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(57) ABSTRACT 

A method for monitoring ionized Mg2+ concentrations and 
ionized Ca2":Mg2+ ratios in a patient, useful in diagnosing 
and prognosing disease states including headache, cardiop 
ulmonary bypass surgery, hypertension, abnormal preg 
nancy, head trauma, and fetal abnormalities is provided as 
Well as a composition and a method of treating a patient With 
ionized Mg2+ or ionized Ca2+ and Mg2+. A method of 
treating headache is provided. 
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METHOD AND COMPOSITION FOR TREATMENT 
OF HEADACHE USING MAGNESIUM 

[0001] This application is a continuation-in-part of pend 
ing U.S. Ser. No. 07/864,646, ?led Apr. 7, 1992 Which is a 
continuation-in-part of pending U.S. Ser. No. 07/681,940 
?led Apr. 8, 1991. 

BACKGROUND ART 

[0002] Magnesium (Mg) is the second most abundant 
cation in the body [Altura, B. M. et al., Drugs 28 (Sup 
pl.I):120-142, 1984]. It is cofactor for more than 325 cellular 
enZymes involved in cellular energy production and storage, 
protein synthesis DNA and RNA synthesis, cell groWth and 
reproduction, adenylate cyclase synthesis, maintenance of 
cellular electrolyte composition, and stabilization of mito 
chondrial membranes [Altura, B. M. et al, Drugs 28 (Sup 
pl.I): 120-142, 1984; Wacker, W. E. C. Magnesium andMan, 
Harvard Univ. Press, Cambridge, 1980]. As a consequence 
of these biochemical activities, Mg plays a pivotal role in 
control of neuronal activity, cardiac excitability, neuromus 
cular transmission, muscular contraction, and vasomotor 
tone [Altura, B. M. et al., Drugs 28 (Suppl.I):120-142, 1984; 
Wacker, W. E. C. Magnesium and Man, Harvard Univ. Press, 
Cambridge, 1980; Altura, B. M. et al., in: Metal Ions in 
Biological Systems, ed. by H. Sigel and A. Sigel, Vol 26: 
Compendium on Magnesium and Its Role in Biology, Nutri 
tion, and Physiology, pp 359-416, Marcel Dekker, Inc. NeW 
York, 1990]. 
[0003] Most clinical data of Mg determinations are 
derived from blood levels of total Mg (Wacker, W. E. C. 
Magnesium and Man, 1980; Elin, R. J. Clin. Chem. 
33:1965-1970, 1987). Total serum Mg concentrations re?ect 
protein-bound (30-40%), chelated (7-12%), and free or 
ioniZed Mg (Mg2+) (60-70%) fractions. The eXact propor 
tion of these fractions has been eXtremely dif?cult to deter 
mine precisely, and, moreover, there is no Way to rapidly 
make such determinations. Precise information about Mg 
activity is pivotal to our understanding of Mg metabolism. 
The free or ioniZed form (Mg2+) is the active form of the 
mineral (Wacker, W. E. C. Magnesium and Man, 1980; Elin, 
R. J. Clin. Chem. 33:1965-1970, 1987, Ryan, M. F. Ann. 
Clin. Biochem. 28:19-26, 1991). Alterations in circulating 
protein levels (primarily albumin), Which are seen in numer 
ous pathophysiologic states, Will alter the interpretation of 
Mg status (very similar to calcium) (Elin. R. J. Clin. Chem. 
33:1965-1970, 1987). 
[0004] Although numerous methods are available clini 
cally, to determine total Mg in serum, plasma, urine, cerebral 
spinal ?uid and other body ?uids (e.g., atomic absorption 
spectrophotometry, atomic emission spectrophotometry, 
colorimetry, ?uorometry, compleXimetry and chromato 
graph for quantifying total Mg), none of these can determine 
ioniZed or free Mg2+ (Elin, R. J. Clin. Chem. 33:1965-1970, 
1987. Wills, M. R. et al. Magnesium 5:317-327, 1986). 

[0005] Until the present invention, the only method for 
assessing free Mg2+ in biological samples Was an ultra?l 
tration procedure (Wacker, W. E. C. Magnesium and Man, 
1980; Elin, R. J. Clin. Chem. 33:1965-1970, 1987; Wills, M. 
R. et al. Magnesium 5:317-327, 1986; AikaWa, J. K. Mag 
nesium: Its Biologic Signi?cance, CRC Press, Boca Raton, 
1981). While this procedure is capable of measuring free 
Mg2+, it is fraught With a multiplicity of problems (need to 
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control pH, need to control Filter composition, time-con 
suming, inability to access Whole blood Mg2+, need for 
centrifugation of blood). In addition, and most important, 
these classical methods, Which primarily depend upon modi 
?cations of the procedure outlined by Watchorn, E. et al. 
(Biochem. J. 26:54, 1932), Toribara et al. (J. Clin. Invest. 
36:738, 1957) and Walser, M. (J. Clin. Invest. 40:723-730, 
1961) result in ioniZed Mg2+ values on normal subjects 
Which are signi?cantly different from those obtained by the 
present method as assessed using an ion selective electrode 
(ISE). Using ultracentrifugation methods combined With 
ultra?ltration methods to assess free Mg2+, the percentages 
of ultra?lterable Mg reported by previous Workers (around 
70%) (Cummings, N. A. et al. Anal. Biochem 22:108-116, 
1968; Nielson, S. P. Scand. J. Clin. Lab. Invest. 23:219-225, 
1960) are much higher than the values using the present 
method. Even more recent measurements, using ultra?ltra 
tion and a micropartition ?ltration system has yielded a 
much Wider range of values for ultra?lterable Mg from 
normal human subjects than those of the present method 
(D’Costa, M. et al. Clin. Chem. 29:519, 1983; Zaloga, G. P. 
et al. Crit. Care Med. 15:813-816, 1987). Some of these 
pitfalls preclude determination of Mg2+ in various body 
?uids. Moreover, determinations can not be done on less 
than 1.0 ml of blood. 

[0006] The physiologic or pathophysiologic effects of 
mild to severe (or graded) decreases or increases in extra 
cellular free Mg2+ in Whole blood, serum or plasma has not 
been possible to discern in human subjects or animals either 
rapidly (e.g., Within 1-2 min) or repeatedly (multiple 
samples over a feW minutes-hours). Since Mg is frequently 
used in normomagnesemic patients for its antiarrhythmic, 
vasomotor and neuronal actions [Altura, B. M. et al. Drugs 
28(Suppl.I):120-142, 1984; Wacker, W. E. C. Magnesium 
and Man, 1980; Altura, B. M. et.al. In: Metal Ions in 
Biological Systems, 1990; Iseri C. T. et al. West J. Med. 
138:823-828, 1983; Ebel, H. et al. J. Clin. Chem. Clin. 
Biochem. 21:249-265, 1983], it is vital to be able to assess 
the eXact extracellular level of ioniZed Mg2+ at any one 
instant. Although there is a dire need to carefully monitor 
extracellular Mg2+ in hypomagnesemic patients or patients 
linked to Mg de?ciency states such as cardiovascular insuf 
?ciency, cardiac arrhythmias, coronary artery spasm, those 
at risk for sudden death, renal disorders, respiratory muscle 
Weakness, pre-eclampsia, eclampsia, migraine, hyperten 
sion, premenstrual syndrome, tetany, seiZures, tremor, apa 
thy, depression, hypokalemia and hypocalcemia, there is at 
present no Way to do this either precisely or rapidly [Altura, 
B. M. et al. Drugs 28(Suppl.I): 120-142, 1984; Wacker, W. 
E. C. Magnesium and Man, 1980; Altura, B. M. et.al. In: 
Metal Ions in Biological Systems, 1990; Iseri, C. T. West J. 
Med. 138:823-828, 1983; Ebel, H. et al. J. Clin. Chem. Clin. 
Biochem. 21:249-265, 1983; Altura, B. M. et al. Magnesium 
4:226-244, 1985; Zaloga, G. P. Chest 56:257-258, 1989; 
Sjogren, A. J. Intern. Med. 226:213-222, 1989; Zaloga, G. P. 
et al. In: Problems in Critical Care, ed. G. P. Zaloga Vol 
4:425-436, J. B. Lippincott Co., Philadelphia, 1990; 
Resnick, L. M. et al. Proc. Nat. Acad. Sci. USA 81:6511 
6515, 1984; Rudnick, M. et al.APMIS 98:1123-1127, 1990]. 
[0007] In 1980, it Was suggested on the basis of in-vitro 
experiments that drops in ioniZed serum Mg2+ Would pro 
duce coronary vasospasm, arrhythmias and sudden death 
(Turlapaty and Altura, Science 208:198-200, 1980). 
Although clinical observations from other Workers in the 
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intervening years have suggested this might be a “real” 
possibility, up until the present invention, no evidence could 
be gathered due to the unavailability of a method for 
accurate and rapid assessment of blood ioniZed Mg2+ 
(Altura, B. M. et al. In: Metal Ions in Biological Systems, Vol 
26, 1990; Ebel, H. et al. J. Clin. Chem. Clin. Biochem. 
21:249-265, 1983; Altura, B. M. et al. Magnesium 4:226 
244, 1985; Sjogren, A. et al. J. Intern. Med. 226:213-222, 
1989; Zaloga, G. P. et al. In: Problems In Critical Care Vol 
4, 1990). 
[0008] Over the past 10 years, it has been determined that 
reductions in ioniZed Mg2+, experimentally in animals and 
isolated cerebral blood vessels, can induce intense vasos 
pasm and rupture of blood vessels in the brain (Altura, B. M. 
et al. In: Metal Ions in Biological Systems Vol 26, 1990; 
Altura, B. T. et al. Neuroscience Letters 20:323-327, 1980; 
Altura, B. T. et al. Magnesium 1:277-291, 1982; Altura, B. 
T. et al. Magnesium 3:195-211, 1984; Altura, B. M. et al. 
Am. J. Emerg. Med. 1:180-193, 1983; Huang, Q-F., et al. 
FASEB J. 3:A845, 1989). On the basis of such experimental 
?ndings, it has been hypothesiZed that head trauma Would be 
associated With de?cits in serum, plasma and Whole blood 
ioniZed Mg2+ (Altura, B. T. et al. Magnesium 1:277-291, 
1982; Altura, B. T. et al. Magnesium 3:195-211, 1984; 
Altura, B. M. et al. Am. J. Emerg. Med. 1:180-193, 1983). 
The present inventions has alloWed these studies to be 
undertaken for the ?rst time. 

