg values for each group. Treatment, duration and frequency of 
dialysis of both populations were comparable. With respect to the serum Mg markers and 
tMgRßc, the mean values differed significantly (p<0.05) between the two populations, but 

2+ not so for tMgMBC and iMg 
When comparing haemodialysis group 1 (tMgs concentration <1.0 mmol/L) with the 

healthy population, all intracellular Mg measures were significantly greater in the patient 
group, despite both groups' having the same tMgs value (Figure 1). The iMg2+

s 

concentration of this patient group differed from normal also (p=0.038), but not as 
significantly as the intracellular Mg fractions (for tMgMBC, p=0.003; for tMgRBC, p<0.001; 
and for iMg2+

MBC, p=0.003). In haemodialysis group 2 (tMgs >1.0 mmol/L) all Mg 
narkers except tMgMBC were increased in comparison with the healthy population. 
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Table 2. Differences in magnesium markersin blood of the two 
häemodialysis patient groups 

Extracellular Intracellular 

Patients tMg," iMg^" tMgMBC
a flvtfW tMgRBC

b 

mmol/L mmol/L Aimol/g prot mmol/L fmol/cell 

Group 1 (tMgs £1.0 mmol/L), n=9: 

Aimol/g prot mmol/L 

Mean 0.88 0.60" 58.9" 0.32" 0.24" 

Range 0.72-1.04 0.46-0.74 39.2-78.7 0.15-0.49 0.18-0.30 

Group 2 (tMgs > 1.0 mmol/L), n=14: 

Mean 1.28"e 0.78"e 50.7 0.33" 0.29"e 

Range 0.92-1.64 0.60-0.96 20.7-80.7 0.19-0.53 0.24-0.35 
Range is defined as mean + 2SD. a c Statistical comparison of both populations by "two-sample t-test,b two-

sample t-test after logarithmic transformation, and cMann Whitney U-test. "Significantly different from the 

mean Mg value of the healthy volunteers. 'Significantly different from the mean Mg value of group 1. 

Discussion 

Comparison of Mag-indo-1 and Mag-fur a -2 
The measurements performed with Mag-indo-1 as well and Mag-fura-2 in both the 

healthy volunteers and häemodialysis patients lead us to conclude that these fluorescent 
probes measures comparable intracellular Mg concentrations. This conclusion is supported 
by preceding studies with calcium probes, Indo-1 and Fura-2, which also detected no 
difference {11,12}. For the present study, therefore, we pooled the iMg2+

MBC 

concentrations measured with both probes. 

Mg in häemodialysis patients and healthy volunteers 
The human body contains ~1 mol of Mg, < 1% of which is present in blood. It is 

important te determine, therefore, which of the proposed Mg markers gives the best 
information about the Mg status of the body. Must clinical chemists continue reporting 
tMgs ; should iMg2+

s become the measurement of choice; or is none of the current 
measurable serum markers appropriate? If none of these, might intracellular Mg markers 
give proper information about hyper- and hypomagnesaemia (possibly depending on the 
type of disease)? In attempts to answer this question, several studies about measurement 
and correlations between Mg in serum, RBC, MBC and tissues (e.g. skeletal muscle, heart 
and bone) have been performed. Several reviews on this subject also have been published 
{13-15}. Although the collective results are still contradictory, to date tMgMBC seems to 

130 



Magnesium in haemodialysis patients 

give the most appropriate estimate of intracellular Mg. In this study we focussed on 
measurements in serum and blood cells, and evaluated the value of two new Mg parameters 
(iMg2+

s and iMg2+
MBC) for establishing whether Mg excess was present. We measured these 

two Mg markers and the total Mg concentration in serum, MBC, and RBC in blood of 
chronic haemodialysis patients. Because the kidneys play a major role in Mg homeostasis 
{16}, chronic haemodialysis patients are often hypermagnesemic, the extent depending on 
the Mg concentration in the dialysis solution applied. Because of their Mg overload, these 
patients form a suitable model for this study {5,17}. 
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Figure 1. Concentrations of tMgs> iMg2+, iMg2+
MBC, and tMgRBC (left ordinate) and tMgMBC (right ordinate) 

in group 1 of the haemodialysis patients (O), compared with those in healthy volunteers (• ) . Horizontal lines 
indicate the mean values for both the patient group and the control group. 

In comparison with the mean Mg values measured in the healthy population, all Mg 
markers in patients, including the biologically active fractions, were greater, but not all 
ratios of the Mg parameters between the two groups were equal (Table 1). Only the 
increases in the two serum markers were exactly the same (1.27). This means that in this 
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patient population, iMg2+
s, the biologically active fraction, is not kept at a more constant 

level than tMgs, and the two fluctuate in the same manner. Moreover, even if an active 
mechanism such as transmembrane Mg channels in MBC might exist to keep the ionized 
Mg concentration in the cell within certain limits, this does not work properly in this 
patient group. The ionized fraction in MBC is even further increased than the total 
intracellular concentration in this type of blood cells. Remarkably, the mean iMg2+

MBC 

concentration in patient group 2 (tMgs > 1.0 mmol/L) was comparable with that in patient 
group 1 (tMgs <1.0 mmol/L) (Table 2). Therefore, the increase of iMg2+

MBC concentration 
seems to be restricted. No correlation between the increase of both ionized intracellular and 
extracellular Mg (by 33% and 27%, respectively) was noticed. This finding is supported by 
Niemela et al. {18}, who measured ionized Mg in platelets of healthy adult volunteers, and 
compared these values with several variables including tMgs and iMg2+

s. 

Mag-fura has been used in two other studies to measure ionized Mg in blood cells of 
patients with renal insufficiency. Kisters et al. {19} determined cytosolic free Mg in 
lymphocytes of 12 patients with renal insufficiency and compared these values with those of 
15 controls. They demonstrated that tMgs and iMg2+

s were greater in the patient population, 
whereas the concentration of ionized Mg in lymphocytes was comparable in both groups. 
Kaupke et al. {20} measured the intracellular ionized fraction in platelets of 9 patients with 
end-stage renal disease and an increased tMgs, who were treated with haemodialysis 
(dialysate containing 0.5 mmol/L Mg). Surprisingly, the Mg concentration measured in 
these patients was considerably lower than in the normal group. This finding was explained 
as probably resulting from various clinical conditions to which patients with end-satge renal 
disease are particularly prone. These discrepancies between our results and those of Kisters 
et al. {19} and Kaupke et al. {20} show that the final word on this subject has not yet been 
spoken. 

Because not all dialysis patients studied had increased serum total Mg, we looked at 
dividing the population into two groups (Table 2), according to their tMgs concentration 
(cutoff value 1.0 mmol/L). Assuming that all of the patients, including those in group 1 
(tMgs ^1-0 mmol/L), had a Mg excess, we could conclude that iMg2+

s and the three 
intracellular Mg parameters give more reliable information about the Mg status of the tested 
patients than does the currently used total serum Mg data (Figure 1). On the other hand, 
spite the difference between the mean values of iMg2+

s, which was significant, the 
measured concentrations overlapped considerably, the mean iMg2+

s concentration in group 
1 haemodialysis patients falling within the 2 SD range of the control (reference population). 
This finding, including an identical increase of iMg2+

s and tMgs seen in comparing 
haemodialysis patients with the control population, minimizes the clinical usefulness of this 
Mg measurement as a marker of a Mg excess. 
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Of the three intracellular markers, iMg2+
MBC and tMgRBC deviated more from the 

reference value than did tMgMBC. In patient group 2 (tMgs > 1.0 mmol/L) tMgMBC did not 
differ significantly from that seen in the control population, probably as a result of the high 
CV for this Mg-assay (14%) {8}. The purity of the suspensions with isolated MBC 
obtained from haemodialysis patients was comparable with those from normals (97% versus 
94%). tMgRBC values in this specific patient population result from several influences. In 
uraemic patients RBC have a decreased life span, which results in an increased 
erythropoiesis. Because young RBC contain much more Mg than older cells, haemodialysis 
patients can be expected to have an increased tMgRBC {21-23}. Moreover, the increased 
serum Mg concentration during erythropoiesis can enhance this effect. In our study, tMgRBC 

correlated with extracellular Mg (tMgs and iMg2+
s). On the other hand, an increased rate of 

Na/Mg antiport in haemodialysis patients, which leads only to Mg efflux out of RBC, 
partially compensates for the intracellular increase {24}. In our opinion, all these influences 
combine to make RBC Mg an unsuitable measure of Mg overload in haemodialysis patients. 

