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Al3STBACT 

Serum ionized magnesium vas measured in 56 nevborns and 

64 older children using the ultramicrospectrophotometric method of 

Rice and Lapara. When corel blood levels are compared to serum levels 

no appreoiable ohange vas evident during the first week of lite, 

although the cord blood levels tended to be slightly higher than the 

subsequent sera levels. No differences vere noted in serum ionized 

magnesium in infants who were bottle fed as opposed to those who vere 

breast fed. No signifioant differences could be found in levels of 

serum ionized magnesium between venous and oapillar,v samples. 

Serum ionized magnesium was determined dur~~ 33 exchange 

transfusions vith citrated.blood given to 16 infants. In each instance 

there Was a reduction of ionized magnêsium at the end of the trans

fusion vith an average fall to less than 60 percent of the pre

exchange value. Vith repeated transfusions the pre-sxchange level 

became l~ver, so that the lowest values occurred at the conclusion 

of multiple exchanges per.formed at close intervals. This effect is 

the result of citrate binding of magnesium, in vitro evidence for 

which is presented. No clinical effects are described, but electro

cardiographic ohanges vere seen at the lowest levels. 

Serum ionized magnesium levels before, during, and a:fter 

replacement transfusions were determined in 20 newborn infants. 
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In 10 infants exohanged vith ACD blood, the level fell from 1.75 

:!: 0.16 mEq/L to 0.80 :!: 0.16 mEq/L. BT oontrast, levels in 10 

infants exohanged vith Vvo types of heparinized blood vere unohangedl 

the pre-exohange valueswere 1.59 :!: 0.11 mEq/L, and the post

exohange levels were 1.59 :!: 0408 mEq/L. Hean values for donor 

bloods were 0.42 ± 0.07 mEq/L vith ACD blood, and 1.45 ± 0.03 mEq/L 

vith heparinized blood. 

In vitro studies involving thea.ddition of known amounts 
. ++ 

of oitrate to standa:rd Jfg -;._;- solutions demonstrated that the citrate 

caused a reduo t ion of ionic magnesium. It is proposed that the fall 

in serum ionized magne sium where ACD blood is used for exohange 

transfusion is the oombined resul t of magnesium ion binding by the 

oitrate, and the dilution affeot of the relatively large proportion 

of antiooagulant to blood (113) used with the AC» mixture. 

Free or ~on protein bound and protein bound serum magnesium 

levels have been determined in the blood.from 10 normai healtq 

adults, by atomio absorption speotroscopy and by the Mann's Dyè 

method. These in vitrastudies indioate that 20 to 25% of the total 

sel'WD magnesium 1s proteinbound and that the reinaining 75 to 80% 
oomprises the ionized fraotion. Evidenoe is also presented to indioate 

that the ~. s Dye method measures the free or nOn-R2'otein bound 

fraction of the serum magnesium. 
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- .., SECTION l -

INTRODUCTION 

It has been known for some time that citrate added 
tob1ood to be used ,in transfusion results in the formation 

of a poorly ionised calcium oi trate comp1ex. (~) Schachter 

and Rosen (3) have shown that the ionisation constant for 

caloium oitrate is 6.61 % lO-4x. Whole blood is routinely 

added to the acid-citrate-dEtXtrose solution (ACD) to complex 

the oaloium ions üeedGd for coagulation. The end result is 

theref'ore a decrease in the amount of circulatiJJg ionised 

calcium duriDg and after transfusion. This decrease mq be 

correoted b.y the intravenous administratioD of a ten percent 

solution of calcium glueonate to the patient during the c~arse 

of the exchange. This is partioular17 necessar.r duri.Dg an 

exchange transfusionbeoause vith this procedure ten mls of 

patient' s blood is repeatedly withdrawn:and: replaced by an 

1 

equal or slightly greater amoant of donor blood unti1 the leve1 

of to%ic material iD "the patient1s blood - for examp1e, biliru.bin 

in the nevborn - has been significantly replaced. ~ocalcemic 

tetany ie one of the undesirable sideeffects of theexcbange 

transfusion with citrated blood. However, the administration 

of calcium gluconate at ~egular intervals tends to offset this. 

Despite this, there are relatively few studies of the actual 

changes involved because or the difficulty in measuring ionized 

calcium. Like calcium, magnesium is a divalent cation. Since 

both of these metals are found in Group II-A of the periodic 

chart of the elements, it could be anticipatedthat magnesium 

would also form poorly ionized complexes vith citrate. (4) 

In 1959 Schachter and Rosen ( 3) showed that the ionization constant 

for magnesium citrate was identical ~o that of calcium citrate. 