[0009] In the 1970’s and 1980’s, on the basis of numerous 
animal experiments, it Was reported that de?cits in ioniZed 
Mg2+ Would result in maintained peripheral vasospasm, 
constriction of small blood vessels in numerous organ 
regions and as a consequence development of high blood 
pressure or hypertension (Altura, B. M. et al. Drugs 28 
(Suppl.I):120-142, 1984; Altura, B. M. et al. In: Metal Ions 
in Biological Systems Vol 26, 1990; Altura, B. M. et al. 
Magnesium 4:226-244, 1985; Sjogren, A. et al. J. Intern. 
Med. 226:213-222, 1989; Turlapaty, P. D. M. V. et al. 
Science 208:198-200, 1980; Altura, B. M. et al. Federation 
Proc. 40:2672-2679, 1981; Altura, B. M. et al., Science 
221:376-378, 1983; Altura, B. M. et al. Science 223:1315 
1317, 1984). Until the development of the present invention, 
this hypothesis Was not testable because of a lack of proper 
methodology for processing samples and measuring ioniZed 
Mg2+. 
[0010] Accelerated atherosclerotic heart disease is a lead 
ing cause of death in the long-term (>10 year) renal trans 
plant recipient. Hypertension and hyperlipidemia are com 
mon in this population and may be secondary to 
cyclosporine use. Cyclosporine has been associated With a 
renal tubular total magnesium (TMg) leak, as evidence by 
loW serum total magnesium values and increased urinary 
excretion. Hypomagnesemia has been implicated as a factor 
in modulation of blood lipid levels, alteration of vascular 
tone and cyclosporine toxicity. Until the present invention, 
accurate measurements of biologically active ioniZed mag 
nesium or ioniZed Ca2+/ioniZed Mg2+ ratios Were not pos 
sible. Therefore, until the present invention, it Was not 
possible to determine the ratio of ioniZed calcium and 
ioniZed magnesium in hypercholesterolemia and cyclospo 
rine toxicity in renal transplant recipients. 

[0011] In 1981-1983, studies on isolated blood vessels 
from animals and pregnant Women, suggested that reduction 
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in dietary intake of Mg or inability to metaboliZe Mg 
properly could result in reduction in ioniZed Mg2+ and thus 
in umbilical and placental vasospasm, possibly reducing 
oxygen and nutrients to the groWing fetus (Altura. B. M. et 
al. Federation Proc. 40:2672-2679, 1981; Altura, B. M. et 
al., Science 221:376-378, 1983). The end result could be, in 
large measure, responsible for fetal groWth retardation, 
pre-eclampsia, hypertension and convulsions, particularly in 
pregnant indigent Women (Rudnick, M. et al. APMIS 
98:1123-1127, 1990; Altura, B. M. Science 221:376-378, 
1983). Mg has been recommended as early as 1925 in this 
country for treatment and prevention of pregnancy-induced 
pre-eclampsia, hypertension and convulsions, but a method 
for accurately monitoring ioniZed Mg2+ rapidly and repeat 
edly throughout pregnancy Was not available until develop 
ment of the present invention. 

[0012] National population statistics indicate that 18 mil 
lion Women and 5.6 million men suffer from severe migraine 
headaches.1 Only about one-third of all headache patients 
are fully satis?ed With treatments currently available. 

[0013] Although major advances have been made in 
unraveling the etiologies of numerous disease states, the 
precise cause(s) of migraine headaches remains elusive. 
Many investigators suspect that migraine and tension-type 
headaches may be part-and-parcel of a similar biologic 
process despite having differing clinical symptoms.24 One 
popular theory is that although a susceptible individual may 
?rst demonstrate intermittent migraines, these Will evolve 
into chronic daily headaches, similar in nature to tension 
type headaches, suggesting that possibly the tWo types of 
headaches derive from a similar initiating biochemical eti 
ology. Another leading theory is that all headaches share a 
common neurotransmitter dysfunctional mechanism, for 
example, related to the actions of serotonin. Changes in 
magnesium levels have effects on the functions of serotonin, 
27'” and NMDA receptors,3o'32 nitric oxide production,33 
catecholamine production and activity34 and on more than 
325 enZymatic processes in the body.35 IMg2+levels are 
knoWn to affect entry of Ca2+, intracellular Ca2+ levels and 
its release from sarcoplasmic and endoplasmic reticulum 
membranes in vascular muscle and endothelial cells Which 
in turn control vascular tone and vascular reactivity to 
endogenous hormones and neurotransmitters.36’ 37 Such vas 
cular effects could play a role in migraine pathogenesis.5 
Thus, magnesium de?ciency could be involved in both the 
vascular and neurological aspects (e.g., migraine aura, pain, 
nausea, etc.) of the development of migraines. 

[0014] Since 60 percent of all migraine sufferers report 
that close relatives often have a similar problem, it Would 
appear that genetic control mechanisms are also important in 
several types of headaches. It is thus possible that, biochemi 
cally, there may be a common factor to the above enigma. A 
reliable biologic marker(s) for headache has long-remained 
elusive.4 

[0015] A large body of circumstantial evidence points to 
the possible role of magnesium de?ciency in the pathogen 
esis of headaches and a possible vascular mechanism has 
been proposed.5 It Was pointed out there that all drugs Which 
have been successfully utiliZed for the treatment or preven 
tion of migraine attacks acts on cerebral blood vessels. 
Cerebral blood vessels are more sensitive to Mg (either 
de?cient or excess of) than any other type of vascular muscle 
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cells; Mg de?ciency resulting in contraction and potentiation 
of vasoconstrictors and excess resulting in vasodilatation 
and inhibition of vasoconstrictors.5’ 6’ 38 De?ciency in Mg2+ 
in neuronal and vascular tissue could be expected to result 
in elevation in levels of catecholamines, serotonin, prostag 
landins and substance P, 34’ 35’ 38'“ vasoactive substances 

long implicated in the etiology of migraine.5 In addition, 
serotonin is knoWn to be release form platelets during a 
migraine attack,42 and to be a potent cerebral vasoconstric 
tor18 and promote nausea and vomiting.43 Some prostanoids, 
e.g., PGEl, are knoWn to provoke pulsating headaches and 
additional migraine-like symptoms44 as Well as potentiate 
vasoconstrictor hormones acting on blood vessels.45 Pain in 
headache is often attributed to the action of substance P on 
sensory ?bers.46 It is of some interest to note that an 
Mg-de?ciency induced state has recently been shoWn 
experimentally to result in signi?cant generation and release 
of substance P into the blood stream.41 Excess Mg is knoWn 
to attenuate and inhibit the production and actions of sub 
stance P, serotonin and catecholamines on several types of 
end-organs including cerebral vascular tissues’ 32’ 33’ 36’ 38 

[0016] Since 1960,47 it has been knoWn that Mg2+ can 
prevent spreading depression in the cerebral cortex. This 
spreading depression causes an attenuation of blood How to 
the affected area of the brain, resulting in local hypoxia and 
possibly the neurological phenomenon termed the aura of 
migraine. It has been suggested that the type A stressful 
personality, often seen in the old characteristic descriptions 
of migraine sufferers, is associated With a Mg de?cit.48 The 
fact that most Americans exhibit shortfalls in Mg intake in 
their daily diets,34’ 35 and that some normal healthy volun 
teers exhibit de?cits in serum IMg2+ but not TMg,49 sup 
ports the notion the Mg de?ciency could be an important 
factor in the etiology of headaches. 

[0017] Mg seems to possess unique Weak calcium chan 
nel-blocking abilities.5> 35’ 36 It can act to regulate the entry 
of Ca2+ into smooth muscle and endothelial cells,35’ 36’ 5O’ 51 
and regulate the intracellular release and binding of Ca 
40, 51 by acting on potential-operated, receptor-operated and 
leak-operated Ca2+ channels in these cells.36 This may also 
help to explain Why calcium channel blockers (CCB), unlike 
Mg2+ shoWn here, require a relatively long period of therapy 
(e.g., tWo-to-?ve months) to achieve reasonable therapeutic 
effects in migraine sufferers.52 CCB could not be expected to 
act on leak-operated Ca2+ channels and only certain ones act 
on receptor-operated Ca2+ channel, making Mg2+ a poten 
tially ideal therapeutic agent for headaches.31 

[0018] 31P-nuclear magnetic resonance spectroscopy 
shoWed loW brain Mg2+ in a limited number of subjects 
during and betWeen migraine attacks.6 A loW Mg2+ level is 
knoWn to facilitate the development of spreading depression 
of Leao in animal experiments. This phenomenon is thought 
to underlie the phenomenon of migraine aura. Several anec 
dotal observations and one double-blind, placebo controlled 
trial suggested that oral Mg supplementation may be helpful 
in some headache patients. Oral magnesium supplementa 
tion trials, for the treatment of headaches,9'12 may have been 
impeded in the past by tWo factors. Absorption of oral 
supplements is highly variable and IMg2+ levels Were not 
monitored. One study reported that total serum Mg (TMg) 
levels Were decreased in patients With migraine and tension 
type headaches during an attack more than in the interictal 
period.13 TWo other studies shoWed normal serum levels of 
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TMg betWeen attacks of migraine.12’ 14 In one of these 
studies, a decreased TMg concentration in erythrocytes Was 
found, 14 While in the other a decreased TMg concentration 
in lymphocytes and polymorphonuclear cells, but not eryth 
rocytes, Was detected. A recent study shoWed decreased 
TMg content in mononuclear cells in migraine patients With 
and Without aura during an interictal period.15 

[0019] Studies of IMg2+ in large numbers of headache 
patients shoWed different incidences of loW IMg2+ levels in 
patients With different headache syndromes. Patients With 
chronic tension headaches19 had the loWest incidence 
(4.5%), While patients With episodic cluster headaches had a 
50% incidence.20 Patients With an acute migraine headache 
had a 42% incidence of loW IMg2+ levels. Total magnesium 
levels in most of these patients, including those With loW 
serum IMg2+, Were normal.19'22 

[0020] The present invention is a novel treatment and 
composition that results in rapid and immediate relief of 
various types of headaches using magnesium. 

[0021] A novel method to draW, handle, process and store 
biological samples for accurate, rapid and reproducible 
levels of ioniZed or free Mg2+ Was developed. The method 
of collecting and processing samples has utility in preparing 
biological samples for measurement of ioniZed Mg2+ con 
centrations using a novel selective ton electrode With neutral 
carrier based membrane. Using the methods of the present 
invention, an accurate normal range for ioniZed Mg2+ in 
Whole blood, plasma and serum has been determined for the 
?rst time. It is noW possible to diagnose, prognoses and treat 
various disease states by the method of the present inven 
tion, by monitoring ?uctuations in ioniZed Mg2+ concentra 
tions. 

SUMMARY OF INVENTION 

[0022] The present invention relates to a method for 
preparing biological samples, including collection and stor 
age conditions, prior to testing for ioniZed Mg2+ concentra 
tions under conditions Which minimiZe or prevent exchange 
of gases betWeen the biological sample and atmospheric air 
and in Which air and O2 is substantially excluded from the 
biological sample, preferably under anaerobic conditions, 
prior to measuring ioniZed Mg2+. 