The remaining intracellular Mg marker, iMg2+
MBC, is not able to discriminate fully 

between a normal Mg homeostasis and Mg excess (Figure 1). Although this measurement 
showed the largest increase in the haemodialysis population (Table 1), and its mean 
concentration in patient group 1 was significantly increased (Table 2), the mean ± 2SD 
concentration range for this patient group enclosed the reference interval for the control 
population. Therefore, although the two ionized Mg measures, iMg2+

s and iMg2+
MBC, seem 

to be better indicators in establishing the Mg overload in haemodialysis patients than the 
regular measured tMgs concentration, the ideal marker has yet to be found. Moreover, the 
measurement of iMg2+

MBC is rather complicated, this intracellular Mg parameter is not 
really suitable as routine laboratory test. 

We therefore conclude that in discriminating between normal Mg homeostasis and 
Mg excess, the two ionized Mg markers offer minimal advantage; rather, the total Mg 
concentration in serum remains the marker of choice in haemodialysis patients. 
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Summary 

We investigated in a prospective two-center study the relation between ionized 
magnesium, total magnesium and albumin in serum of critically ill patients and the role of 
extra- and intracellular magnesium in outcome prediction. One-hundred-fifteen 
consecutively patients admitted to the intensive care unit were included, and serum total and 
ionized magnesium, serum albumin, magnesium in mononuclear bloodcells and 
erythrocytes, measured. Moreover, the Acute Physiology and Chronic Health Evaluation 
score and 1-month mortality were monitored. 

Hypomagnesemia measured as serum total magnesium is a normal finding in 
critically ill patients (51%). Measured as serum ionized magnesium, 75% of these patients 
were no longer hypomagnesemic. None of the critically ill patients had intracellular 
concentrations below the reference limit. Except for serum total and ionized magnesium 
none of the magnesium parameters correlated significant with each other. Between serum 
albumin and the fraction ionized magnesium a significantly negative correlation was found 
(p=0.003). There was no association between low extra- or intracellular magnesium and 
clinical outcome. 

We concluded that the finding of hypomagnesemia in critically ill patients depends 
on which magnesium fraction is measured. The lack of correlation with clinical outcome 
points to an epiphenomenon. Magnesium should only be measured on clinical suspicion of 
hypomagnesemia and not form part of the routine clinical chemistry panel. When 
interested, reliable concentrations of serum ionized magnesium can only be obtained by 
direct measurement and not be calculated from serum total magnesium and albumin. 
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Introduction 

For a long time magnesium (Mg) has been considered as the "fifth forgotten ion". 
However, for several years now, the qualification "forgotten" is no longer relevant. In the 
Academic Medical Center, there is a growing interest among clinicians for the 
determination of the total Mg concentration in serum (tMgs). The requests for tMg, 
measurements in the AMC increased in the period 1990 to 1998 with nearly 30% to a total 
number of 4450 per year. Toffaletti et al.{\} reported in 1995 that requests for Mg 
measurement increased faster than any other test at his laboratory. 

One of the main reasons for this increased interest among clinicians, especially 
those working in critical care units (ICU), are several reports about a high incidence of 
hypomagnesemia in patients admitted to an ICU {2,3,4}. 

Because the role of Mg is primarily that of a co-factor in intracellular biochemical 
reactions and nearly 99% of the total body Mg can be found intracellularly, the benefit of 
the measurement of tMgs in serum have been questioned. Based on the assumption that cell 
and tissue measurements should better reflect the total body magnesium status, studies have 
been conducted in which serum Mg was compared with Mg measured in bone or muscle 
biopsies {5}. As an alternative, the total Mg concentration in erythrocytes (tMgRBC) or 
mononuclear blood cells (tMgMBC) has also been measured frequently {6}. 

A new parameter which probably can help in better establishing hypomagnesemia is 
serum ionized magnesium (iMg2+

s). In 1988 it was stressed by Fiaccadori and colleagues 
hat the free ionic form of the cation is the active form and would be the ideal quantity to 
measure, in both serum and cells. However, practicable methods for routine clinical use 
became available in later years {7}. It took several years before Hébertétf al. {9} in 1997 
measured iMg2+

s in 44 consecutive critically ill patients, and compared the measured 
concentrations with the results obtained with the Mg loading test as a reference, performed 
n 19 of these patients. They concluded that both iMg2+

s and tMgs were poor predictors of 
'unctional Mg deficiency. 

This study has been undertaken to investigate the relation between iMg2+
s, tMgs and 

lbumin in serum of critically ill patients, and the role of extra- and intracellular Mg in 
aitcome prediction, expressed as 1-month mortality and the Acute Physiology and Chronic 
kalth Evaluation (APACHE II) score {10}, of this patient group. 

laterial and methods 

'tudy design 
We conducted a prospective multicenter study for the relevance between Mg 
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parameters and clinical outcome in ICU patients. This study was carried out in the ICU's of 
the Academic Medical Center (1000 beds university hospital) and the Slotervaart hospital 
(400 beds general teaching hospital) both in Amsterdam. Onehundredfifteen consecutively 
admitted patients meeting the inclusion criteria were included. These criteria were: vital 
instability for which ICU-treatment was necessary and an expected length-of-stay on the 
ICU of more than 2 days. No exclusion criteria were handled, except for treatment with Mg 
supplies. Blood for Mg measurements was drawn within 24 hours after admittance. The 
APACHE II score at entry or first 24 hours and the 1-month mortality (1 month was 
defined as 28 days) for each patient was registrated. 

Depending on the amount of blood available and bloodcells isolated, the tMgs 

concentration was measured in all patients included, the iMg2+
s concentration in 111, the 

intracellular marker tMgMBC in 95 and tMgRBC in 105 of these patients. Based on the two 
serum parameters iMg2+ and tMgs, the fraction iMg2+

s (friMg2^) was calculated as 
iMg2+

s/tMgsx 100%. 

All procedures followed were in accordance with the Helsinki Declaration of 1975, 
as revised in 1983. In consultation with the Institutional Review Boards of both hospitals 
informed consent was waived because Mg measurements were performed in blood which 
had already be drawn for regular patient care. 

Methods 

Venous blood used for measurements of iMg2+
s and tMgs in serum was drawn into 

plain nonsiliconized 4.5 mL tubes (Vacutainer Tubes, Becton Dickinson, Leiden, The 
Netherlands). After clotting (45 min) and centrifugation (10 min, 1500 x g) serum was 
separated from the cells and stored at -20 °C in completely filled rubber-sealed air-tight 
tubes. The iMg2+

s concentration was measured in the fresh samples by a Mg ion-selective 
electrode (KONE Instruments, Espoo, Finland) and the tMgs concentration was measured 
batch-wise within 6 months in the stored aliquots by atomic absorption spectroscopy 
(PE2100 Perkin-Elmer, Überlingen, Germany). Blood for the determination of tMgMBC and 
tMgRBc was collected in 10 mL heparinized tubes (Vacutainer, Becton Dickinson). 
Mononuclear blood cells (MBC) and erythrocytes were isolated by density gradient 
separation as described earlier {6}. Isolated cells were lysed by addition of water and the 
lysate was frozen at -20°C. Magnesium was determined batch-wise by atomic absorption 
spectrometry and its concentration in mononuclear bloodcells was expressed as /tunol/g 
protein and the concentration in erythrocytes as fmol/cell. The protein concentration of the 
MBC lysate was measured colorimetrically according to the method of Bradford and the 
serum albumin concentration with Bromcresol Green. 

140 



Magnesium in critically ill patients 

Statistical analysis 
Reference ranges for all five magnesium parameters were defined as mean±2x 

standard deviation (SD) as was established previously {11}. Hypomagnesemia was defined 
as a magnesium concentration lower than the reference limit. Comparison of Mg values 
measured in ICU patients with values obtained in the reference population was done by the 
Mann-Whitney U test. Correlations between the different Mg parameters and albumin were 
calculated by Kendall Rank correlation. Prediction of iMg2+

s concentration based on the 
measured tMgs concentration and albumin was calculated by multiple regression analysis 
based on two third (randomly selected) of the 111 included serum samples. The usefulness 
of the calculated relation was tested by applying the equation to the remaining one third of 
the data. The role of Mg in clinical outcome was investigated by calculating the positive 
predictive value of hypomagnesemia for a low APACHE II score ( < 20) and the mortality 
within 1 month. All statistical analyses were performed with the statistical SPSS 6.1 (SPSS 
Benelux BV, Gorinchem, The Netherlands). Values of p<0.05 (two-tailed) were 
considered significant. 

