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Chapter 9 

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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Summary and conclusions 

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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