[0023] Another aspect of the invention is a method for 
determining ioniZed Mg2+concentrations in a biological 
sample, collected and maintained under anaerobic condi 
tions or conditions Which minimiZe or prevent exchange of 
gases betWeen the biological sample and atmospheric air and 
in Which O2 is substantially excluded from the biological 
sample, the Mg2+ concentration being measured using an ion 
selective electrode With a neutral carrier based membrane. 

[0024] Another aspect of the invention is a method for 
determining ioniZed Ca2":Mg2+ ratios in a biological 
sample, collected and maintained under anaerobic condi 
tions or conditions Which minimiZe or prevent exchange of 
gases betWeen the biological sample and atmospheric air and 
in Which O2 is substantially excluded from the biological 
sample, the Ca2+ and Mg2+ concentrations being measured 
using ion selective electrodes With a neutral carrier based 
membrane. 

[0025] An additional aspect of the invention is a method 
for diagnosing or prognosing disease states such as head 
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ache, cardiac diseases, hypertension, idiopathic intracranial 
hypertension, diabetes, lung diseases, abnormal pregnancy, 
pre-eclampsia, eclampsia, head trauma, fetal growth retar 
dation, and the like, in a patient using a method of deter 
mining ioniZed Mg2+ concentrations or ioniZed Ca2":Mg2+ 
ratios. 

[0026] A further aspect of the invention is a method of 
maintaining normal ioniZed Mg2+ concentrations in a patient 
in need of such maintenance comprising administration of 
Mg2+ in the form of a pharmaceutical composition or dietary 
supplement. Another aspect of the invention is a method of 
maintaining normal ioniZed Ca2+/ioniZed Mg2+molar ratios 
in an individual comprising administration of an effective 
amount of Ca2+and Mg2+ in the form of a pharmaceutical 
composition or dietary supplement. 

[0027] Another object of the present invention is a method 
and composition for treatment of headaches using a mag 
nesium salt. The composition may be provided in a kit form 
along With a self-injection device. 

[0028] Another aspect of the invention is a pharmaceutical 
composition or dietary supplement for preventing or treating 
magnesium de?ciencies, the composition comprising as the 
active ingredient(s) a concentration of bioavailable magne 
sium or bioavailable calcium and magnesium, Wherein the 
concentration(s) provides a normal physiological molar ratio 
of ioniZed Ca2"/Mg2+ in the body ?uids, such body ?uids 
comprising Whole blood, serum, plasma, cerebral spinal 
?uid or the like. 

BRIEF DESCRIPTION OF DRAWINGS 

[0029] These and other objects, features, and many of the 
attendant advantages of the invention Will be better under 
stood upon a reading of the folloWing detailed description 
When considered in connection With the accompanying 
draWings Wherein: 

[0030] FIG. 1 shoWs the plasma ioniZed Mg2+ concentra 
tions from the Whole blood Which Was spun to pack the 
formed elements such as erythrocytes, and stored anaerobi 
cally for 4 hours at room temperature. It shoWs that Whole 
blood can be stored for at least 4 hours if stored anaerobi 
cally Without affecting the ioniZed Mg2+values as compared 
to an ioniZed Mg2+ concentration for fresh plasma. 

[0031] FIG. 2 shoWs that freeZe-thaWing samples has 
virtually no effect on the ioniZed Mg2+ values for samples 
stored under anaerobic conditions. In contrast, ioniZed Ca2+ 
values decline With repeated freeZe-thaWing of the sample. 

[0032] FIG. 3 aqueous Mg2+ vs. aqueous TMg. Correla 
tion of ioniZed magnesium (Mg2+) values by ion selective 
electrode (ISE) With total magnesium (TMg) values by 
atomic absorption spectroscopy taken on unbuffered aque 
ous solutions of MgCl. 

[0033] FIG. 4 Mg2+ and Ca2+ changes in aqueous buffered 
solutions With changes in pH as determined by an ISE. 

[0034] FIG. 5 shoWs the correlation betWeen serum Mg2+ 
values as measured on ultra?ltrate Mg2+ by atomic absorp 
tion vs. ioniZed Mg2+ values determined by an ISE. There 
Was a correlation of R=0.88. 

[0035] FIG. 6 Mg2+ (IMg2+) and TMg in three patients 
undergoing cardiac surgery. Img2+ and TMg Were folloWed 
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in three cardiac patients perioperatively. For each patient, 
tWo samples Were obtained prior to the addition of car 
dioplegia (circled). The ?rst samples obtained folloWing the 
addition of cardioplegia (Which contained magnesium salt) 
demonstrated large increases in both the Mg2+ and the TMg 
values (arroWs left to right). As surgery progressed, both 
values decreased in each patient as indicated by the arroWs 
draWn right to left. The xy line is that seen in FIG. 3: 
y=0.71><+0.01. The average IMg2+/TMg ratio folloWed by 
the range of ratios for each patient Were as folloWs: ?lled 
circles, 0.87 (0.78-1.01); Xs, 0.80 (0.66-0.93); ?lled squares, 
0.57 (0.31-0.72). 

DISCLOSURE OF INVENTION 

[0036] The present invention relates to a method of treat 
ing headache comprises administration of a suf?cient 
amount of a magnesium salt or mixture of magnesium salts 
to prevent or eliminate a headache. A suf?cient amount of a 
magnesium salt or mixture of magnesium salts is that 
amount Which prevents development of a headache or 
alleviates or lessens the severity of the headache and symp 
toms associated With a headache, such as pain, aura, pho 
tophobia, phonophobia, and the like as Well as neurological 
de?cits such as hemi-sensory loss, vertigo, or visual distur 
bances and the like. In addition to preventing or alleviating 
or lessening the symptoms of the headache, the amount of 
magnesium salt or mixture of magnesium salts is suf?cient 
to raise the ioniZed magnesium concentration in the serum to 
Within a normal range of serum ioniZed magnesium as 
determined using an ion-selective electrode as described 
herein. The sufficiency of the amount of magnesium salt 
provided to the patient may also be determined by 31P NMR 
spectroscopy of ioniZed magnesium concentrations in the 
brain of the patient6 [Altura, et al. Magnes. Trace Elem, 
10(2-4); 122-35, 1991-1992]. The amount of magnesium 
salt should be an amount suf?cient to raise the ioniZed 
magnesium concentrations in the brain. 

[0037] The amount of the magnesium salt or mixture 
thereof for treatment or prevention of headache is about 500 
mg to about 5 gms, preferably 1 gm to about 2 gms. In one 
embodiment the magnesium salt is provided in a dose of 
about 1-to-about 3 grams, preferably about 1 gram. 

[0038] The above concentration of salt or mixture thereof 
is suf?cient to provide to the patient an elemental concen 
tration of magnesium of about 200 mg to about 400 mg. 

[0039] In one embodiment the magnesium salt is in the 
form of magnesium sulfate (MgSO4). Other magnesium 
salts that are useful in the present invention include but are 
not limited to MgCl, MgCl.6H2O, MgSO4.7H2O, and other 
magnesium salts that are highly Water soluble, highly bio 
available and safe for human use. The magnesium salt is 
provided as a pharmaceutical composition in a pharmaceu 
tically acceptable carrier. The pharmaceutical composition 
for oral administration of the magnesium salt or mixture 
thereof is provided only as an aqueous solution, not in tablet 
form. The carrier for the oral pharmaceutical composition is 
preferably Water, more preferably bottled Water Which con 
tains little or no other anions or minerals. In addition to the 
magnesium salt, the pharmaceutical composition may con 
tain one or more analgesics such as ketorolac, aspirin, 
acetaminophin, ibupro?n and the like. In one embodiment 
the composition has a magnesium salt or mixture of mag 
nesium salts plus ketorolac Which is useful for intravenous 
administration. 
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[0040] In the method of treatment of a headache intrave 
nously, the amount or dose of a magnesium salt or mixture 
thereof is administered over a period of time, preferably 
betWeen about tWo minutes to about 15 minutes, more 
preferably about four to about ?ve minutes. In one embodi 
ment the dose of magnesium salt is administered betWeen 
about tWo to about ?ve minutes intravenously. In other 
routes of administration, such as subcutaneously (S.C.), 
intramuscularly (I.M.), nasally and rectally, the dose is 
preferably provided as an immediate bolus. The dose of 
magnesium salt may be administered once or multiple doses 
of magnesium may be provided as necessary to prevent or 
treat headache. For oral administration, about one to about 
tWo liters of an aqueous solution of the magnesium salt is 
imbibed by an individual over a 24-hour period on a daily 
basis. The need for more than one dose of magnesium salt 
may monitored by symptom manifestation and by ioniZed 
magnesium and ioniZed Ca2":Mg2+ ratio determinations. 

[0041] The route of administration may be intravenous, 
S.C., I.M., nasal, rectal, oral and the like. Subcutaneous may 
be administered by a patient using an autoinjector device 
such as that used to administer sumatriptan (Dahlof, C., et al. 
Arch. Neurol. (US) Vol. 51(12): 1256-61, 1994; Portugese 
Sumatriptan Auto-injector Study Group, J. Int. Med. Res 
(England) Vol. 221225-35, 1994). The pharmaceutical com 
position and auto injector device may be provided as a kit to 
the individual for self treatment. 

[0042] The magnesium salt of the present invention may 
also be administered intranasally in a manner similar to 
administration of sumatriptan (Salonen, R., et al. J. Neural. 
(Germany) Vol. 241:463-9, 1994) or the like. Rectal admin 
istration may be provided by a suppository containing the 
magnesium salt. 
[0043] The present invention encompasses a method of 
determining patients amenable to treatment using magne 
sium salts or mixtures thereof comprising determining 
serum levels of ioniZed magnesium and/or serum ioniZed 
calcium to serum ioniZed magnesium ratios in the individual 
having a headache. Patients amenable to treatment have 
serum ioniZed magnesium concentrations equal to or less 
than about 0.54 mmole/L, typically betWeen about 0.44 
mmole/L to about 0.53 mmole/L. Patients amenable to 
treatment have higher than normal serum ICa2":IMg2+ ratios 
of about 2.25 to about 2.55. 

[0044] The present invention demonstrates the clinical 
utility of Mg as a therapeutic regimen in alleviation of 
headaches. The present invention indicates a role for IMg2+ 
de?ciency in the etiology and development of headaches. 
Ef?cacy of a magnesium salt in the acute treatment of many 
patients With a variety of headaches Was demonstrated. As 
shoWn by the present invention, measurement of serum 
Mg2+ levels help to establish a biochemical marker for 
headaches. 