Results 

Frequency of hypomagnesemia 
In Table 1 (see next page) an overview of the intracellular and extracellular Mg 

parameters measured in the ICU population is given, including reference ranges. The mean 
rMgs concentration in ICU patients was decreased in comparison with the reference 
copulation (p<0.01), while the mean iMg2+ concentration did not deviate (p=0.47). 
Consequently, the mean friMg2+ of the ICU population was significantly higher than the 
lean reference value (p<0.01). Of the two intracellular Mg parameters as measured in the 

Table 2. Frequency of hypomagnesemia in ICU patients 

Mg parameter n Cut-off value Mean magnesium 
value 

Frequency of 
hypomagnesemia 

tMg5 (mmol/L) 115 0.75 0.77 51% 

iMg2+
s (mmol/L) 111 0.47 0.59 14% 

tMgMBc Omol/g prot) 95 27.1 59.2 0% 

tMgRBC (fmol/cell) 105 0.12 0.18 0% 
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ICU population the mean tMgMBC, with a mean MBC percentage in the isolated cell 
suspension of 82.6+9.8%, was significantly higher (p<0.01), while the mean tMgRBC 

concentration was equal to that of the reference population. The median APACHE II score 
and 1-month mortality rate of the 115 enrolled patients were 20 and 38%, respectively. 

Table 1. Intra- and extracellular magnesium values in ICU patients 

Extracellular magnesium 

tMg, iMg2+
s friMg2+

s 

mmol/L mmol/L % 

Intracellular magnesium 

tMgMBC tMgRBC 

/tmol/g prot fmol/cell 

ICU patients: 

n 115 111 111 95 105 

Mean + SD 0.77 + 0.17a 0.59 ± 0.14 76 ± 8a 59.2 ± 20.2a 0.18 ±0.03 

Range 0.44- 1.42 0.34- 1.06 54-98 28.7 - 124.6 0.13-0.26 

Healthy controls: 

n 81 81 81 68 83 

Mean ± SD 0.88 + 0.07 0.56 + 0.05 64 + 4 47.5 + 10.3 0.18 +0.03 

Reference range 0.75- 1.01 0.47 - 0.65 56-72 27.1 -67.9 0.12-0.24 
tMgs: serum total magnesium; iMg2+

s serum ionized magnesium; friMg2+
s fraction serum ionized magnesium 

(iMg2+
s/tMgs x 100%); tMgMBC: magnesium in mononuclear blood cells; tMgRBC: magnesium in erythrocytes. 

' p<0.001 for comparison of ICU patients with healthy volunteers, calculated by the Mann Whitney U-test 

In Table 2 (see previous page) the frequencies of hypomagnesemia calculated for the 
four measured Mg parameters are given. Based on tMgs measurements in serum, 51% of 
the patients admitted to the ICU are hypomagnesemic. However, based on the measurement 
of iMg2+

s only 14% of these patients were hypomagnesemic. Hypomagnesemia based on 
intracellular Mg parameters was detected in none of the included patients. 

Relations between the Mg fractions 

Except for the tMgs and iMg2+
s concentration none of the measured Mg parameters 

correlated significantly, not even the two intracellular Mg-parameters. In Figure 1 the 
correlation between the two serum markers (tMgs and iMg2+

s) for 111 patients is visualized 
(Kendall rank correlation coefficient (x) 0.645; p<0.001). Of the 56 patients with 
tMgs<0.75 mmol/L, hypomagnesemia was present in only 16 of these based on iMg2+

s 

measurement; the other 40 of these 56 patients had a normal or elevated iMg2+
s. In none of 

the patients with serum tMgs above the lower reference limit, hypomagnesemia based on 
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Figure 2. Relation between serum albumin and tMgs 

(n=115), iMg2+
s ( n= l l l ) and the friMg2+

s ( n= l l l ) in 
critically ill patients. Regression lines are presented by--

(TMgs), (iMg2+), and — (friMg2+). Significant 
Korrelation was found between serum albumin and 
friMg2+

s (Kendall rank correlation coefficient x = -
1195;p=0.003). 

iMg2+
s could be detected. 

The relation between albumin, 
which is the most important binding protein 
of magnesium in blood, tMgs, iMg2+

s and 
friMg2+

s is presented in Figure 2. No 
significant correlation was found between 
the albumin and tMgs concentration, nor 
albumin and iMg2+ concentration in serum. 
However, between the serum albumin 
concentration and the friMg2+

s a signifi
cantly negative correlation was found (T = 
-0.195; p=0.003). This means that an 
increased serum albumin concentration 
contributes to a decreased friMg2+

s. 

Multiple regression analysis based 
on two-third of the 111 included serum 
samples resulted in a significant relation 
between iMg2+

s and a combination of tMgs 

and albumin: iMg2+
s = 0.687 X tMgs -

0.004 x Alb + 0.166 (standard error for 
the calculated variables: 0.046, 0.001 and 
0.047, respectively). In Figure 3 the 
calculated iMg2+

s concentration for the 
remaining one third serum samples is 
compared with the measured iMg2+

s 

concentration. The solid line represents 
the line of equality. 

Hypomagnesemia and clinical outcome 
The positive predictive value of 

hypomagnesemia for a bad clinical 
outcome (1-month mortality and APACHE 
II >20) was <50% for all measured Mg 
parameters. Only the calculated parameter 
the friMg2+

s (iMg2+
s/tMg x 100%) had a 

positive predictive value of more than 
50%. The positive predictive value of an 
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increased friMg2+
s (friMg2+

s>72%) for APACHE II > 20 was 53%, but the combination of 
a decreased friMg2+

s (friMg2+
s<56%) with APACHE II > 20 or 1-month mortality was not 

observed. In Figure 4 all Mg results of ICU patients who survived the first month after 
admission (open symbols) are compared with the Mg results of all patients who died within 
1 month (closed symbols). No significant differences could be detected between the two 
groups for any of the tested parameters. 

Discussion 

Hypomagnesemia is a common finding in ICU patients, however, until now most 
studies on this subject dealt with the measurement of the tMgs concentration in serum. In 
this study we compared intracellular and extracellular Mg concentrations in ICU patients. 
Moreover, we examined whether a significant correlation between Mg parameters and 
clinical outcome existed. 

Frequency ofHypomagnesemia 
Measurement of the tMgs concentration resulted indeed in a high prevalence of 

hypomagnesemia (51%). Results reported in preceding studies varied from 9.4% in 
critically ill pulmonary (COPD) patients to 61% in postoperative ICU patients, depending 
on the population studied and tMgs threshold value chosen {8,13}. The prevalence of 
hypomagnesemia based on the iMg2+

s concentration (<0.46 mmol/L) was only 14%, which 
concurs with the frequency reported in the solitary other study about iMg2+

s in ICU 
patients. Hébert et al. {9} found iMg2+

s<0.44 mmol/L in 15% of their selected 34 
critically ill patients. Due to lack of a Mg ion-selective analyzer Zalogaef al. {14} studied 
in 1987 ultrafiltrable Mg in critically ill patients. They found that 5 (8%) of 64 had a low 
ultrafiltrable Mg concentration in serum, which is in agreement with the results obtained 
with a Mg ion-selective electrode. 

None of the ICU patients tested had intracellular Mg concentrations lower than the 
reference range. Moreover, the mean tMgMBC in the ICU population was even significantly 
higher than the mean reference value. However, the imprecision of the intracellular Mg 
assay is rather high, measured concentrations have a coefficient of variation of about 14% 
{6}. Another explanation for elevated tMgMBC is the decreased percentage MBC in the cell 
suspension isolated by the gradient separation: 82.6+9.8% versus 93.3+7.2% isolated 
from healthy volunteers. The decreased percentage MBC was accompanied by an increased 
percentage granulocytes, which are presumably young cells with a buoyant density similar 
to that of lymphocytes. These cells have, similar to reticulocytes, a higher magnesium 
content than mature granulocytes. 
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An explanation for the high prevalence of hypomagesemia, based on serum tMgs, is 
probably a shift from the extracellular to intracellular compartments of the body whereby 
the concentration iMg2+ in serum in most occasions remain unchanged. It is unlikely that 
51% of the patients immediately after their admittance to the ICU became deficient. 
Because more than 99% of the body Mg can be found intracellularly, increase of the 
intracellular concentration due to a Mg shift is undetectable. 

