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Chapter 4 

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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