[0045] The ef?cacy of administration of a magnesium salt 
for the treatment of patients With headaches Was shoWn. 
Clinical responses Were correlated With the basal serum 
ioniZed magnesium (IMg2+) level and ioniZed calcium to 
ioniZed magnesium ratios. It Was also determined by the 
present invention that patients With certain headache types 
exhibit loW serum IMg2+ as opposed to serum total Mg 
(TMg) 
[0046] Patients’ headache, including moderate or severe 
headache of any type, may bene?t from treatment using a 
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magnesium salt. Such headaches include but are not limited 
to migraines With or Without aura, cluster headaches, chronic 
tension-type headaches, chronic migrainous headaches and 
the like. 

[0047] The method of treating headaches of the present 
invention provides complete elimination of pain in approxi 
mately 80% of the patients Within ?ve minutes of treatment 
using a magnesium salt. No recurrence or Worsening of pain 
Was observed Within 24 hours in greater than 50% of the 
patients. Patients treated With the magnesium salt of the 
present invention had complete elimination of migraine 
associated symptoms such as photophobia and phonophobia 
as Well as nausea. Correlation Was noted betWeen immediate 

and 24-hour responses With the serum IMg2+levels. Total 
Mg (TMg) levels in contrast in all headache subjects Were 
Within normal range (0.70-0.99 mM/L) Patients demonstrat 
ing no return of headache or associated symptoms Within 24 
hours of treatment With a magnesium salt exhibited the 
loWest initial basal levels of IMg2+ prior to treatment. 
Non-responders exhibited signi?cantly elevated TMg levels 
compared to responders. Although most subcategories of 
headache types investigated (i.e., migraine, cluster, chronic 
migrainous) exhibited loW serum IMg2+ during headache 
and prior to IV MgSO4, the patients With cluster headaches 
exhibited the loWest basal levels of IMg2+ (p<0.01). All 
headache subjects except for the chronic tension group 
exhibit rather high serum ICa2"/IMg2+ ratios compared to 
controls. 

[0048] The present invention relates to a method for 
preparing biological samples, including collection and stor 
age conditions, prior to testing for ioniZed Mg2+ concentra 
tions Which alloW accurate and reproducible readings. More 
speci?cally, the invention relates to a method of collecting 
and maintaining biological samples under conditions Which 
minimiZe or prevent exchange of gases betWeen atmospheric 
air and the biological sample, preferably in which 02 is 
substantially excluded and pCO2 levels are maintained in the 
biological sample prior to measuring ioniZed Mg2+. The 
preferred embodiment is a method for preparing and storing 
biological samples under anaerobic conditions. 

[0049] The biological sample to be tested for ioniZed 
Mg2+ is preferably a ?uid or a sample that can be made ?uid 
including but not limited to Whole blood, plasma, serum, 
amniotic ?uid, umbilical cord blood, cerebral spinal ?uid, 
urine, gastric secretions, lacrimal secretions, peritoneal 
?uid, pleural ?uid and the like obtained from animals, 
preferably mammals, most preferably humans. The ?uid 
portion of biological tissue samples may be tested after 
homogenation With a tissue homogeniZer or the like if 
collected and maintained under conditions described herein. 
In the preferred embodiment, the biological sample is Whole 
blood, plasma, serum, cerebral spinal ?uid, umbilical cord 
blood, and amniotic ?uid. 

[0050] Another aspect of the invention is a method for 
determining ioniZed Mg2+ concentrations in a biological 
sample, collected and maintained under conditions Which 
minimiZe or prevent exchange of gases betWeen the biologi 
cal sample and atmospheric air, preferably in which 02 is 
substantially excluded and pCO2 levels are substantially 
maintained in the biological sample prior to measuring 
ioniZed Mg2+, most preferably under anaerobic conditions. 
In one embodiment, the ioniZed Mg2+ concentration is 



US 2001/0010827 A1 

measured using an ion selective electrode With a neutral 
carrier based membrane. In a preferred embodiment, the 
ionized Mg2+ concentration is obtained through the use of an 
ion selective electrode manufactured by Nova Biomedical. 

[0051] Another aspect of the invention is a method for 
determining ioniZed Ca2+1Mg2+ratios in a biological sample, 
collected and maintained under conditions Which minimiZe 
or prevent exchange of gases betWeen the biological sample 
and atmospheric air, preferably in which 02 is substantially 
excluded and pCO2 levels are substantially maintained in the 
biological sample prior to measuring ioniZed Ca2+ and 
Mg”, most preferably under anaerobic conditions. In one 
embodiment, the ioniZed Ca2+ and Mg2+ concentrations are 
measured using ion selective electrodes With a neutral 
carrier based membrane. In a preferred embodiment, the 
ioniZed Ca2+ and Mg2+ concentrations are obtained through 
the use of an ion selective electrode manufactured by Nova 
Biomedical. 

[0052] Ion selective electrodes based on neutral carrier 
membranes and the methods of their use are knoWn in the art 
and are Widely used as integrated devices in clinical chem 
istry analyZers. With their availability, a selective determi 
nation of different ions in dilute samples as Well as Whole 

blood is possible (Oesch, U. et al. Clin. Chem 32(8): 1448, 
1988). Neutral carrier based membranes selective for spe 
ci?c ions are knoWn in the art as described by Dinten, O. et 

al. (Anal. Chem. 631596-603, 1991), Which is incorporated 
by reference. As examples, membranes composed of N,N‘ 
diheptyl-N,N‘-dimethyl-1,4-butanediamide (C20H4ON2O2) 
(ETH 1117), N,N‘-diheptyl-N,N‘-dimethyl-aspartdiamide 
(C30N41N3O2) (ETH 2220), N,N“-octamethylenebis(N‘ 
heptyl-N‘-methyl-2-methylmalondiamide) (C32H62N4O4) 
(ETH 5214), N,N“-octamethylenebis(N‘,N‘-dioctylmalondi 
amide) (ETH 5220), N‘,N“,N“-iminodi-6,1-hexanediyldi 
iminotris(N-heptyl-N-methylmalonamide) (C45H84NO6) 
(ETH 5282) and the like are knoWn neutral carriers selective 
for Mg2+. Some examples of neutral carriers selective for 
Ca2+ are (—)-(R,R)-N,N‘-[bis(11-ethoxycarbonyl)undecyl] 
N,N‘, 4,5-tetramethyl-3,6-dioxaoctanediamide 
(C38H72N2O8) (ETH 1001), N,N,N‘,N‘-tetracyclohexyl-3 
oxapentanediamide (C28H48N2O8) (ETH 129), N,N-dicy 
clohexyl-N‘,N‘-dioctadecyl-3-oxapentanediamide (ETH 
5234) and the like. HoWever, until the present invention, ion 
selective electrodes for determining ioniZed magnesium 
concentrations Were not knoWn in the art. 

[0053] The methods for determining total magnesium, 
ioniZed Ca2+ and Mg2+ concentrations as measured using 
atomic absorption spectroscopy on an ultra?ltrate are knoWn 

in the art as described by Walser, M. (J. Clin. Invest. 
401723-730, 1961). D’Costa, M. (Clin. Chem. 291519, 
1983), and Zaloga, G. P. et al. (Crit. Care Med. 151813-816, 
1987), Which are incorporated by reference. 

[0054] Another aspect of the invention is a method for 
diagnosing or prognosing disease states or conditions asso 

ciated With Mg imbalances, Mg de?ciencies, or Ca2"1Mg2+ 
imbalances using a method of determining ioniZed Mg2+ or 
ioniZed Ca2"1Mg2+ ratios in a biological sample, collected 
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and maintained under conditions Which minimiZe or prevent 
exchange of gases betWeen the biological sample and atmo 
spheric air, preferably in which 02 is substantially excluded 
and pCO2 levels are substantially maintained in the biologi 
cal sample prior to measuring ioniZed Ca2+ and Mg2+, most 
preferably under anaerobic conditions. Such disease states 
include but are not limited to cardiac diseases, cardiovas 
cular insu?iciency, cardiac arrhythmias, coronary artery 
spasm, those at risk for sudden death, renal disorders, lung 
diseases, respiratory muscle Weakness, abnormal pregnancy, 
pre-eclampsia, eclampsia, fetal groWth retardation, 
migraine, hypertension, idiopathic intracranial hypertension, 
diabetes, head trauma, premenstrual syndrome, tetany, sei 
Zures, tremor, apathy, depression, hypokalemia and hypoc 
alcemia. The Mg2+ values of the patient are compared to 
normal ioniZed Mg2+ values for biological samples. In one 
embodiment, the normal ioniZed Mg2+ concentration in a 
normal adult is approximately 0.53 to 0.67 mM, most 
preferably about 0.58-0.60 mM for the biological sample of 
Whole blood, serum, and plasma. In another embodiment, 
the normal ioniZed Mg2+ concentration is approximately 
1.10-1.23 more preferably 1.12-1.19 mM for the biological 
sample of cerebral spinal ?uid. 

[0055] A further aspect of the invention is a method of 
maintaining normal ioniZed Mg2+concentrations in a patient 
in need of such maintenance by administering ioniZed 
Mg2+in a concentration su?icient to maintain levels of 
ioniZed Mg2+ in biological samples Within a normal range of 
ioniZed Mg2+. In one embodiment, the normal ioniZed Mg2+ 
concentration in a normal adult is approximately 0.53 to 
0.67 mM, most preferably about 058-060 mM for the 
biological sample of Whole blood, serum, and plasma. In 
another embodiment, the normal ioniZed Mg2+ concentra 
tion is approximately 1.10-1.23 more preferably 1.12-1.19 
mM for the biological sample of cerebral spinal ?uid. 
Another aspect of the invention is a method to attain or 
maintain normal ioniZed Mg2+ or Ca2+ and ioniZed Mg2+ 
concentrations in a patient in need of such maintenance by 
administering Ca2+ and Mg2+ in a concentration su?icient to 
maintain a normal physiological molar ratio of ioniZed 
Ca2+/ioniZed Mg2+ in the blood of about 111 to 2.511, more 
preferably about 1.511, and most preferably about 211, or to 
maintain a normal physiological molar ratio of ioniZed 
Ca2+/ioniZed Mg2+ in the cerebral spinal ?uid of about 
0.9011 to about 1.1511, more preferably 0.9211 to about 
1.111, most preferably about 111. 

[0056] Another aspect of the invention is a method to 
attain or maintain normal ioniZed Mg2+ or normal ioniZed 
Ca2+ and Mg2+ concentrations in a neonate, infant, and child 
in need of such maintenance by administering Mg2+ alone or 
in combination With Ca2+ in a concentration su?icient to 
maintain a normal physiological molar ratio ioniZed Ca2+/ 
ioniZed Mg2+ in the blood of about 1.911 to about 2.611, 
more preferably about 2.311 to about 2.511. 