Relation between the Mg fractions 
Because the function of magnesium is mainly intracellular {5} and no correlation 

was found between the extracellular and the intracellular Mg concentration, theoretically 
intracellular measurements seem the method of choice when evaluating the Mg status. 
However, there is no consensus about which cells should be used and which intracellular 
fraction should be measured: the ionized- or total intracellular Mg concentration. Fiaccadori 
et al. {8} who measured Mg in muscle specimens and serum of 32 pulmonary intensive care 
patients, were also unable to find a significant correlation between these two markers. Mg 
in blood cells of ICU patients was measured in one preceding study {12}. A low tMgMBC 

and tMgRBC was found in 3 of the 12 and none of the 13 patients, respectively, while the 
prevalence of hypomagnesemia based on tMgs in serum was surprisingly 0%. A good 
alternative and probably the gold standard in establishing a magnesium deficiency might be 
the Mg loading test {15,16}. However, there is one important restriction: patients must 
have a normal renal function and adequate urine output. Two reports about applying this 
test in an ICU population are available until now {9,12}. In the study of Arnold er al. {12}, 
mainly based on patients undergoing coronary artery bypass surgery, 10 of the 16 patients 
(75%) retained more than 30% of the Mg infused, indicating a Mg deficiency. In this 
patient population also tMgs, tMgMBC and tMgRBC was measured, and it was concluded that 
no correlation was found with the loading test. In the study of Hébert et al. {9} 12 (63%) of 
the 19 ICU patients were found hypomagnesemic. However, in spite of referring to the 
loading test described by Ryzen et al. {15} a different test was performed without 
measuring the basal Mg secretion of each patient prior to the Mg load. Moreover, no 
reference values for their specific performance of the test were established. 

Mg in serum is divided into 3 fractions: protein-bound magnesium (27%), mainly to 
albumin and to a lesser extent to globulins {17,18}; ionized magnesium (65%); Mg 
complexed with anions such as phosphate, bicarbonate and citrate (8%) {19}. As is the case 
with calcium, tMgs is expected to correlate with iMg2+

s, more or less influenced by binding 
components. However, a reliable prediction of the iMg2+

s concentration based on tMgs 

measurement is not possible (Figure 1.). However, one main conclusion can be drawn: a 
normal or high tMgs concentration in serum is always accompanied by a normal or high 
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Figure 3. Measured serum iMg2+
s versus the calculated 

iMg2+
s concentration based on the equation: iMg2+

s 

(mmol/L) = 0.687 x tMgs (mmol/L) - 0.0038 x f l nd 
albumin (g/L) +0.166. 

iMg2+
s concentration. But the positive 

predictive value of a low tMgs 

concentration for a low iMg2+
s 

concentration is only 29%, which means 
that when tMgs is low one should measured 
iMg2+s. When studying the relation 
between tMgs and iMg2+

s concentration 
and serum albumin, no significant 
correlation could be found. Broner et al. 
{20} who studied serum tMgs and calcium 
in critically ill pediatric patients could not 

a correlation between tMgs and 
albumin either, nor did Chernow et al. 

{13}. However, Külpmann et al. {18} found that the friMg2+
s was dependent on the 

albumin concentration; an increasing protein concentration was accompanied by a decreased 
fraction. In the same study they found that in paraproteinemic sera the friMg2+ increased 
(tMgs decreased) when the albumin concentration decreased. In our population we found a 
significant correlation between friMg2+ and albumin, and also that the serum albumin 
concentration contributed significantly (p=0.0028) to the estimation of iMg2+

s based on a 
combination of tMgs and serum albumin. However, when applying the calculated formula a 
scatter around the line of equality was found (Figure 3). A calculated iMg2+

s concentration 
of 0.60 mmol/L corresponded with a range of measured concentrations from 0.42 to 0.78 
mmol/L, which means that a reliable iMg2+

s concentration in ICU patients can only be 
obtained by direct measurement of the cation. 

Hypomagnesemia and clinical outcome 
After potassium Mg is the second most prevalent intracellular cation and plays an 

important role as a cofactor in various enzymatic reactions, including those involving 
adenosine triphosphatase. Mg therefore is important in providing energy and in regulating 
various processes in the cell and cell membrane. It also plays a role in protein- and DNA 
synthesis, transcription and translation and in the regulation of mitochondrial function. So 
recognition and treatment of hypomagnesemia in patients entering the ICU may be 
important and has been discussed several times {2,3,21,22}. Moreover, it is 
comprehensible that hypomagnesemia is associated with severity of illness or increasing 
mortality. However, previous studies concerning this subject, all based on serum tMg 
measurements, report different results {13,20,23}. Chernow et al. {13} reported that 
postoperative ICU patients with severe hypomagnesemia (<0.5 mmol/L) had higher 
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mortality than the entire population 
(p<0.02), despite the fact that the severity ^ 
of illness score in both populations was ï 
similar. Broner et al. {20} who studied *b> 
critically ill pediatric patients found a | 
mortality rate of 8% in both the hypo- and s 
normomagnesemic group, but the s 

mortality rate associated with the 
hypermagnesemic patients was signifi
cantly higher, a phenomenon which was 
also reported by Chernow {13}. As an 
explanation, the prevalence of renal failure f 
was high in this group of patients. In 1993 ^ 
Rubeiz et al. {23} measured the tMgs I 
concentration in serum of 184 medical ICU 

patients. Although APACHE II scores of 
M9MBC M9RBC 

the hypomagnesemic patients (tMgs<0.62 Figure 4. Intra-and extracellular Mg concentrations in 
mmol/L) were similar to those of ICU patients in relation to the 1-month mortality. Open 
normomagnesemic patients (the few symbols: survival of ±e first 28 days after Mission; 

closed symbols: dying withm 28 days after admission, 
hypermagnesemicpatients were excluded), in 
hypomagnesemic patients the mortality rate was significantly higher than in 
normomagnesemic patients. Based on our tMgs data we were unable to confirm the 
increased mortality rate in hypomagnesemic ICU patients. Nor did hypomagnesmia based 
on iMg2+

s or intracellular measurements correlate with an increased mortality rate or 
increased APACHE II score. A possible explanation for this lack of correlation is the fact 
that all serum and intracellular Mg measurements are no reliable reflection of the real Mg 
status of the body. A study comparing extracellular and intracellular ionized and total 
magnesium, the Mg loading test and clinical outcome can possibly elucidate this dilemma. 
Because the Mg loading test is rather laborious and unpractical, the short-time version, 
recently developed for outpatients {24}, perhaps opens new perspectives. 
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In summary, our results confirm that hypomagnesemia based on tMgs in serum is a 
normal finding in critically ill patients, but based on iMg2+

s nearly 75% of these patients 
were apparently no longer hypomagnesemic. This finding implies that iMg2+

s is preferred 
above the routinely measured tMgs concentrations in situation of suspected 
hypomagnesemia. Reliable serum iMg2+ concentrations can only be obtained by direct 
measurements and not deduced from tMgs and serum albumin concentrations. When 
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measuring tMgMBC and tMgRBC none of the ICU patients had Mg concentration below the 
lower reference limit. No association between low extracellular- or intracellular Mg and 
clinical outcome was found. 

Therefore, in our opinion it is superfluous to request one of these parameters 
routinely and Mg measurements should only be performed when a patient is suspected for 
hypomagnesemia. The only test which possibly can be used to confirm supposition of 
hypomagnesemia or Mg deficiency is the Mg loading test. Unfortunately, until now there is 
no experience with this test in a large heterogeneous group of medical ICU patients. 
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Summary and conclusions 

In clinical chemistry the measurement of the serum total magnesium concentration is 
the method of choice for establishing hypo- or hypermagnesemia. For that are several 
reasons: serum is easy to obtain, several reliable assays are available, and most of these 
assays are easy to automate. However, less than 1 % of total body magnesium is present in 
serum and more than 25% of its fraction is bound to proteins. Moreover, the main function 
of magnesium is intracellular. It is therefore suggested that the measurement of intracellular 
magnesium is a more reliable parameter of the magnesium status of the body. Remains the 
question, in which cells should magnesium be measured: blood cells (erythrocytes, 
mononuclear cells or thrombocytes), skeletal muscle cells, sublingual cells, or cells obtained 
from one specific organ, representing for all cells. Another approach is the magnesium 
loading test. In this test the retention of a low dose intravenously administered magnesium 
load is studied. However, there is an important restriction: patients must have normal renal 
function and adequate urine output, and the test is very laborious. 