Al though some da ta does exist re~rding the 

behavior of calcium. during ezcha.nge transfusion, (2) 

corresponding data on magnesium are relative17 sparse and 

dif'fioul t to interpret. (5) 

The present struq was underlaken to provide informa

tiOD. reganling .. the behavior of se2'WJ1. magnesiumQ.uring exchange 

transfusion of citrated blood and to dete~ine ~ rela~ed 

clinical affects thereof. (6) Itvas also' deemed necessary- tG 
. . 

compare thfise results . vith those obtained t'rom .. exohanges rith 

heparinised 'blood. (7) The sub;Jectsstudiedmq ,be, for ·the 

sake of clan't7 ,divided into three groUPIii as followsl 

(1) Thase being exohange& rithcitrated bloodto 

vhich has been added the standard Canadian Red 

Cross mixture using the lilIHl:OFormula BJ anti

coagulant. 

(2) 'Those being exchanged vith Heparintzed blood 

in whieh the antiooagulant used was PaDheprin 
. . . 

2115 or speoial17 prepared blood using'hepariD 

in saline as the anticoagulante 

(3) A control group consisting of normal newbor.DS 

taken from the newborn nurse17 of the" 

Catherine BOoth Hospital. (8) 

Pre and post-exchange magnesium levels vere measured 

as vell as levels at regular intervals during the oourse of 

the exchange transfusion. 

The method employed for the magnesium. determination 

2 

vas that of B~huon as modif'ied for ultramicrospeotrophotometric 

use b7 Rice and Lapara. (9) This method vas ohosen because i t 

has the distinct advantage of requiring only O.04m1 of serum for 

duplicat'B determinations, making it ideal17 suited for use in a 

pediatrie unit. The ass~ is unaffected b.v either calcium oxalate 

or calcium gluconate and proteine It ie well known that gluconate 

inter.teres vith the determination of magnesium by the 



9!ltam J·.elloy 14ethod; therebT severe17 limith.g its usefulness. 

(5) In addition .evidenee is presented indicating that the 

proposedmet~1s measuring ionized or non-protein bound 

magnes1um as opposed ta the other available methods that measure 

total magnesium.-

Binee it is the non-protein boUDd magnesium. that 1s 

pqsiolegicallT active, ami· of importance in . exchange trans

fusions, 1oh1s methodlem1:sitself read1~ ta our pul.'Poses. 

3 



- ~ SECTION II -

REVIEW OF THE LlTERAroRB 

1. Biochemist;z 

Magnesium is definitely known to be an activator of 

JIISllY enzyme systems. In 1927. Erdtmann (10 ) discovered that 

magne sium ions increased the activity of mamma1ian alkaline 

phosphatase when added to the reaction mixtare. Oxidative 

phosphor,v1ationis also known torequire the presence of ionized 

magnesium foractivity. Ionize4 magnesium is necessar,v as an 

activator for the enzymes ·invQlved in intraeellular catalysis, 

and is also invo1ved in activation of ATP, in addition to other 

enzymes that cleave and transfer phosphate groups. ATP ia 

4 

required iD suoh reactions as muscular contraction, protein, fat, 

nucleic acid and coenzyme synthesis. Parlicul.arily important 

ens,ymes requiring the presence of ATP and ionized magnesium are 

those in the Ernbden-Myerhof pathway, metql group transfer, sulfate, 

acetate and formate transfer. Magnesium ia also involved in 

decarbo::Q'lat.ion reactions as a cofactor for thiamine pyrl}:phosphate. 

AlI enzymes that catalyze the transfer of phosphate from ATP to a 

phosphate receptor or from a phosphor,vlated compound to ADP are 

aotivàted by magnesium ions. This ion is an activator of a11 the 

enzymes that require thiamine pyrophosphate as a cofactor. These 

would include such enz.r.mes as yeast carbo~lase, (11) mamma1ian 

heart muscle carbo~lase ( 12), and the pyravio o:ddase system of 

braille ( 13) Enolase, the enzyme that oatalyses the deqdration 

of the D-2-phosphoglyceric acid has been one of the most exhaust

ively studied magnesium ion-dependent systems. ( 14,15) 

Peptidases are also known to require ionizedmagnesium as a cofactor. 

The most intensively investigated one to date is LAP. (16,17 ) 

One can, therefore, inferc that ionized magnesium is used in all 

major anabo1ic and catabolic pro cesses in the human body. These 



magnesium ion-dependent sys:liems, and many othe:rs, too numerous to 

be detailed,.have been completelT reviewed bTLa1"d3' in 1951. (18 ) 

Ionized magnesium has a1so been found to affect the 

oxidative phospho~lating abilitT of rat-liver mitochondria. In 

5 

a recent experiment (19 ), mi tochondria isolated from hypoinagnesemic 

rats, were shownto be incapable of carr.ring out oxidative phos

pho~lation, suggesting that the magnesium ion in this isolated 

sTstem mq have a similar function in the in vivo system. :Bain in 

1955, plus Mudd and his coworkers in 1955, were ~bletodemonstrate 

that the mitochondria themselves had a lower magnesium content 

relative to their normal controls. ( 20,21) :Bartley and his 

coworke:rs ( 22) demonstrated thatthe mitochondrion may be the basic 

subce1lular organelle responsible for the active transport· processes: 

in the cell, and Bal tscheffsq (23.) in 1957, found that rat-liver 

mitochondria quick17 swelled when placed in a magnesium-free medium. 