[0057] An additional aspect of the invention is a compo 
sition for use in preventing or treating magnesium imbal 
ances, magnesium de?ciencies or Ca2+1Mg2+imbalances, 
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the composition is composed of bioavailable magnesium 
alone or in combination With bioavailable calcium in an 

effective concentration. The concentration of calcium and 
magnesium is a concentration that provides to an individual 

a normal physiological molar ratio of ioniZed calcium to 

ioniZed magnesium in the blood of about 1:1 to 2.5 :1, more 
preferably about 1.5 :1, and most preferably about 2:1, or to 
maintain a normal physiological molar ratio of ioniZed 
Ca2+/ioniZed Mg2+ in the cerebral spinal ?uid of about 
0.90:1 to about 1.15:1, more preferably 0.92:1 to about 
1.1:1, most preferably about 1:1. In another embodiment the 
concentration of calcium and magnesium is a concentration 
that provides to a neonate, infant and child a normal physi 
ological molar ratio of ioniZed calcium to ioniZed magne 
sium in the blood of about 1.9:1 to about 2.6:1, more 

preferably about 2.3:1 to about 2.5:1. The composition is 
useful in treating individuals With the folloWing disease 
states such as cardiac diseases, hypertension, idiopathic 
intracranial hypertension, diabetes, lung diseases, abnormal 
pregnancy, preeclampsia, eclampsia, head trauma, fetal 
groWth retardation or other diseases associated With mag 
nesium de?ciencies or an imbalance of ioniZed Ca2+/ioniZed 

Mg2+ratios in the Whole blood, plasma, serum, cerebral 
spinal ?uid or the like. 

[0058] The use of the composition is not limited to indi 
viduals With the aforementioned diseases but may also be 
used in healthy individual for maintaining proper ioniZed 
magnesium or ioniZed calcium/ioniZed magnesium concen 
trations. Such maintenance is useful in preventing magne 
sium imbalances, Ca2"/Mg2+ imbalances, or magnesium 
de?ciencies and in turn is useful in preventing magnesium 
associated disease states. 

[0059] The composition may be taken alone as a thera 
peutic agent in a pharmaceutically acceptable carrier or a 
mineral supplement, or the composition may be added to 
supplement other ingredients such as, but not limited to, 
vitamin formulations, vitamin and mineral formulations, and 
foodstuffs. Such food stuffs include solids and liquids. In one 
embodiment the composition is added to infant formulas. 

EXAMPLE I 

Sample Collection 

[0060] In order to obtain precise and reproducible deter 
minations of ioniZed Mg2+ With the ISE, blood samples Were 
collected under conditions that minimiZe or prevent 
exchange of atmospheric gases With those of the sample, 
most preferably under anaerobic conditions into a tube With 
the air evacuated, such as a VacutainerTM tube, or other tube 
or syringe substantially free of atmospheric gases, especially 
02. The tube or syringe may contain heparin (<75 u/ml, 
more preferably <50/ml, most preferably <20 u/ml). After 
collection of the biological sample, the samples are placed 
in and kept under conditions that minimiZe or prevent 
exchange of atmospheric gases With those of the sample, 
most preferably under anaerobic conditions (FIG. 1). 
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EXAMPLE II 

Sample Processing 
[0061] To process clotted blood or plasma (hepariniZed 
blood), the samples Were maintained under conditions that 
minimiZe or prevent exchange of gases betWeen atmospheric 
air and the biological sample, preferably anaerobic condi 
tions in tubes sealed With rubber stoppers. Para?lm or plastic 
and glass tops cannot be utiliZed as this alloWs for air to enter 
the sample. If samples (i.e., Whole blood, serum or plasma) 
Were analyZed (or froZen) more than 30 min after blood draW 
for processing of serum or plasma, the sealed tubes Were 
placed in a standard clinical or laboratory centrifuge and 
centrifuged at 3,000-4,000 rpm for 15-20 minutes. After this 
time, the sera or plasma Was carefully removed from the 
packed cells by inserting a steriliZed needle attached to 
either a plastic syringe (for sera) or a lightly hepariniZed 
(<75 u/ml, more preferably <50 u/ml, most preferably <20 
u/ml) glass syringe (for plasma) or a similar device. 

EXAMPLE III 

Sample Storage 

[0062] The anaerobically maintained samples Were either 
processed With the ISE Within six hours or the plasma or 
serum carefully expelled into a tube With the air evacuated 
or other tube or syringe substantially free of atmospheric air, 
especially 02, most preferably anaerobic, With or Without 
heparin, and froZen at —10° C. Unlike ioniZed Ca2+, ioniZed 
Mg2+ levels Were stable during numerous subsequent freeZe 
thaW procedures, provided the bloods Were draWn and 
processed under anaerobic conditions as described above 
(see FIG. 2, Table 1). Under conditions Where para?lm 
coverings Were used, pH and pCO2 changes occurred caus 
ing erratic and erroneous ioniZed Mg2+ values. 

TABLE 1 

In?uence of Freeze-Thawing With Para?lm Covering on Plasma pH 
and Ionized Free Mg2+ Obtained With an Ion Selective Electrode 

Day of F amination 

Parameter 1 2 3 12 

pH 7.435 7.685 7.897 8.26 
I I I I 

0.010 0.044 0.056 0.070 
Mg2*(mM) 0.64 0.65 0.60 0.53 

I I I I 

0.035 0.04 0.029 0.036 

[0063] Using the method of the present invention, plasma 
and serum samples Were froZen for up to tWo Weeks at —10° 

C. Without affecting the ioniZed Mg2+values. Whole blood 
samples Were maintained under anaerobic conditions at 
room temperature for up to six hours after blood draWs prior 
to ioniZed Mg2+ determinations. These and other experi 
ments clearly indicated that as the biological samples such 
as blood, sera or plasma became exposed to air, they loose 
CO2, and as a consequence the pH became alkaline. This 
adversely affected the ioniZed free Mg2+ values resulting in 
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erroneous readings. This is completely obviated With proper 
handling as describe for this invention. 

EXAMPLE IV 

Sample Preparation for Precision, Speci?city and 
Interferant Studies 

[0064] Male and female subjects that had no electrolyte 
abnormalities, ages ranging from 19-83 years, Were used for 
the reference range study. 

[0065] Whole blood and plasma samples Were collected 
using a needle attached to hepariniZed Vacutainer tubes; 
serum from-red top Vacutainer tubes. All blood samples 
Were collected and maintained under anaerobic conditions 
and processed Within 1-2 hours of collection. Ultra?lterable 
Mg Was obtained using an Amicon micropartition system 
(3,000 MW cutoff) after centrifugation of the plasma or 
serum at 1,500 to 2,000 RCF (g) for 20 minutes. A 3,000 
MW cutoff Was utiliZed in order to retain small molecular Wt 
peptides. HoWever, When normal sera from six volunteers 
Were processed using a 30,000 MW cutoff virtually identical 
results Were obtained. 

[0066] Precision (Within run, day-to-day) Was determined 
on three levels of aqueous control solutions obtained from 
NOVA Biomedical containing 115,135 and 155 mM Na”; 
2.0, 3.75, and 5.75 mM K"; 0.50, 1.00 and 1.50 mM Ca2+; 
and 0.30, 0.50, and 1.00 mM Mg2+ at pH values of 7.15, 
7.35, and 7.58, respectively. 

[0067] Aqueous solutions of MgCl2 Were examined for the 
linearity study and aqueous solutions of various cations 
(Ca2+, K", Na”, H", NH4+, Fe3+, Cu2+, Zn2+, Cd2+, Hg”, 
and Pb2+) Were examined over pathophysiologic concentra 
tion ranges for potential interference to the neW Mg2+ 
electrode. The concentrations of potentially interfering cat 
ions Were chosen based on the folloWing observations: the 
upper limit of the reference range (ULRR) for NH4+ is <100 
pM; the toxic range for Cd2+ has been listed up to 27 pM; 
concentrations for Ca2+ rarely exceed 2.0 mM; the ULRR 
for Cu2+is <30 pM; for Fe2+ <50 pM; for Pb2+ <2 pM; for 
Hg2+ <0.25 pM: and for Zn2+ 23 pM. K+ above 10 mM and 
Na+ above 175 mM are rarely seen in plasma. Ligand 
binding studies Were also carried out in aqueous solutions 
containing pathophysiological concentrations of heparin, 
lactate, acetate, phosphate, bicarbonate and sulfate. 

[0068] Albumin/pH studies employed bovine serum albu 
min (Sigma Chem. Co., St. Louis, Mo that Was treated With 
an anion-exchange resin (Exchange Resin AG50W-48, Bio 
Rad Richmond, Calif.) resulting in a solution that had 6 g 
albumin/dl and unmeasurable TMg (<0.04 mM, as assessed 
by atomic absorption spectrophotometry). This solution Was 
lyophiliZed folloWed by gravimetric addition of lyophylate 
to aliquots of an aqueous solution containing a ?xed amount 
of Mg. 

[0069] Spiking experiments With plasma (pH 7.6-7.7) and 
Whole blood (pH 7.40-7.44) Were also performed With 
addition of various concentrations of mostly MgCl2 and 
some With MgSO4.7H2O (Biological Grades, ACS certi?ed, 
Fisher Scienti?c, NeW Jersey) at room temperature. Elec 
trode analyses for IMg2+ results Were performed immedi 
ately after being Well-mixed, and after 5 and 10 min; results 
Were identical at all three time intervals. 
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[0070] All chemicals used to make up the aqueous solu 
tions Were of high purity (biological. ACS certi?ed grades) 
and obtained form Fisher Scienti?c Co., and Sigma Chemi 
cal Co. 

[0071] For most aqueous solutions, a 5 mM HEPES buff 
ered-physiologic salt solution (in Mm, L) (120-140 NaCl; 
4-5 KCl; 1 CaCl2) Was used. In some cases, due to increased 
acidity, caused by certain ligands, 10 mM HEPES Was added 
to the latter instead of 5 mM HEPES. In the case of the pH 
studies, modi?ed KREBS-Ringer bicarbonate buffered 
physiological salt solutions Were used (in mM/L) (118 mM 
NaCl; 4.7 KCl; 1.2 KH2PO4; 1.0 CaCl2; 25 NaHCO3) 
gassed With a 5% CO.-95% O2 mixture. 

[0072] A NOVA Stat Pro?le 8 (SP8) AnalyZer (NOVA 
Biomedical, Waltham, Mass.) containing the specially-de 
signed Mg2+ electrode along With electrodes for Ca2+, Na2+, 
K2", and pH, and, Where appropriate, hematocrit, Was used 
for these studies. 