In 1990 the first report about magnesium measurements in serum with an ion-selective 
electrode was published. With this technique the unbound biologically active fraction could 
be measured. This probably has an advantage above the measurement of the serum total 
magnesium concentration, since this fraction might be exchangeable with the intracellular 
free magnesium fraction. 

In this thesis we studied the added value of the measurement of serum ionized 
magnesium in comparison with the, in clinical chemistry routinely measured, serum total 
magnesium concentration. 

We started with an analytical evaluation of one of the first commercially available 
analyzers equipped with an ion-selective electrode, the KONE Microlyte 6 ion analyzer 
(Chapter 3). From our results it could be concluded that the accuracy, based on magnesium 
measurements in electrolyte solutions was good, and that the analyzer reported ionized 
magnesium results with an acceptable reproducibility. However, it should be kept in mind 
that no gold standard for the measurement of ionized magnesium, which is an activity 
measurement, is available. It is, therefore hard to check whether a reported serum ionized 
magnesium concentration represents the true value. A point of concern was the lower limit 
of detection of about 0.30 mmol/L, which makes the instrument less suitable for tracking 
severe hypomagnesemia. Heparin addition experiments made clear that vacutainer tubes 
with heparin concentrations < 15 U/mL can be used for sampling, although in our opinion 
plain tubes without additives are recommended. 
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The total magnesium concentration in serum is the sum of three different fractions: 
ionized (free) magnesium, magnesium complexed with anions like phosphate, bicarbonate 
and citrate, and protein-bound magnesium. The ionized and complexed fraction account for 
serum ultrafiltrable magnesium. In Chapter 4 we validated the magnesium ion-selective 
electrode by measuring the ionized fraction of serum ultrafiltrates after addition of several 
amounts of naturally occurring complexing agents. Because the complexation constants of 
these anions (phosphate, bicarbonate and citrate) are known, we were able to approximate 
the remaining ionized fraction by calculation. Besides comparison of the measured ionized 
fraction with the theoretical approximation, we also compared these results with values 
obtained with an earlier published method. This method, which is based on the use of 
cation-exchange resin, was presented in the eighties and applied to establish reference 
values for ionized, complexed and protein-bound plasma magnesium. It could be concluded 
from our results that the ion-selective electrode technique is most suitable for measuring 
ionized free magnesium. 

Application of it, in combination with ultrafiltration, made determination of all three 
serum magnesium fractions possible and new reference values have been presented. 
Comparison of values obtained in continuous ambulatory peritoneal dialysis (CAPD) 
patients with values obtained in a population of healthy volunteers, proved that disturbances 
of the relationship between the different fractions can be demonstrated. In CAPD patients a 
decreased faction of protein-bound magnesium was found, which could be explained by a 
decreased serum albumin concentration (35 g/L versus 46 g/L). Moreover, we found an 
increased fraction of complexed magnesium (16% versus 8%), which could not be 
explained by elevated serum phosphate, citrate or bicarbonate concentrations, suggesting the 
existence of unknown magnesium complexing components. 

At this moment three different analyzers for the measurement of serum ionized 
magnesium are available, equipped with ion-selective electrodes based on different 
ionophores (Microlyte 6, KONE Instruments, Espoo, Finland; AVL 988/4, AVL Medical 
Instruments AG, Schaffhausen, Switzerland; Nova CRT, NOVA Biomedical, Waltham, 
MA, USA). Therefore, we performed a comparison study in which all three instruments 
were included (Chapter 5). For this comparison study sera from patients with a low, normal 
and high serum total magnesium concentration, a group of healthy volunteers, and control 
sera were used. In samples obtained from patients, the KONE and AVL analyzers reported 
comparable results, but with samples from the group of healthy volunteers all three 
analyzers reported significanly different ionized magnesium concentrations. It was striking 
that in serum samples obtained from healthy volunteers at an equivalent total magnesium 
concentration, the ionized magnesium concentration varied strongly, even within one 
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instrument (except for AVL). Moreover, comparison of our reported mean reference values 
with those previously reported by others, learned that the variation in serum total 
magnesium is smaller among the different studies than the variation in serum ionized 
magnesium (serum total magnesium: 0.79 to 0.88 mmol/L and serum ionized magnesium 
0.49 to 0.60 mmol/L). From these and other findings we conclude that the measured serum 
ionized magnesium concentration depends not only on the type of analyzer used, but 
presumably also on each individual instrument. The measurement of serum ionized 
magnesium can only be used for patient care if accessory reference intervals are established. 
Standardization of calibrators and control material is highly recommended. 

Magnesium levels in mononuclear blood cells and to a lesser extent in erythrocytes are 
presented as parameters for the magnesium status of the body. Wishing to evaluate the 
usefulness of serum ionized magnesium in clinical chemistry by comparing its concentration 
not only with serum total magnesium but also intracellular magnesium values, we 
established the precision of the intracellular magnesium assay (Chapter 6). The 
measurement of the intracellular magnesium concentration consists of several steps: 
isolation of blood cells, determination of the number of cells, protein content or dry weight, 
ind measurement of the magnesium concentration in the isolated product. All these 
letermination steps have their own imprecision leading to a reproducibility value (expressed 
is coefficient of variation) of the complete intracellular magnesium assay in mononuclear 
>lood cells of 12.1 to 14.0%, and in erythrocytes of 11.6 to 12.3%, which is rather large. 
The contribution of the analytical variation to these values varied from 45 to 59% of that 
alue. The measurement of intracellular ionized magnesium in mononuclear blood cells is 
lased on the binding of a fluorescent probe (Mag-indo-1 or Mag-fura-2) to ionized 
aagnesium, resulting in a shift in their emission or extinction spectrum, respectively, which 
an be monitored (Chapter 7). 

Because isolated mononuclear blood cells are contaminated with thrombocytes we 
aeasured the influence of these cells on the analytical error of the magnesium assay. It was 
oncluded that contamination with thrombocytes resulted in a significantly elevated 
aagnesium concentration, and therefore the use of defibrinated blood is recommended, 
ïowever, the consequence of the use of defibrinated blood is that twice as much whole 
lood is needed (20 mL instead of 10 mL) being a handicap in patient care. 

After the analytical evaluation of the measurement of serum ionized magnesium and 
te intracellular magnesium assay in mononuclear blood cells and erythrocytes we applied 
lese techniques in a patient population known for hypermagnesemia: chronic renal failure 
atients treated by haemodialysis (Chapter 7). 
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When comparing the mean magnesium values obtained in the patient population with 
those of a control population, all magnesium markers, including the biologically active 
fractions, were significantly increased. Because serum total magnesium was not increased in 
all dialysis patients studied, the population was divided into two groups, according to serum 
total magnesium (cut-off value 1.0 mmol/L). In the patient group with serum total 
magnesium <1.0 mmol/L it was shown that serum ionized magnesium and ionized 
magnesium in mononuclear blood cells might give a better indication about the magnesium 
status of the tested patients than the currently used serum total magnesium data. However, 
none of the two markers, was able to discriminate fully between normal magnesium 
homeostasis and magnesium excess. The determined mean values were within the 2xSD 
range established in the healthy volunteers. 

Therefore, we conclude that serum ionized magnesium, ionized and total intracellular 
magnesium in mononuclear blood cells, and total magnesium in erythrocytes offer minimal 
advantage in discriminating between normal magnesium homeostasis and magnesium 
excess. 

Hypomagnesemia is a phenomenon which has been reported frequently in critically ill 
patients. In most of these studies only serum total magnesium has been measured. 
Therefore, we started a study in critically ill patients admitted to the intensive care unit 
(ICU) of the Academic Medical Center or Slotervaart Hospital in which serum ionized 
magnesium was measured and compared with serum total magnesium and magnesium 
concentrations in mononuclear blood cells and erythrocytes (Chapter 8). Moreover, we 
investigated an association between low extra- or intracellular magnesium and clinical 
outcome. We found that the frequency of hypomagnesemia in ICU patients depends on 
which magnesium fraction is measured. Hypomagnesemia measured as serum total 
magnesium is a normal finding in critically ill patients (51%), but measured as serum 
ionized magnesium 75% of these patients were no longer hypomagnesemic, and none of the 
patients had intracellular concentrations below the reference limit. None of the measured 
magnesium markers was associated with clinical outcome (1-month mortality or APACHE 
II score at admission). Albumin which is the main important magnesium binding protein in 
blood was significantly correlated with the fraction serum ionized magnesium (ionized 
magnesium/total magnesium). Nevertheless, it was impossible to calculate a reliable 
concentration of serum ionized magnesium based on serum total magnesium and albumin 
concentrations in this patient group. 