He showed that'uncoupling of.oxidative phosphor.rlation ·had occured. 

Magnesium is known to· cross the cell membrane readi17 and 

is maintained at a high intrace1lular concentration by some active 

metabolic process other than by a mere passive transport phenomena. 

That this is so was clearly demonstrated in a series of experiments; 

by several workers. ( 24-26) 

There i8 much experimental evidence to show that magnesium 

deficiency causes changes in nerve conduction, transmission at the 

myoneural junction, and muscular contraction. The close association 

between magne sium concentration and phosphor,ylation reactions implies 

an effect on the energy-generating mechanisms of the mitochondria. 

( 13,19 ) 
As the magnesium concentration or the calcium concentration 

for that matter is lowered, the stimulation threshold of the motor 

nerve is lowered and conversely is raised by an increase. In muscle, 
because magnesium is active on a number of enzyme systems, the 

effects of magne sium are seen to be opposed to those of calcium. 

Low concentrations of magnesium enhance contractions, but low con

centrations of calcium inhibi't-contractions. ( zr ) 



The effects of- magne sium a t the myoneural junetion are 

the most dif'ficult to exp1ain. The magnesium concentration af'fect~ 

the quantitT of aoet~lcho1ine 1iberated, the activit~ of the 

acet~lcho1inesterase, and also the excitability- of the pre-synaptic 

nerve and muscle membrane. (28) 

Vallee and coworkers ( 29 ) summarize these comp1ex 

interactions b~ suggesting thatan inerease in tnmsmission at the 

motor end plate ~ be the over-a11 result of a decrease in the 

oonc entrat ion· of either.magnesium or calcium. Lov concentrations; 

of magnesium lover the excitatoZ7 thresho1d of pre-syna.ptic 

nerve and muscle membrane, but increase the re1ease of acety1-

choline. On the otherhand1ow concentrations of calcium a1so 

lower the excitatoZ7 thresho1ds of thepre-s.JDaptic nerve and the 

muscle membrane, but in contrastto magnesium, decrease the re1ease 

of acety1cho1ine. 

In conclusion it ~ be said that a summation of 

"~tic and charge affects"are required for activity- of 

magnesium on the transmission of the nerve impulse whi1e for 

calcium a Itcritical17 maintained balance between ens,ymatic and 

charge affects" is required. 

If magnesium-28 is injected into either dog or man it is 

found to equi1ibrate rapid1y- into a volume greater than that of 

the extrace11u1ar space. The total rapid1y- exchangeab1e magnesium 

that is ca1cu1ated from these data, however, is mnch sma11er than 

the known body content. This, therefore, suggests that a large 

fraction of the total magne sium , perhaps in the bone does not 

equilibrate with the ingested dose. (30) Magnesium and potassium 

are quite similar in their distribution, since both are concentrated 

in the intracel1ular space. The highest concentration of magnesium 

is found in the liver and striated muscle where it reaches leve1s of 

approximately 20 1IiBI:ÛL. The brain and the kidney are reported to 

have levels of 11 and 13 mEq/L respectively. (32) Er,ythrocytes, 

witha magnesium leve1 of 6 mEb~L, have one of the lowest con

centrations. (33) The reported magnesium concentration in normal 

6, 



human serum varies depending upon the ana17tical method emp10yed 

to measure it. The mean se~ content is said to be 1.80 to 

2.10 m'1"4/L. lfowaver, ranges :from 1.40 to 2.50 "l1!Eq/L have been 

reported. (30,34,35) The serum magnesium content of infants is 

thought to be the sameas, that reported :for children and adults. 
(36 ) 

Cerebrospinal :fluid contains mo~ magnesium than serum, 

the mean values, being 2.40 to 3.00 m»:VL. Therefore, this :fluid 

cannat be corisidered as an ultraf'iltrate of ,serum. ' 

(a) Intake 

Magnesium oceurs abnnaantly in :food stuf'fs. Green 

, plantsandlea:f'7 vegetables eontain this cation ,in large 

amounts in the magnesium containing porpqrin, chloroph;yll., The 

average dai17 dietarr intake of magnesium has been reported. ta be 

300 mg/da:y. Although thedai17 requirement is not accurate17 

known, an intake of 220, mg/de:T is usually oonsidered to be 

adequate for" the average adul t. This intake allows him al19wa 

Ma to maintain apoai tive magne sium balance. Infants require 

about 150 mg/4a7 while the normal pregnant :female appears to 

require 400 mg/dq. Du.ring lactation aven higher lavela are needed. 