[0073] The electrode is calibrated by using tWo aqueous 
solutions containing different concentrations of MgCl2 in the 
presence of knoWn pH and concentrations of Na“, K2", and 
Ca2+. The values assigned to these solutions are determined 
gravimetrically. The electrical signal from the Mg2+ elec 
trode is mathematically adjusted by the signal from the Ca2+ 
electrode to provide the resulting Mg2+ concentration. All 
electrode measurements can be made on a 250 pl sample 

(Whole blood, plasma or serum) Within 90-120 seconds. The 
SP8 is equipped With its oWn on-board calibrators. 

[0074] Total magnesium values are obtained on a Perkin 
Elmer Model Zeeman 5000 atomic absorption spectropho 
tometer (AAS), utiliZing 1% LaCl3 (Fisher Scienti?c) to 
prevent any interferences. 

[0075] Data Were evaluated for statistical signi?cance 
using means: S.E.M., unpaired t-tests, AN OVA, method of 
least squares for regression analyses and correlation coef? 
cients, Where appropriate. A p value less than 0.05 Was 
considered signi?cant. 

EXAMPLE V 

Determination of Magnesium in Aqueous Solutions: 
ISE Comparison to Atomic Absorption 

[0076] FIG. 3 illustrates that the Mg2+ electrode quanti?es 
Mg comparably to atomic absorption spectroscopy in aque 
ous solution. In the absence of binding ligands, it Would be 
predicted that the values from the tWo technologies Would be 
identical. Results from these measurements Were linear over 

the entire 0.1 to 3.0 mM Mg2+ range studied. 

EXAMPLE VI 

Precision and Reproducibility 

[0077] Using the ISE on three levels of aqueous Mg2+ 
controls, mean values over a range of 0.3 to 1.0 mM are 
Within 94.6 and 99.2% of their targets. The linearity of the 
ISE (0.1-3.0 mM) in aqueous solution and human plasma 
and serum ranges betWeen 92.0 and 99.3%. 
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EXAMPLE VII 

Effects of Albumin and pH on Measured IMg2+ 
Levels 

[0078] The effect of protein on measured IMg2+ levels 
Were strongly affected by the pH of the medium. Results in 
Table 2 shoW that, in unbuffered solutions, addition of 
albumin up to a ?nal concentration of 150 g/l produces a 
moderate decline in measured IMg2+ values. The observed 
decline in pH of the medium upon addition of albumin is 
expected since the protein has a acidic isoelectric point. If, 
hoWever, the pH of the solution is carefully alkaliniZed by 
addition of NaOH, measured IMg2+ values decline by up to 
75%, indicating that the exposure of anionic groups on 
albumin promotes the binding of Mg”. 

TABLE 2 

Adding Albumin to an Aqueous Mg Solution Followed by 
Alkalini ation 

Albumin added Mg2+ Mg2+ (mM After adjusting 
(g/L) pH (mM) pH to 8.24 r 0.03) 

0 7.45 0.49 
30 7.02 0.44 0.39 
60 6.67 0.41 — 

90 6.37 0.40 0.20 
120 6.15 0.40 0.17 
150 5.98 0.43 0.13 

[0079] To differentiate a possible direct effect on pH on the 
performance of the electrode, measurements over a similar 
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range of pH values (buffered by phosphate and/or bicarbon 
ate) Were performed in the absence of albumin. Results in 
FIG. 4 shoW that IMg2+ measurements are minimally 
affected over the pH range examined (6.2 to 8.5). Only at the 
loWer pH values Were measurements of IMg2+ levels 
affected (10-20%). These studies, thus, shoW that over the 
pH ranges examined, pH per se does not signi?cantly 
in?uence the measured IMg2+ values. H+ clearly affects 
ICa2+ much more than IMg2+, causing an apparent 140% 
decrease in ICa2+ over the pH range of 6.3 to 8.3. This is 
likely due to the precipitation of calcium compounds. 

EXAMPLE VIII 

Effects of Common Cations and Heavy Metal Ions 
on IMg2+ Values 

[0080] Virtually no interference Was noted from patho 
physiologic concentrations of any of the cations added to an 
aqueous solution containing Mg2+ With the possible excep 
tion of Zn2+ (Table 3). Adding calcium salts to serum caused 
an increased in the IMg2+ (~0.1 mM Mg2+ for a 1.0 mM 
increase in Ca2+), but a much smaller increase Was seen 
When calcium Was added to an aqueous solution containing 
Mg2+ (~0.01-0.04 mM Mg2+ for a 1.77 mM increase of 
Ca2+). The change in plasma IMg2+ is likely the result of 
added Ca2+ competing for binding sites held by Mg2+ in the 
plasma. The concentration of NH4+ and heavy metal ions 
represent the upper limit of their reference range, except for 
Cd2+, Whose concentration Was toxic. 

TABLE 3 

In?uence of Common Cations and Heavy Metal Ions on the Mg2+ Determined by ISE 

Final Mg2+ (mM) in the 
Cation conc. Mg2+ (mM) Final Cation aqueous solution 

Cation in plasma in plasma cone. in Water Soln. 1 Soln. 2 

NH.,* 0 mM 0 
1 1 

Cd2+ 0 ,uM 1.25 r 0.0503 
57 1.24 r 0.051 

Ca2+ 0.75 mM 1.02 r 0.003 1.02-1.32 mM 0.50 0.56 
1.50 1.01 r 0.010 1.46-1.48 0.50 0.57 
1.90 1.07 r 0.011 1.87-2.79 0.51 0.58-0.60 

0112* 0 ,uM 0.94 1 0.025 
24 0.94 r 0.010 

Fe3+ 0 ,uM 1.25 r 0.050 
28.6 1.23 r 0.020 

Pb2+ 0 ,uM 0.50 
1.93 0.51 

Hg2+ 0 ,uM 0.88 r 0.015 
0.10 0.88 r 0.015 

K+ 4.18 mM 1.02 r 0.005 0 mM 0 
10.00 0.97 r 0.005 5 0 

Na4 145 mM 1.01 r 0.00 0 mM 0 
175 1.02 r 0.003 75 0.01 

Zn2+ 0 ,uM 0.91 1 0.020 
10 0.91 r 0.019 

18 0.99 r 0.050 

in serum 

O 
25 

0.57 
0.61 

3Values are means : S.E.M. 
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EXAMPLE IX 

Small Ligand Binding to Mg2+ 

[0081] It appears that plasma samples having a heparin 
concentration of 20 units/ml or less Will produce less than a 
4% error for the IMg2+ determination (Table 4). Several 
small ligands (e.g., acetate, bicarbonate, citrate, lactate, 
phosphate, sulfates) on the other hand, may bind signi?cant 
amounts of Mg”, suggesting that the IMg2+/TMg ratio 
could vary Within a patient over time, in an acute-care 
setting depending on the solutions the patient is receiving. 

TABLE 4 

Performance of Mg2+ ISE in Presence of 
Various Ligands in Agueous Solution 

Average 
Average Mg2+ % change 

Ligand Concentration Location 1 Location 2 in [MgZJ'] 

acetate 0 mM 1.04 2.22 1.03 
0.5 0.99 2.20 1.03 —2 
20.0 0.92 1.86 0.95 —12 

bicarbonate 0 mM 1.09 2.09 1.03 
10 1.01 1.96 1.07 —3 
40 0.94 1.85 0.99 —10 

citrate 0 mM 1.18 2.19 
0.5 0.88 1.80 —22 
20.0 0.08 0.17 —94 

heparin 0.0 U ml 1.05 1.96 1.03 
10 1.07 +4 
20 0.97 1.94 1.01 —4 
50 0.90 1.89 —9 
100 0.83 1.71 0.95 —14 
500 0.50 1.07 —49 

lactate 0 mM 0.97 2.19 
0.5 0.92 1.98 —8 
20.0 0.76 1.64 —24 

phosphate 0 mM 1.06 2.02 1.03 
1 1.06 1.90 1.03 —2 
2 0.95 1.69 —13 
5 0.81 —21 

sulfate 0 mM 1.05 2.02 1.03 
0.1 1.04 1.98 1.03 —1 
1.0 0.99 2.00 1.01 —3 
10.0 0.93 1.80 —11 

EXAMPLE X 

Reference Ranges 

[0082] Assessment of ionized Mg2+ in Whole blood, 
plasma and serum With the ISE indicate that ionized Mg2+ 
is held Within an extremely narroW range (0.53-0.67 mM, 
mean=0.58:0.0065, n=60) When compared to total Mg 
(0.70-0.96 mM, mean=0.81 mM:0.0084) or ionized Ca2+ 
(1.09-1.30 mM). This narroW range for ionized Mg2+ has not 
previously been reported. These data Were derived from 
approximately 60 normal healthy human subjects. The 
IMg2+/T Mg ratio in this group ranged from 61-85% With a 
mean of 71.6:0.58%. The mean value for ionized Mg2+ 
approximately one-half of What it is for ionized Ca2+ and 
thus, represents a ICa2"/IMg2+ ratio in human blood (plasma 
or serum) of about 2.0. Such a narroW range for ionized 
Mg2+ obtained With the ISE suggested that slight changes in 
the normal ionized Mg2+ range could be diagnostic and 
prognostic for numerous pathophysiologic states and disease 
conditions in animals and human subjects (Altura et al. 
Clinical Res., in press; HandWerker, S. et al. Magnesium and 
Trace Elements, in press; Altura et al. Magnesium and Trace 
Elements, in press). 
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EXAMPLE XI 

Comparison of Mg Levels in Whole Blood, 
Plasma, Serum and Their Ultra?ltrates 

[0083] A comparison of the measured levels of TMg and 
IMg2+ in Whole blood, plasma and serum are shoWn in Table 
5. All values shoWn are based on analysis of samples 
collected from healthy volunteers, With the exception of 
serum samples having an n value of 237, Which included 
samples collected from patients undergoing cardiac surgery. 

TABLE5 

Regression Analysis of Serum, Plasma and Whole Blood Ionized Mg2+ 
and Total Mg 

Regression Inter- y x 

ofyonx n r Slope cept Mean SD Mean SD 

STMgaon 21 0.81 0.63 0.30 0.83 0.06 0.84 0.08 
PTMga 
SMg2+bon 21 0.93 0.89 0.08 0.59 0.05 0.58 0.06 
PTMg2+b 
PMg2*bon 74 0.80 0.55 0.13 0.56 0.06 0.78 0.08 
PTMga 
SMg2+bon 237 0.88 0.71 0.01 0.74 0.20 1.039 0.25 
STMga 
WBMg2+bOn 18 0.79 1.02 —0.02 0.57 0.05 0.57 0.06 
PMga 

STMg = serum total Mg 
PTMg = plasma total Mg 
SMg2+ = serum ionized Mg 
PMg2+ = plasma ionized Mg 
WBMg2+ = Whole blood ionized Mg 
3 = Assessed by atomic absorption spectroscopy 
b = Assessed by ISE for Mg2+ 

[0084] The highest correlation obtained (0.93) Was for 
comparisons of IMg2+ in plasma and serum samples. Inter 
estingly, a signi?cantly (p=0.02) loWer correlation (r=0.79) 
Was observed When a similar comparison Was made betWeen 
IMg2+levels in plasma vs. Whole blood. The greater variance 
observed may suggest that a slight redistribution of bound 
Mg2+ occurs upon removal of formed blood elements. The 
loWer values of r, seen for comparisons of TMg to IMg2+ in 
serum and plasma samples indicates that a range of IMG2+ 
values exist for a given level of TMg. This is clearly seen in 
FIG. 5 Which is a plot of serum TMg vs. IMg2+ values 
shoWn in Table 5. A greater range of IMg2+ values are seen 
in this plot, as many of the samples Were from patients in 
Whom cardioplegia Was induced using Mg2+-supplemented 
solutions. 