It is our opinion that routine measurement of one of these magnesium markers in 
critically ill patients is superfluous. The frequently reported high incidence of 
hypomagnesemia in this specific group of patients does not indicate real hypomagnesemia. 
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When still interested in serum ionized magnesium, reliable concentrations can only be 
obtained by direct measurement and not be calculated from serum total magnesium and 
albumin. 

In summarizing and concluding, we first will try to answer the two questions we 
posed in the introduction of this thesis. 

The technical aspects of the ion-selective magnesium electrodes can be judged as 
being reliable. Analyzers of different manufacturers may give different results. It even may 
be possible that within one product line the individual machines will report unequal data. 
Therefore, every laboratory should establish its own reference values for serum ionized 
magnesium. This might be a superfluous remark, but this is contrary to the more generally 
implemented determinations in a clinical chemistry laboratory, which are becoming more 
and more equalized. These reference values must be based on the use of well defined, 
internationally standardized, calibration fluids. In more detail, two of the tested instrument 
(KONE and AVL) give results with a high imprecision in the low concentration range, the 
3ther instrument (NOVA) reports presumably low values in the whole concentration range. 

In patient care, the second aspect of our study, the application in clinical chemistry is 
n our opinion limited. Measurement in serum of ionized magnesium is feasible and in 
combination with ultrafiltration enables the determination of all serum magnesium fractions. 
In patients treated with continuous ambulatory peritoneal dialysis this showed an increased 
Taction of complexed magnesium. However, the clinical impact of this finding is unclear, 
n a patient group known for hypermagnesemia serum ionized magnesium increased parallel 
/ith serum total magnesium, and in a subpopulation with normal serum total magnesium 
erum ionized magnesium could not discriminate fully between normal magnesium 
omeostasis and magnesium excess. In the ICU patient group suspected from 
ypomagnesemia, the frequency of hypomagnesemia decreased remarkably when the 
aeasurement of serum total magnesium was replaced by the measurement of serum ionized 
lagnesium. However, the mean serum albumin concentration in this patient group was 
ecreased as well (mean value 30 g/L) and we found a significantly negative correlation 
etween the fraction ionized magnesium and serum albumin. 

These results show that a clear definition of hypomagnesemia cannot be given at this 
;loment. Is it a low level of the serum total magnesium concentration, or consists a more 
élevant definition of a low ionized fraction? Another approach of this issue might lead to a 
«w intracellular level, either total or ionized. Whatever definition applies, at this moment 

we see a limited use for the measurement of serum ionized magnesium. 
The clinical usefulness of a new laboratory test should be judged in comparison with 

i *e present one and its added value should be clearly established. In our opinion the added 
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value of ionized magnesium lays especially in the area of those clinical situations in which 
abnormal protein concentrations in serum are present, because the magnesium result with an 
ion-selective electrode is independent of any variability due to protein binding: it measures 
the active fraction of magnesium only. We confirmed this in the ICU patients as described 
in Chapter 8. Nevertheless, the present status of the new technique makes that we are 
reluctant to introduce it. For that we see arguments of quality (standardization and 
reproducibility), financial (costs) and organizational (frequency of its use) aspects. Should 
these considerations be overcome, then the determination of total magnesium should be 
replaced by that of the ionized fraction, using an ion-selective electrode. 

Another aspect that we came across in this study is whether serum ionized magnesium 
may be a reflection of the intracellular (free) magnesium concentration. Neither in our study 
concerning the haemodialysis patients, nor in the literature brought forward in Chapter 2, 
we noticed a significant correlation between these parameters. As far as cells in the 
circulation or easily accessible tissue are concerned, the use of sublingual cells for the 
evaluation of an intracellular deficit may open new ways for studies on magnesium 
homeostasis. 

Therefore, until now the magnesium ion-selective electrode has proven to add little 
value to the measurement of serum total magnesium. In our opinion the latter determination 
remains for the time being the method of choice in clinical chemistry. 
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Regularly used abbreviations 

AAS atomic absorption spectrometry 

CAPD continuous ambulant peritonea dialysis 

CV coefficient of variation 

fr fraction 

iMg2+ ionized magnesium 

iMg2+MBC ionized magnesium in MBC 

iMg2+
RBc ionized magnesium in RBC 

iMg2+
s serum ionized magnesium 

ISE ion-selective electrode 

MBC mononuclear blood cells 

Mg magnesium 

Mg-ISE magnesium ion-selective electrode 

•"̂ •©compl complexed magnesium 

*"•& intra intracellular magnesium 

Mgprot protein-bound magnesium 

Mgultr ultrafiltrable magnesium 

RBC erythrocytes (red blood cells) 

SD standard deviation 

tMg total magnesium 

tMgMBC total magnesium in MBC 

tMgRBC total magnesium in RBC 

tMgs serum total magnesium 
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Samenvatting 

Aangezien de meting van magnesium in bloed centraal staat in dit proefschrift, wordt 
voorafgaand aan de feitelijke samenvatting eerst een korte uitleg gegeven over de 
samenstelling en functie van het bloed. Het lichaam van een volwassen persoon bevat 
ongeveer 6 liter bloed. Het bloed is een belangrijk transport medium en bestaat uit een 
lichtgele tot bijna kleurloze vloeistof, het serum, dat een groot aantal voor het lichaam 
essentiële componenten bevat: eiwitten, vetten, mineralen, vitamines en hormonen. Naast 
het serum bevat het bloed drie verschillende soorten cellen, elk met hun eigen functie. De 
rode bloedcellen zorgen voor het transport van zuurstof, de witte bloedcellen spelen een 
belangrijke rol bij de afweer van het lichaam tegen ziekteverwekkers en de bloedplaatjes 
vormen een onmisbare schakel in de bloedstelping. Om vast te stellen of het lichaam een 
tekort of overschot aan één van deze componenten heeft, wordt de concentratie hiervan in 
het algemeen in het bloed bepaald. Dit onderzoek gebeurt in het klinisch chemisch 
laboratorium aanwezig in ieder ziekenhuis. Door de gemeten concentratie vervolgens te 
vergelijken met een zogenaamde referentiewaarde kunnen klinicus en klinisch chemicus 
beoordelen of de uitslag afwijkend is. 

Wanneer men wil onderzoeken of er mogelijk een afwijking in de magnesiumbalans 
van het lichaam bestaat wordt op het klinisch chemisch laboratorium de concentratie van 
magnesium in het serum vastgesteld. Echter, nog geen 1% van de gehele magnesium 
voorraad aanwezig in het lichaam, bevindt zich in het serum en van deze kleine hoeveelheid 
is meer dan 25% gebonden aan eiwit. Van de overige 99% bevindt zich een groot deel in 
het bot terwijl de rest zich in lichaams- en bloedcellen bevindt. De meting van de 
magnesiumconcentratie in de cel (intracellulair magnesium) is daarom misschien wel meer 
geschikt, waarbij men zich kan afvragen in welke cellen dan gemeten zou moeten worden: 
bloedcellen, spiercellen of misschien wel cellen van een specifiek orgaan zoals bijvoorbeeld 
het hart. Een andere mogelijkheid is sinds enkele jaren de meting van het biologisch actieve, 
niet aan eiwit gebonden, magnesium in serum (geïoniseerd magnesium). Deze meting wordt 
gedaan met behulp van een ion-selectieve electrode. 

