Polish J. Chem., 78, 1619-1625 (2004)

The Application of Magnesium Ion Selective Electrode
in Clinical Analysis

by A. Malon', Ch. Brockmann?, J. Fijalkowska-Morawska®,
P. Rob* and M. Maj-Zurawskal**

"Warsaw University, Faculty of Chemistry, Pasteura 1, 02093 Warsaw, Poland
*Medical University Luebeck, Department of Anesthesiology, 23538 Luebeck, Germany
Medical Academy, Department of Nephrology, 90153 Lodz, Poland
*Medical University Luebeck, Department I of Internal Medicine, 23538 Luebeck, Germany

(Received March 1st, 2004, revised manuscript April 5th, 2004)

The role of magnesium is primarily that of a cofactor in intracellular biochemical
reactions, therefore, the concentration of intracellular ionized magnesium is much
more physiologically relevant. The determination of the ionized magnesium (iMge) in
erythrocytes by ion-selective electrode for routine clinical measurements was first time
investigated. Intracellular and extracellular magnesium concentration in critically ill
postoperative patients and in dialyzed patients was compared with healthy individuals.
Of the investigated parameters, iMge seems to be the best magnesium parameter to
observe hypo- or hypermagnesemia for both groups of patients. The correlation that was
found between extracellular and intracellular magnesium concentrations can be also
used to evaluate the magnesium status.
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Magnesium is one of the most fundamental ions in the human body with a
well-documented physiological and clinical role [1,2]. In modern clinical labora-
tories magnesium is measured mainly as total substance concentration. Although less
than 1% of the total body magnesium is present in blood, the determination of this
parameter is mainly done for blood serum or plasma in routine clinical analysis.
Several methods for the measurement of total magnesium content in serum (tMgy)
have been described. To obtain more reliable information about the functional
magnesium status of a patient, a method that measures the biologically active Mg
fraction was necessary. A relevant method for measurement of ionized magnesium in
serum (iMg,) was developed in the beginning of the nineties and is now gaining the
status of a routine method in clinical analysis [3—18].

Because the role of magnesium is primarily that of a cofactor in intracellular
biochemical reactions, and almost 99% of the total body magnesium can be found
intracellularly, the benefit of the magnesium measurement in blood serum alone has
been questioned. Therefore, several methods of the measurement of total cellular
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magnesium, also in erythrocytes (tMg.), have been described. However, the concen-
tration of intracellular ionized magnesium is much more physiologically relevant and
therefore of special interest. The knowledge of a relation between the ionized and the
total magnesium concentration in serum and erythrocytes together with the know-
ledge of exchange of erythrocyte-serum gives a fuller picture of biochemical trans-
formations occurring in the organism.

Ionized magnesium in erythrocytes (iMg.) is a new parameter that can help to
better establish more reliable information on the functional magnesium status.
Nowadays ionized magnesium concentration in erythrocytes is determined by com-
paratively expensive methods requiring specialized staff. These methods are the 3'P
nuclear magnetic resonance spectroscopy (*'P NMR), the zero-point titration using
the atomic absorption spectrometry (AAS), the fluorimetry using video-microscope
orion-selective microelectrode for intracellular measurements. That is why accurate,
reproducible and also cheap methods for the measurement of cytosolic free magne-
sium ion concentration are required in order to assess its physiologic role. Recently a
simple, rapid and accurate method of determining ionized magnesium in erythrocytes
using a potentiometric clinical analyzer Microlyte 6 (Kone, Finland) for routine
clinical use was investigated [19,20]. The present paper reports results of application
this new method for clinical measurements.

EXPERIMENTAL

Freshly drawn heparinized blood (6 U.I. of sodium heparin pro 1 mL of blood) was centrifuged
(Centrifuge type MPW=-340, Poland, G =480 g, 20 min, 4000 rev./min). The serum was separated from
the erythrocytes and the coating of lymphocytes was removed. lonized magnesium concentration in
serum was measured in fresh samples by a magnesium ion-selective electrode, which was placed in an
automatic potentiometric clinical analyzer Microlyte 6 (KONE Instruments, Espoo, Finland) [3,6-8].
Total magnesium content in serum was measured by flame atomic absorption spectroscopy (AAnalyst
300, Perkin Elmer, Ueberlingen, Germany).