[0085] Results of measurements of IMg2+ and TMg per 
formed on ultra?ltrates of serum and plasma and neat 
samples are shoWn in Table 6. Plasma samples are collected 
from healthy volunteers, Whereas serum samples also 
included ones from the cardiac patients. A comparison of 
mean values for TMg demonstrates that plasma and serum 
protein-free ?ltrates have TMg levels of 65% (0.55/084x 
100) and 71% (0.66/0.93><100), respectively, of these mea 
sured in the neat-samples. These values are similar to IMg2+ 
levels measured in the neat-samples. Subsequent measure 
ments on ultra?ltrates With the ISE, hoWever, yielded values 
that Were only 79% (0.45/0.57><100) and 85% (0.64/0.75>< 
100) respectively, of the ?ltered TMg levels in these 
samples. These loWer levels indicate that loW molecular 
Weight compounds are present Which can chelate Mg2+, 
rendering this fraction insensitive to the ISE. The size of this 
fraction, hoWever, is likely someWhat overestimated by 
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these measurements as the pH of the ultra?ltrates Was 
always greater than the starting pH value of the un?ltered 
samples by 0.6-1.1 units, thereby reducing competition 
betWeen H+ and Mg2+ for binding to these agents. 

TABLE 6 

Regression Analysis of Total Mg and Ionized Mg2+ in Plasma, Serum and 
Their Ultra?ltrates 

Regression Inter- y x 

of y on x n r Slope cept Mean SD Mean SD 

uPTMg on 30 0.77 0.51 0.13 0.55 0.05 0.84 0.07 
PTMg 
uSTMg on 48 0.93 0.66 0.03 0.66 0.20 0.93 0.28 
STMg 
PMg2+ on 30 0.69 0.86 0.11 0.58 0.05 0.55 0.05 
uPTMg 
SMg2+ on 48 0.97 0.99 0.02 0.67 0.20 0.66 0.20 
uSTMg 
uPMg2+ on 10 0.64 0.37 0.24 0.45 0.03 0.57 0.05 
uPTMg 
uSMg2+ on 25 0.94 0.90 —0.04 0.64 0.21 0.75 0.21 
uSTMg 

uPTMg = ultra?lterable plasma total Mg 
uSTMg = ultra?lterable serum total Mg 
uPMg2+ = ultra?lterable plasma Mg2+ assessed With ISE 
uSMg2+ = ultra?lterable serum Mg2+ assessed With ISE 

[0086] The increase in scatter betWeen TMg2+ and IMg2+ 
going from FIG. 3 (aqueous solutions) to FIG. 5 (patients 
samples) results from differences in Mg binding to ligands 
and proteins from sample to sample. HoWever, the ratio of 
IMg +/TMg Was remarkably similar, averaged across 74 
plasma samples and across 237 serum samples; 71% in both 
cases (Table 5) even though the IMg2+/T Mg ratio for indi 
vidual patients different signi?cantly from the average. This 
suggests that 29% of the TMg Was typically bound to small 
anions and/or proteins in the “normal” and the CPB patient 
populations included in this study. These results suggest less 
binding of Mg to protein then has been described in the 
literature; 33-34% protein-bound by Speich et al. (Clin. 
Chem. 1981.271246-248) and 32% protein-hound by Kroll et 
al. (Clin. Chem. 1985.311244-246). 

[0087] The present ultra?ltration studies raise questions in 
terms of What Mg fraction(s), or portions thereof, the 
ultra?ltrate actually represents. It has long been thought that 
the ultra?ltrate is really the plasma (or serum) minus only 
large molecular Weight proteins With their bound Mg 
(AikaWa, J. K., Magnesium, Its Biological Signi?cance Boca 
Raton: CRC Press, 1981; Walser, M. 1967. Rev. Physiol. 
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Biochem. Exp. Pharmacol 591185-341; Elin, R. J. Clin. 
Chem. 1987.3311965-1970). HoWever, it is likely that the pH 
increase (from 06-11 pH units) over the course of the 
ultra?ltration process, itself, caused additional protein bind 
ing of M 2". Such increased binding is supported by the fact 
that IMg + measured values Were reduced by alkaliniZing 
protein-containing solutions of Mg2+ to higher pH values. 
Thus, at the loWer HE concentrations, the total concentration 
of Mg in the ultra?ltrate is less than it Would have been at 
pH 7.4. In addition, it is clear that not all the Mg in the 
ultra?ltrates is ioniZed. TWenty-one percent of the plasma 
ultra?ltrate Mg is bound [(0.57-0.45)/0.57><100)]. 

[0088] The percentage of Mg2+ bound to ligands and 
protein may remain remarkably constant for a given patient, 
albeit far from the typical ratio seen across all patients, even 
When TMg is changing markedly such as in coronary bypass 
patients; or the percentage bound may change appreciably 
Within hours. The total Mg concentration or the ultra?lter 
able Mg concentration in a given sample thus cannot be used 
to predict the level of ioniZed Mg2+ in the plasma or serum. 
This clearly indicates that monitoring the ioniZed Mg2+ level 
rather than total magnesium or the ultra?lterable Mg con 
centration is a valuable diagnostic and prognostic parameter 
in critical care and acute medial care settings. 

EXAMPLE XII 

Spiking Mg into Plasma and Whole Blood Samples 

[0089] Results in Table 7 demonstrate the effect of adding 
Mg2+ (Cl' or SO42+salt) to samples of plasma and Whole 
blood. As expected, for plasma samples, the calculated 
recovery values are less than 100% indicating that added 
Mg2+is partially bound to plasma proteins. The values 
reported have not been corrected for displacement of plasma 
Water by protein and lipids. The observation that the fraction 
of recovered Mg2+increases slightly With additional 
amounts of added Mg2+ indicates that partial saturation of 
anion binding sites is likely occurring. For experiments With 
Whole blood, a ?xed amount of Mg2+ Was added (1.0 mM). 
The recovery levels observed With Whole blood Were con 
siderably higher than Would be predicted by calculating 
molarity based on Whole blood value. This is attributed to 
the fact that the added magnesium salt initially dissolves in 
the plasma Water volume of the sample rather than being 
evenly distributed throughout the entire sample. The large 
differences seen in the spiked samples may re?ect differ 
ences in hematocrit or possibly the time betWeen Mg2+ 
addition and When the sample Was analyZed. In addition, 
differences may also exist been samples in the binding 
capacity by plasma proteins and solutes. 

TABLE 7 

Spiking of MgCl or MgSO4 into Pooled Plasma and Fresh Whole Blood 

Pooled Plasma 0.56 mM IMg2+ Fresh Whole Blood 

Mg2+ Ideal (0.51-0.63 mM IMg2+) 

Added Expected Measured % Ideal Expected Measured % 
(mM) Value (mM) Value (mM) Recovery Value (mM) Value (mM) Recovery 

0.5 1.06 0.97 1 0.048" 82.0 — — — 

1.0 1.56 1.35 1 0.027 79.0 1.57 1 0.017 2.20 1 0.154 163.0 
1.5 2.06 1.78 1 0.052 81.3 — — — 

2.5 3.06 2.68 1 0.103 84.8 — — — 

N = 3—6 experiments each 

* + Results are means 1 S.E.M. 
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EXAMPLE XIII 

Comparing IMg2+ to TMg in CPB Patients 

[0090] Results shown in FIG. 6 are subset of data from 
FIG. 5 Which showed that the level of TMg in a given 
sample cannot be used to predict IMg2+. Results plotted in 
FIG. 6 are TMg and IMg2+ values for several samples from 
each of three patients over the course of their cardiac 
surgeries. The ?rst tWo samples from each patient, taken 
before cardioplegia containing Mg2+ Was administered, had 
values near the regression line taken from the data in FIG. 
6. FolloWing induction of cardioplegia, levels of TMg and 
IMg2+ increase signi?cantly (arroWs left to right) While 
subsequent samples demonstrated a gradual decrease in both 
parameters (arroWs to the left). These results shoW that not 
only did the ratio of IMg2+/TMg differ betWeen three 
patients, but it remained relatively constant Within a patient 
during the course of the perioperative period. In other 
patients, the IMg2+/T Mg ratio changed signi?cantly during 
this period. 

EXAMPLE XIV 

Cellular and Extracellular Distribution of Mg 

[0091] Having the information on the precise concentra 
tions of extracellular ioniZed Mg in human blood alloWs one 
to determine the cellular and extracellular distribution of 
Mg. Using 31P-nuclear magnetic resonance spectroscopy 
and digital image analysis on cardiac myocytes, vascular 
smooth muscle cells and intact brain, the intracellular free 
ioniZed Mg2+ Was determined to be approximately 600-700 
micromolar (Altura, B. M. et al. In?uence of Mg2+ on 
Distribution of IoniZed Ca2+ in Vascular Smooth Muscle and 
on Cellular Bioenergetics and Intracellular Free Mg2+ and 
pH in Perfused Hearts Probed by Digital Imaging Micros 
copy. In: Imaging Technique in Alcohol Research, S. 
Zhakari, H. Witt (Eds.), NIAAA; Washington, DC. Gov’t 
Printing Office, 1992; Altura, B. M. et al. J. Magn. Reson. 
Imaging, 1992, in press; Barbour, et al. FASEB J. 1989, 3: 
A250; Barbour, et al. Magnesium and Trace Elem., 1992, in 
press; Zhang, A. et al,Biochem. BiophysActa Mol. Cell Res. 
1992, in press). Concentrations of ioniZed Mg2+ across 
mammalian cell membranes Were quite similar, that is about 
500-600 micromolar. Although the relative concentration of 
IMg2+ outside cells is about 71% of the total extracellular 
Mg, the relative amount of intracellular free ioniZed Mg is 
much less, only about 3%-6%. 