In de studies beschreven in dit proefschrift wordt geprobeerd om een antwoord te 
geven op de volgende twee vragen: 
1. Wat is de analytische betrouwbaarheid van de magnesiummeting in serum met behulp van 
een ion-selectieve elektrode; 

2. Geeft de nieuwe magnesiumparameter, geïoniseerd magnesium in serum, bruikbare 
informatie over de magnesiumstatus van de patiënt. 
Om een antwoord te geven op deze vragen is het proefschrift opgebouwd uit twee delen. In 
de hoofdstukken 3, 4, 5 en 6 worden analytische aspecten van de meting van geïoniseerd 
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magnesium in serum maar ook van de meting van magnesium in bloedcellen (intracellulair 
magnesium) beschreven. In de hoofdstukken 7 en 8 worden de eerder beschreven 
meetmethoden toegepast in twee verschillende patiëntenpopulaties: hemodialyse patiënten 
bekend met hypermagnesiëmie (te hoge magnesium concentraties) en patiënten opgenomen 
op de intensive care afdeling van het Academisch Medisch Centrum of het Slotervaart 
Ziekenhuis. Van intensive care patiënten is namelijk beschreven dat hypomagnesiëmie (te 
lage magnesium concentraties) frequent voorkomt. 

Het proefschrift begint met een overzichtsartikel {hoofdstuk 2) waarin zes 
verschillende klinische situaties worden beschreven waarbij magnesium mogelijk een rol 
speelt. 

Wij begonnen de magnesiumstudie met de analytische evaluatie van één van de eerste 
commercieel verkrijgbare analyzer uitgerust met een magnesium ion-selectieve elektrode, de 
KONE Microlyte 6 ion analyzer {hoofdstuk 3). Uit de resultaten kon worden geconcludeerd 
dat de accuratesse van de analyzer goed was en dat de resultaten met een voldoende 
nauwkeurigheid werden gerapporteerd uitgezonderd lage magnesiumconcentraties (<0.30 
mmol/L). 

Magnesium komt in bloed in drie verschillende vormen voor: 1. vrij geïoniseerd, 2. 
gebonden aan negatief geladen stoffen zoals fosfaat, bicarbonaat en citraat (gecomplexeerd 
magnesium) en 3. gebonden aan eiwit (voornamelijk albumine). In hoofdstuk 4 wordt de 
werking van de magnesium ion-selectieve elektrode getest door aan serum complexerende 
stoffen toe te voegen en de meetresultaten te vergelijken met door berekening geschatte 
waarden. Bovendien werden de uitslagen vergeleken met een eerder gepubliceerde indirecte 
methode voor de meting van geïoniseerd magnesium. Geconcludeerd kon worden dat de 
ion-selectieve elektrode het meest geschikt is om geïoniseerd magnesium in serum te meten 
en dat in combinatie met andere technieken (ultrafiltratie en atomaire absorptie 
spectrometrie) de drie verschillende magnesiumfracties in bloed gemeten kunnen worden. 

Toepassing van deze technieken in een groep van gezonde vrijwilligers en 
nierpatiënten die behandeld werden met continue ambulante peritoneaal dialyse (CAPD, een 
vorm van nierdialyse waarbij het bloed wordt gezuiverd door buikspoeling) liet zien dat in 
bloed van deze patiëntengroep de verhouding van de drie verschillende magnesiumfracties 
was veranderd. Opvallend was met name de stijging van de fractie gecomplexeerd 
magnesium. Dit kon niet verklaard worden door verhoogde fosfaat, bicarbonaat of citraat 
concentraties in het serum, hetgeen er op wijst dat er een onbekende magnesiumbindende 
component aanwezig is. 

Op dit moment zijn drie verschillende analyzers verkrijgbaar waarmee geïoniseerd 
magnesium kan worden gemeten, elk met een andere magnesium ion-selectieve elektrode 
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(Microlyte 6, KONE Instruments, Espoo, Finland; AVL 988/4, AVL Medical Instruments 
AG, Schaffhausen, Zwitzerland; Nova CRT, NOVA Biomedical, Waltham, MA, USA). In 
hoofdstuk 5 staan de resultaten van een vergelijkingsstudie waarin deze drie analyzers zijn 
meegenomen. De vergelijking is gebaseerd op serum monsters afkomstig van gezonde 
vrijwilligers en patiënten met een lage, normale en hoge serum magnesiumconcentratie. Uit 
de resultaten concluderen wij dat het meetresultaat mede bepaald wordt door het merk 
analyzer dat wordt gebruikt. Vergelijking van onze resultaten met resultaten verkregen in 
andere studies wijzen er bovendien op dat ook verschillende analyzers van het zelfde merk 
niet altijd identieke concentraties rapporteren 

De magnesium meting in rode en witte bloedcellen (intracellulair magnesium) wordt 
vaak genoemd als een geschikte parameter voor de magnesiumstatus van het lichaam. 
Omdat wij de bruikbaarheid van de meting van geïoniseerd magnesium in de klinische 
chemie wilden onderzoeken door niet alleen de relatie met de totale magnesiumconcentratie 
in serum maar ook met intracellulaire concentraties na te gaan, hebben wij de 
nauwkeurigheid van de magnesium meting in rode en witte bloedcellen eerst onderzocht 
{hoofdstuk 6). De meting van magnesium in bloedcellen bestaat uit verschillende analyse 
stappen, elk met een eigen fout, wat uiteindelijk leidt tot een grote variatie in de gemeten 
eindconcentratie die kan oplopen tot 14%. Witte bloedcellen zijn na isolatie vaak 
verontreinigd met bloedplaatjes en het bleek dat de invloed hiervan op de gemeten 
magnesiumconcentratie niet te verwaarlozen is. Echter, een alternatieve isolatiemethode 
leidend tot een bloedplaatjes vrij product, had het nadeel dat twee maal zoveel bloed moest 
worden afgenomen. 

Na de analytische evaluatie van de meting van geïoniseerd magnesium en intracellulair 
magnesium hebben wij deze meettechnieken toegepast in bloed dat was afgenomen van 
nierpatiënten die behandeld werden met hemodialyse. Van deze patiënten is namelijk bekend 
dat zij ten gevolge van hun nierfunctiestoornis vaak verhoogde magnesiumconcentraties 
hebben (hoofdstuk 7). Vergelijking van de magnesium uitslagen in de groep dialysepatiënten 
en de groep gezonde vrijwilligers toonde aan dat de gemiddelde waarden van alle 
magnesiumparameters verhoogd waren. Echter, ongeacht de magnesiumparameter die werd 
gebruikt, kon er op basis van magnesium metingen geen volledig onderscheid gemaakt 
worden tussen individuele nierpatiënt en gezonde vrijwilligers. 

Bij patiënten opgenomen op de intensive care afdeling worden regelmatig lage 
magnesium concentraties in serum gerapporteerd. In de meeste van deze studies is alleen de 
totale magnesiumconcentratie in serum onderzocht. Daarom hebben wij bij patiënten 
opgenomen op de intensive care afdeling zowel de concentratie totaal als geïoniseerd 
magnesium in serum en de magnesiumconcentratie in rode en witte bloedcellen gemeten. 
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Bovendien hebben wij onderzocht of er een verband bestond tussen één van de gemeten 
magnesium parameters, de ernst van de ziekte en het sterftecijfer. Uit de studie bleek dat het 
voorkomen van hypomagnesiëmie bij intensive care patiënten afhankelijk was van welke 
vorm van magnesium gemeten werd. Op basis van de totale magnesiumconcentratie in 
serum werd bij 51% van de patiënten hypomagnesiëmie geconstateerd, maar op basis van de 
concentratie van geïoniseerd magnesium in serum bleek 75 % van deze patiënten niet langer 
een magnesium tekort te hebben. Werd intracellulair magnesium als meetpunt gekozen dan 
gold dit voor alle IC patiënten. Er bleek geen verband te bestaan tussen één van de gemeten 
magnesium parameters en de ernst van de ziekte of het sterftecijfer. Ondanks het feit dat er 
een negatieve correlatie bleek te bestaan tussen albumine en het percentage geïoniseerd 
magnesium in serum, was het niet mogelijk om de concentratie geïoniseerd magnesium in 
serum betrouwbaar te voorspellen op basis van de albumine en de totale 
magnesiumconcentratie. 

Samenvattend kan worden geconcludeerd dat er enkele haken en ogen zitten aan de 
meting van geïoniseerd magnesium in serum met behulp van een ion-selectieve electrode. 
Analyzers van verschillende producenten geven verschillende resultaten, twee van de drie 
geteste analyzers zijn onbetrouwbaar in het lage concentratie gebied en de derde analyzer 
rapporteert te lage resultaten in het gehele concentratie gebied. Het is daarom zonder meer 
noodzakelijk om bij gebruik van deze apparatuur eigen referentiewaarden vast te stellen. 
Bovendien pleiten wij voor standaardisatie van ijkmethoden en standaarden, en verbetering 
van de specificiteit van de ion-selectieve electrode. 