Isolated erythrocytes were washed three times with 0.16 mol/L NaCl (1+1 by volume). The sample
was centrifuged after every washing and the washing solution was removed (Centrifuge type MPW-340,
Poland, G =480 g, 20 min, 4000 rev./min). The distilled water and TRIS/TES buffer of pH 7.2 (1+1+1,
sample + water + buffer) were added to the erythrocytes. Then the sample was lysed in ultrasonic bath
(20 min) (ultrasonic cleaner “Polsonic” sonic-0.5, Poland). lonized magnesium concentration in eryth-
rocytes was measured in the samples by a magnesium ion-selective electrode, which was placed in an
automatic potentiometric clinical analyzer Microlyte 6 (KONE Instruments, Espoo, Finland) [19,20].
Total magnesium content in erythrocytes was measured by atomic absorption spectrometry (AAnalyst
300, Perkin Elmer, Ueberlingen, Germany); erythrocytes after lysis and centrifugation of cell membranes
were diluted 100 times with deionized water.

All reagents were of analytical grade. Doubly distilled and deionized water (resistance 18.2 MQcm,
Milli-Qplus, Millipore, Austria) was used.

Experimental potentiometric data were corrected for changes in ionic strength and the liquid
junction potential using the Debye-Hiickel and Henderson formalism [6,7], respectively. All poten-
tiometric measurements were made at 37°C with a Microlyte clinical analyzer (Kone, Finland) connected
online to a computer.
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The fraction of iMg, (friMg,) and iMg, (friMg,) were calculated as iMgy/tMgx100% and
iMg./tMg .x100%, respectively.

Reference ranges for all parameters were defined as mean+2 SD. Comparison of magnesium values
measured in erythrocytes in dialyzed patients and in critically ill postoperative patients with the reference
values was done using the Student test. Correlations between the magnesium parameters and hematocrit
were calculated with the use of the Kendall rank correlation.

RESULTS AND DISCUSSION

Critically ill postoperative patients. Hypomagnesemia is very common in
critically ill postoperative patients. Compared to 11% of hospitalized patients [21,22],
65-70% of critically ill postoperative adults [23-25] and 30% children [26] have
lower level of magnesium. Accordingly, the present part of this study was undertaken
to investigate the relation between the levels of iMg,, tMg; and iMg, of critically ill
patients. We compared intracellular and extracellular magnesium concentration in
critically ill postoperative patients with healthy subjects and examined whether or not
there is a significant correlation between magnesium parameters and level of hematocrit.

In Table 1, an overview of the mean intracellular and extracellular magnesium
parameters and level of hematocrit measured in patients and representatives of the
healthy group are given. The mean of hematocrit concentration of critically ill
postoperative patients was statistically significantly decreased, whereas the mean of
iMgs, tMgs and iMge concentration did not differ (Student ¢ test, = 0.01).

Table 1. Comparison of blood parameters of two groups of patients and healthy population.

Critically ill postoperative patients Dialyzed patients Healthy subjects

n=69 n=15 n=70
[mm(ﬂ\,{g]s (SD) 0.97 (0.35) - 0.90 (0.20)
[mmcﬂ\/%s(SD) 0.57(0.17) 0.51 (0.09) 0.58 (0.13)
[mmg%g]e(SD) - 229 (0.37) 2.42 (0.34)
[mmji‘/{gf(sm 0.72(0.19) 1.26 (0.10) 0.73 (0.15)
H@‘??g’gﬂ“ 31.0(4.7) 31.6 (5.2) 40.0 (5.0)

The significant correlation between the two serum markers, iMg, and tMg;
(Kendall rank correlation coefficient7 = 0.611; P < 0.001), and between iMg, and
friMg, (tr = 0.235, P < 0.001) for the 69 patients was made. We also studied the
relationship between both serum and erythrocytes magnesium concentration and
hematocrit content. We found a significant correlation between tMg; and hematocrit
(t =0.225, P <0.01).
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The frequencies of hypomagnesemia calculated for the three measured magne-
sium parameters were also checked. Based on tMg, measurements, 15.87% of the
patients admitted to the intensive care unit are hypomagnesemic. A decreased iMg;
and iMg, was measured in 22.22% and 36.51% of the patients, respectively.

The prevalence of hypomagnesemia based on iMg, (0.45 mmol/L) was 22.22%, a
value that differs from the frequency reported in other studies on iMg; in critically ill
patients: 4.30% of the 91 critically ill postoperative patients with hypoalbuminemia
[17] or 15.00% of the 34 critically ill postoperative patients [27] were found with a
level of iMg, of less than 0.44 mmol/l. Nevertheless, it is still a very small percentage
of the population to be treated as a marker of hypomagnesemia.

The measurement of tMg, also resulted in a very low number of hypomagnesemic
patients (15.87%). The results reported in previous studies varied from 9.40% in
critically ill patients with chronic obstructive pulmonary disease [28] or 11.00% in
general hospital inpatients [21], through 30.00% in neonatal intensive care patients
[26] or 32.60% in critically ill postoperative patients with hypoalbuminemia [17] to
61.00% [29] in critically ill postoperative patients or 65.00% in adult intensive care
patients [23], depending on the population studied and whose tMg threshold value
was chosen. The reasons for these rates of magnesium deficiency are multifactor
and include: decreased absorption caused by impaired gastrointestinal activity;
malnutrition; renal wasting of various drugs; diabetes mellitus; hypokalaemia; and
hypocalcaemia [1,30].