EXAMPLE XV 

Diagnosis & Prognosis in Cardiovascular Disease 

[0092] It has been suggested that abnormalities in Mg 
metabolism may play an important role in the etiology of 
cardiac diseases (Altura, B. M. Drugs 28 (Suppl.I): 120-142. 
1984: Altura, B. M. et al. In: Metal Ions in Biological 
Systems Vol 26, 1990; Isen, C. T. West. J. Med. 138:823-828, 
1983; Ebel, H. et al. J. Clin. Chem. Clin. Biochem. 21:249 
265, 1983; Altura, B. M. et al. Magnesium 4:226-244, 1985; 
Sjogren, A. et al. J. Intern Med. 226:213-222, 1989; Zaloga, 
G. P. et al. In: Problems in Critical Care Vol 4, 1990; 
Rudnick, M. et al. APMIS 98:1123-1127, 1990). Although 
elevated extracellular Mg2+ is Widely used in connection 
With cardiopulmonary bypass (CPB) procedures, it is not 
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knoWn Whether such procedures result in rapid and sequen 
tial alterations in blood ioniZed Mg2+levels. By using the 
methods of the present invention, ioniZed Mg2+, along With 
ioniZed Ca2+ levels in plasma Were monitored in patients 
prior to, during, and after CPB. The patients studies ranged 
in age from 10-80 yrs. and Were scheduled for coronary 
bypass, valve replacement or other elective open-heart pro 
cedures (OHP). On the basis of studies With 30 human 
subjects prior to and during cardiopulmonary bypass (CPB), 
subjects had loWer than normal ioniZed Mg2+ prior to 
surgery (Altura, B. T. et al. Clin. Chem. (July-August), 1991; 
Altura, B. T. et al. Clin. Res., in press: Altura, B. T. et al. 
Magnesium and Trace Elements, in press). Assessment of 
ioniZed Mg2+ in plasma revealed the folloWing [meansi 
S.E.M. in millimolar conc. (mM)]: prior to OHP=0.56:0.03 
vs. 0.60: 0.005 (control); Within 10-15 minutes of CPB= 
0.89:0.08; post perfusion= 0751003. In addition, on the 
basis of frequent determinations during CPB, using an ion 
selective electrode the degree of spontaneous hypotension, 
arrhythmias, and coronary vasospasm during and post 
surgery Were correlated to the pronounced alterations in 
ioniZed Ca2+:ioniZed Mg2+ ratios. (Altura, B. T. et al. Clin. 
Res., in press; Altura, B. T. et al. Magnesium and Trace 
Elements, in press). With respect to ioniZed Ca2+, the 
respective values Were 0.96:0.016 vs. 12110.01; 
0791002; and 1231010. Although the normal ioniZed 
Ca2+:ioniZed Mg2+ ratio is 1.95-2.18, all patients studied 
prior to CPB exhibited loWer values (mean=1.72:0.09). 
Within 10-15 minutes of initial CPB, the ioniZed Ca2+ 
:ioniZed Mg2+ ratio fell almost 50% (mean=0.91:0.10); 
post-perfusion, the ratio rose to 1.62:0.18. Overall, these 
data indicate that ioniZed Mg2+concentrations can be moni 
tored in plasma during CPB. Predictable patterns arose out 
of these studies, shoWing that cardiac disease patients tend 
to exhibit loWer than normal ioniZed Mg2+, ioniZed Ca2+ and 
ioniZed Ca2+:ioniZed Mg2+ ratios. Additionally, the hypoten 
sion observed upon initiation of CPB may in part be a 
re?ection of elevated ioniZed Mg2+ and a pronounced drop 
in the ioniZed Ca2+:ioniZed Mg2+ ratio. Such patterns are 
therefore diagnostic and predictive, thus alloWing the phy 
sician and surgeon to carefully monitor and treat such 
cardiac patients. 

EXAMPLE XVI 

Diagnosis & Prognosis in Head Trauma 

[0093] The present studies Were undertaken to determine 
if head trauma Was associated With de?cits in serum, plasma 
and Whole blood ioniZed Mg2+ and to determine if the 
degree of head injury Would correlate With the degree of the 
plasma ioniZed Mg2+ de?ciency. Head trauma patients 
clearly demonstrated that head trauma and the degree of 
head trauma Was associated With de?ciencies in ioniZed 
Mg2+. The range of ioniZed Mg2+ in plasma of these head 
trauma cases Was signi?cantly beloW normal the greater the 
degree of head trauma (as assessed by clinical signs and 
GlasgoW scores), the greater the de?cit in ioniZed Mg2+. 

[0094] Sixty-six patients (male=44; females=22), pre 
sented in the emergency room of a large community hospi 
tal; ranging in age from 12-83 yrs., Were studied. Patients 
With blunt head trauma Were studied Within 1-8 hrs of the 
event and compared With 60 age-matched controls and 14 
patient controls With minor peripheral trauma such as cuts 
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and sprains. Agroup of normal, healthy age-matched human 
volunteers Were also employed in the study. Motor vehicle 
accidents (n=43) accounted for 65% of the cases, assaults 
(n=19) 29%, and falls (n=4) 6% of the cases. Brain injury 
Was the sole medical problem in 59 of the patients, While 
associated skull fractures Were present in seven cases. Cri 
teria for exclusion included: 1. severe renal damage; 2. 
multiple peripheral injuries; 3. cardiopulmonary problems; 
4. hypertension; and 5. diabetes. In addition, patients on loW 
dietary magnesium intake and on certain drugs causing 
hypomagnesemia such as diuretics, antibiotics, digitalis, etc. 
Were eXcluded. Patients With knoWn histories of alcohol 
abuse (n=6) and drug abuse (i.e., cocaine, n=2) Were 
included because they Were of interest. Three patients had 
blood alcohol levels >200 mg/dl. 

[0095] Bloods Were draWn by venipuncture for routine 
serum laboratory chemistries (e.g. electrolytes, glucose, 
BUN, blood gases, creatinine) in most grade II subjects and 
all grade II subjects as Well as healthy control subjects and 
processed by automated analyzers. In addition, blood Was 
draWn (anaerobically) for IMg2+, TMg and ICa2+ by veni 
puncture using standard red-top Vacutainer tubes. The latter 
Was centrifuged (3000-4000 pm) for 10-15 min after clotting 
and processed With a novel ion selective electrode (ISE) for 
IMg2+ using a NOVA Biomedical Stat Pro?le 8 Analyzer 
Which can yield measurements Within 2 min. Total Mg Was 
measured by atomic absorption spectrophotometry using a 
Perkin-Elmer Model Zeeman 500 and a Kodak Ektachem 
DT-60. The mean values using either technique Were iden 
tical. In solution, sera of these patients Were also processed 
for levels of ionized calcium (ICa2+), sodium, potassium and 
hydrogen ions using selective electrodes. In order to main 
tain normal pH, precautions Were taken to maintain the 

Aug. 2, 2001 

[0097] All patients underWent complete neurological 
examinations and CT scans, eXcept a feW (n=3) Without loss 
of consciousness (LOC) Who did not have CT scans. The 
patients Were divided into three groups and graded accord 
ing to severity of HT: grade I (n=8) had no LOC; grade II 
(n=52) had concussions, sudden brief traumatic disturbance 
of brain function including LOC but Without demonstrable 
anatomic lesion of brain on CT scan; and grade III (n=6) had 
sudden traumatic disturbance of brain function associated 
With identi?able CT lesion of brain tissue. 

[0098] Mean values Were calculated for serum IMg2+, 
total Mg (TMg), ICa2+, ICA2"/IMg2+ and percent ionized 
Mg (IMg2+/TMg><100). Mean values: S.E.M. Were com 
pared for statistical signi?cance using Students “t” test, 
paired t test and AN OVA With Scheffes’ contrast test, Where 
appropriate. Correlation coef?cients, Where appropriate, 
Were also calculated using the method of least squares. A“P” 
value <0.05 Was considered signi?cant. 

[0099] The studies shoWed that acute head trauma is 
associated With early de?cits in IMg2+, Which are related to 
the severity of the injury (Table 8). HoWever, TMg values 
Were not signi?cantly different betWeen grade I, grade II or 
grade II HT, When compared to normal, healthy human 
subjects or patient controls (data not shoWn, identical to 
healthy, human subjects). Severe head trauma (grade III) 
resulted in signi?cant depression of IMg2+. The ionized 
fraction of magnesium in serum of head trauma patients 
demonstrate a progressive loss consonant With the severity 
of the head trauma (Table 8). Administration of IV ?uids 
(1000 ml) did not signi?cantly alter either the IMg2+ or % 
IMg2+ in the HT patients. 

TABLE 8 

Serum Ionized. Total and Percent Ionized Magnesium After Head Trauma 

DEGREE OF HEAD TRAUMA 

PARAMETERS CONTROLS GRADE I GRADE II GRADE III 

[Mg2+ (mM/L)* 0.585 1 0.005 0.55 1 0.007** 0.49 1 0.014** 0.44 1 0.03** 

(60) (8) (52) (6) 
TMg (mM/L) 0.81 1 0.008 0.823 1 0.015 0.792 1 0.020 0.73 1 0.04 

(60) (8) (52) (6) 
% [Mg2+ 1 6 1 0.58 66.8 1 1.13** 63.1 1 1.78++ 60.0 1 1.00** 

(60) (8) (52) (6) 

*IMg = ionized magnesium: TMg = total magnesium; % IMg2+ = % ionized serum Mg 
+Number of subjects. Patients control values Were virtually identical to healthy volunteers. 
**Signi?cantly different from controls and all other values (P < 0.01). 
++Signi?cantly different from controls (P0.01). 
***Signi?cantly different from controls and grade I HT (P < 0.01). 

samples anaerobically. Precautions Were also taken to pre 
vent hemolysis, and most blood samples Were analyzed the 
same day. In some cases, the latter Was not possible, and in 
these cases the fresh anaerobically-draWn sera Were frozen 
at —10° C. and Were analyzed the neXt day. 

[0096] Fifteen patients Were administered IV ?uids 
(<1000 ml) When blood Was draWn. Similar control infu 
sions Were given to some patients in order to determine if 

this degree of hemodilution, per se, had any signi?cant 
in?uence on the observed ionized hypomagnesemia. 

[0100] Comparison of the subgroups of head injury 
patients shoWed no difference betWeen IMg2+levels in motor 

vehicle accidents (MVA’s), assaults, or falls (Table 9) but all 
mean values Were signi?cantly depressed compared to con 

trols. Although mean values for TMg in these three types of 
etiologies varied from controls there Were no differences in 

TMg betWeen these patients. HoWever, there Were signi? 
cant differences in % IMg2+ betWeen the three types of 

initiating circumstances, i.e., falls produced the greatest 
de?cit in % IMg2+ With MVA’s producing the least. 
