Combinatie van de meting van geïoniseerd magnesium, ultrafiltratie en atomaire 
absorptie spectrometrie maakt de meting van alle magnesiumfracties in serum mogelijk. 
Ondanks het feit dat hierdoor afwijkingen in de fractie gecomplexeerd magnesium kon 
worden aangetoond in CAPD-patiënten, is de klinische toepassing hiervan nog onduidelijk. 
In een patiëntengroep bekend met hypermagnesiëmie (hemodialyse patiënten) steeg 
geïoniseerd magnesium parallel met de totale serum concentratie. In de intensive care 
patiënten bekend vanwege hypomagnesiëmie daalde de frequentie hypomagnesiëmie 
aanzienlijk bij vervanging van de meting van de totale magnesium concentratie in serum 
door de meting van geïoniseerd magnesium. Er bleek een negatieve correlatie te bestaan 
tussen de concentratie albumine en het percentage geïoniseerd magnesium. 

Wij concluderen dat er tot op heden weinig indicaties zijn voor de meting van 
geïoniseerd magnesium in serum. De meting levert meerwaarde boven de meting van de 
totale magnesiumconcentratie in situaties waarbij de eiwit samenstelling van het bloed is 
verstoord. De meting van geïoniseerd magnesium geniet dan de voorkeur aangezien het 
meetresultaat verkregen met behulp van een ion-selectieve electrode onafhankelijk is van 
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variatie door eiwit binding: alleen de actieve magnesium fractie wordt gemeten. Echter, de 
huidige status van deze techniek (kwaliteit, standaardisatie, kosten en organisatorische 
aspecten), belemmert op dit moment invoering in de klinische chemie. Ons inziens blijft de 
meting van de totale magnesiumconcentratie in serum voorlopig de aangewezen klinisch 
chemische bepaling voor het vaststellen van de magnesiumstatus van de patiënt. 
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Zoals U op pagina vier kunt lezen, is dit proefschrift tot stand gekomen dankzij de 
hulp van velen: studenten, analisten, klinici, klinisch chemici en anderen. Soms betrof het 
meedenken, een andere keer proeven doen, teksten doorlezen of gewoon eens vragen hoe 
het gaat. Een enkele maal moest de bittere smaak van het afwijzen van een artikel, 
natuurlijk volledig onterecht, worden weggespoeld met een "capootje" op het plein en ook 
dan stond ik er niet alleen voor. Iedereen hiervoor heel hartelijk dank. Echter, binnen deze 
grote groep van vrienden en collegae is een klein aantal die ik in het bijzonder wil noemen. 

Mijn promotor en opleider Prof. dr G.T.B. Sanders. Beste Gerard, het is alweer 
negen jaar geleden dat ik je als student vanuit een telefooncel op Roeterseiland belde voor 
een afspraak; ik wilde namelijk mijn afstudeerstage analytische chemie combineren met 
klinische chemie. Van het één kwam het ander en nu zit ik als klinisch chemicus en bijna 
doctor mijn laatste regels van het proefschrift te typen. Tijdens onze vakantie in augustus 
zaten we samen achter de PC, op mijn zolderkamertje hier in Castricum, de laatste hand te 
leggen aan de eindversie voor de beoordelingscommissie. Ik denk dat deze situatie een goed 
voorbeeld is van hoe we de afgelopen acht jaar met elkaar zijn omgegaan. Heel hartelijk 
dank voor de geboden kansen en fijne jaren op het AMC. Ik heb veel van je geleerd. 

Renata, jij was mijn tweede grote steun tijdens het magnesiumonderzoek, ik ben blij 
dat je co-promotor wilt zijn. Mede dankzij jou werd onze hemodialyse studie een succes en 
leverde het op een haar na zelfs twee publicaties tegelijk in hetzelfde tijdschrift op. Ook 
voor de Magie studie en de ISE vergelijkingsstudie heb jij een berg werk verzet. Het was 
fijn zo'n magnesiummaatje erbij te hebben. Bovendien zorgde jij samen met Taco voor een 
zeer gezellig werkklimaat op de F-gang. 

Prof. dr R. Elin, dear Ronald, due to you and your colleagues of the National 
Institutes of Health in Bethesda, the comparison study became a success. Your suggestions 
about the design of the study and corrections of the manuscript were of great value to me. 
Fam honored that you accepted the invitation to be a member of the graduation committee 
and your presence during the defense of my thesis. 

Ook de andere leden van de promotiecommissie wil ik danken. Ruim binnen de 
gestelde tijd had U uw beoordeling klaar. Mede hierdoor is mijn tijdsplanning geen enkele 
maal in het gedrang gekomen. 

Huub, hartelijk dank voor hoofdstuk 3. We hebben een leuke tijd gehad samen, ook 
onder water. Ik denk er nog steeds met veel plezier aan terug. 

Medewerkers van het LAKC, en vooral de groep van Wouter, vele 
magnesiummetingen hebben jullie voor mij verricht. Daarnaast heeft bijna iedereen zich wel 
ïens door mij laten prikken. Eerst voor referentiewaarden in serum en later nog eens voor 
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referentiewaarden in rode en witte bloedcellen. Ik heb, ook tijdens mijn opleiding, samen 
met jullie een erg leuke tijd op het LAKC gehad. 

Fenny, Jan, Janke, Jo, Johan en Joop, Anja, Renata en Taco (ex)stafleden van het 
LAKC, het was een leuke en leerzame tijd. Mede dankzij jullie heb ik het 
magnesiumonderzoek kunnen combineren met de opleiding. 

Lieve ouders, dank U wel voor alles. Toen ik mijn baan voor een onzeker 
studentenleven wilde inruilen, heeft U nooit iets van twijfel laten merken en me altijd 
volledig gesteund. 

Arie en Carel, ik ben blij dat jullie mij op het moment supreme willen bijstaan. Fijn 
om zulke broers te hebben. 

Lieve Simone, ik heb het je met mijn plannen niet altijd even gemakkelijk gemaakt, 
toch was je er altijd. Zonder jou was dit alles me niet gelukt, het is af, dank je wel. 
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Curriculum vitae 

De auteur van dit proefschrift werd op 4 augustus 1963 geboren in Dokkum. Na het behalen 
van het MAVO IV diploma in 1978 aan de Christelijke MAVO in Dokkum, werd in 
Leeuwarden begonnen met de middelbare analisten opleiding, richting klinische chemie. 
Aansluitend werd aan hetzelfde instituut in 1984 het HBO-A diploma behaald. In de daarop 
volgende drie jaar werkte hij als klinisch chemisch analist in achtereenvolgens het Gemini 
Ziekenhuis in Den Helder en de Vereniging voor Ziekenverpleging (Prinsengracht 
Ziekenhuis) in Amsterdam. In 1987 werd het ziekenhuislaboratorium voorlopig vaarwel 
gezegd om met de studie scheikunde aan de Universiteit van Amsterdam te beginnen. 
Tijdens de studie is gedurende acht maanden op de afdeling auto-immuunziekten (dr R.J.T. 
Smeenk) van het Centraal Laboratorium voor de Bloedtransfusiedienst in Amsterdam 
gewerkt aan een ELISA voor de detectie van dubbelstrengs DNA. De afstudeerstage is 
verricht op het laboratorium voor algemene klinische chemie van het Academisch Medisch 
Centrum (Prof. dr G.T.B. Sanders). In deze periode werd de fundering voor het 
magnesiumonderzoek gelegd. In februari 1992 studeerde hij af als analytisch chemicus (dr 
W.Th. Kok) en kreeg een tijdelijke aanstelling bij de afdeling klinisch chemie van het 
Academisch Medisch Centrum in Amsterdam. Hierdoor kon het magnesiumonderzoek 
worden voortgezet en uitgebreid. In 1995 startte hij met de opleiding tot klinisch chemicus 
(opleider Prof. dr G.T.B. Sanders) en registratie als erkend klinisch chemicus volgde op 1 
september jl. Per 1 december treedt Henk in dienst bij het Boven IJ Ziekenhuis in 
Amsterdam Noord, waar bij is benoemd als hoofd van het klinisch chemisch laboratorium. 
Henk is getrouwd met Simone en heeft drie dochters, Lisette, Marleen en Judith. 
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