The major finding of this study is that the frequency of hypomagnesemia as
measured by intracellular ionized levels is over 36% in critically ill patients. This is in
contrast to the 16% found when only total serum magnesium levels were measured.
The new magnesium marker that should be a rate of hypomagnesemia iMg, looks
promising. This new parameter used to routine, clinical measurements can help to
better establish more reliable information on the functional magnesium status and
that knowledge gives a fuller picture of the magnesium status of a patient.

Dialyzed patients. Because the kidneys play a major role in magnesium homeo-
stasis, chronic dialysis patients are often hypermagnesemic [31], the levels of iMgj,
iMg. and tMg, of dialyzed patients were investigated. In the present study the levels
of hematocrit, iMg,, iMg. tMg, were compared with the values measured in blood
from healthy subjects. Moreover, we examined whether or not there is a significant
correlation between magnesium parameters and level of hematocrit.

Table 1 presents the mean of intracellular and extracellular magnesium markers
and level of hematocrit in 15 dialyzed patients. When comparing the dialyzed group
with the healthy one, the mean of hematocrit concentration in patients decreased
significantly, while there was no significant difference in iMg or tMg, concentration
(Student ¢ test, ¢ = 0.01). Nevertheless, iMg, was significantly higher in the dialyzed
patients, namely, 1.7 times the mean value for the healthy group (Student ¢ test,
a=20.01).
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There was a negative correlation between iMg and tMg,, (t =-0.485, P < 0.05),
but also between friMg, and tMg, (r=-0.727, P <0.001). No correlation was found
between iMg, and friMg,, iMg, and friMg,, iMg, and tMg, or iMg, and iMg.

Hypo- (< 1.66 mmol/L) or hypermagnesemia (> 3.06 mmol/L) based on tMg, was
not observed in this dialyzed group. However, 5 of the 15 patients (33.30%) had a low
level of ionized magnesium in serum and in all the patients there was increased
ionized magnesium in erythrocytes (statistically significant, Studentz test,a=0.01).

Our values for ionized magnesium in erythrocytes were similar to the results
obtained by Markell and co-workers [32]. However, in another study [31] it was
shown that iMg, and tMg, concentration in the hemodialysis patients were greater
than in the healthy volunteers. Huijgen et al. [31] explained that in uremic patients
erythrocytes have a decreased life span, which results in increased erythropoiesis.
Because young erythrocytes contain much more magnesium than older cells, hemo-
dialysis patients can be expected to have an increased tMg, [33—35]. Moreover, the
increased serum magnesium concentration during erythropoiesis can enhance this
effect. In their work, tMg, correlated with iMg, and tMg,. Similar results are obtained
in our work for iMg, and tMg,. However, in our study these magnesium parameters
are in the same range as the magnesium values measured in the healthy population.
On the other hand, an increased rate of Na/Mg antiport in hemodialysis patients,
which leads only to a magnesium efflux out of erythrocytes, partially compensates for
the intracellular increase [36]. In their opinion, all these influences combine to make
erythrocytes magnesium an unsuitable measure of magnesium overload in hemo-
dialysis patients [31]. In our work, we observe that only iMg, concentration signifi-
cantly increased, in opposite to tMg, that was at the same level in comparison with the
healthy persons. Because the total magnesium concentration in erythrocytes is much
higher in reticulocytes than in ordinary red cells [35], it is possible that reticulocytes,
during the process of entering the blood circulation, when they lost intracellular
organelles and ability of protein synthesis, were holding much more ionized mag-
nesium than ordinary erythrocytes. This might result in an increase in the population
of younger erythrocytes with higher ionized magnesium concentration and thus
explains our results.

CONCLUSIONS

In spite of earlier studies, which suggested that hypomagnesemia estimated on
the level of tMg, or iMg, was common in these specific patients, our data showed
hypomagnesemia only in a small part of the population. However, the prevalence of
hypomagnesemia based on iMg, was almost twice as high as that on tMg, or iMg,.
This parameter, used in routine, clinical measurements can give a fuller picture of the
magnesium status of a patient. Because the function of magnesium is mainly intracel-
lular the correlation that was found between extracellular and intracellular magne-
sium concentration in critically ill postoperative patients can be also used to evaluate



1624 A. Malon et al.

the magnesium status. Moreover, a statistically significant increase iMg, in dialyzed
patients by the simultaneous normal levels of other magnesium parameters once more
emphasized that the knowledge of concentration of ionized intracellular magnesium
(the biologically active magnesium fraction) can help to better establish more reliable
information about the functional magnesium status.
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