(31 ) 

Soluble magn~sium salts are readily absorbed fromthe 

small intestine. This absorption appears to be independent of 

pH variation. 

(b) Ex:cretion 
The proportion of dietary magne sium which appears in 

the feces increases with intake. In man it is almost negligible 

when the intake ia saverelT restricted. (38) Stool magnesium 

may be considered to be equivalent to that portion of ingested 

magnesium that has not been absorbed. The,bowel does not represent 

a major excretory pathwa:y for absorbed magnesium. This indicates 

that the ingested magnesium ~, excreted quantitative17 in the urine. 

1 



( 39,40) The 1d.dney isnow kncwn to be the crgan which 

regulates the bc~ls ccntent cf magnesium. Infusions cf 

magnesium salts, by increasing the ~iltered lcad presented tc 

the tubule, result in a prcmpt increase in the rate of magnesium 

exc:retion. (41 ) Therefcre, this indicates that 'anincreased. 

urinar.r cutput of magnesium follcws. an increased d.ietar;y intake, 

despite an absence cf any, detectable change in plà-sma magnesium 

leveis. The mechanism whereb,ythisrenal' ~bular functicnis 
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Ncrmal adultsin pcsitive magnesium balance excrete 

abcut 60 tc 120 mg/dtq in the urine. This is equal to approx

imately one ,third of the ncrmal dietar,v intake. On a ccntxolled 

diet of 260 mg/dq, the normal adult female excretes approximately 

96 mg/dq, whereas the average twenty-four hcur urine ccntent cf 

the normal male on the same intake vas 162 mg/dq. (42) The 

reason for 'tihis diffe:rence between the sexes :i.s not apparent. 

The level of protein in· the diet has also been implicated 

as a determiniDg faotor in theamount cf magnesium abscrbed. Gxowth 

depressicn and cther signs of hTPomagnesemia vere produced by 

increasing .the prctein level while maintaining normal magnesium 

intake. Increasing the calcium intake was alsc found to aggravate 

the magnesium deficiency, but the concomitant elevation of both 

calcium and protein intake produced no vorse effect on magne sium 

defieiencythan eleva ticn of ei therone alone. (43) Ta;fts and 

Greenberg (44 ) fcund that by :i.ncreasing the calcium content of a 

diet just adequate in magnesium, they could prcduee frank magnesium 

deficiency whieh eould b~ corrected by simply increasing the 

magnesium intake. Alcoek and MacIntyre ( 45,46) obtained somewhat 

similar results JDallY years later. They found that the absorpticn 

of calcium vas inereased wheri the diet was deficient in magnesium 

and vice versa. Therefore, it appears that calcium and magnesium 

ma:s- possibly share a common pathw~ for intestinal absorption. 

These workers speeulate that sinee vi tainin-D is known 

to inerease plasma citrate levels, and sinee citrate is known to 



chelate magnesium, a combination of these tvo effects could 

vel~ explain the hypermagnesiuria in the presence of ~o

magnesemia under the influence of this vi tamin. manDa, in 1961 

(47 ) found that the absorption of magnesium. fromthe gu:t: of 

rats, given large doses ofvitamin-D2,vas increased by about 

80%' over that of control animals, vhileurinary magnesium vas 

increased by an almost equivalent amount. The fecal excretion 

of magnesiumin the vitamin-D treated rats vaS signif'icant17 

lower than in the controlanimals. The plasma magne siUm Was: 

seen to fall· in the vitamin-]) treated group of rats.· 

(c) Endocrine Be1ationships 

Disturbances of magnesium homeostasis have frequentty 

been reported to ooeur in a vide variet7 of eonditionsiuvolving 

an imbalance of hormone seoretion.However, ther~.is ver" little 

evidence to suggestthat these'disturbances are directl;r related 

to the affect of a partieular hormone upon magnesium metabol1sm. 

These endoorine influences appear ta re~resent an effeot secondar,r 

to the main action of the hormone concerned; vhich nevertheless 

m87 be clinical~ important. 

('1) Paratbyroid 

In 1933 :Bu.lger and Gausmann ( 48) observed that the 

concentration of seram magnesium vas little atfected b.1 para

thormone, but Greenberg and Mack::q' (49) had reportedl that the;r 

had obtained rises of 0.4 mg/100 ml to 1.0 mg/10a ml of serum 

following intramuscular administration of 100 units of parat~roid 

extract. M.Ore recently, workers have reported that a negative 

magnesium balance usually accompanies hyperparat~roidism. Pbst~ 

operative17, the ba.lance is restored to normal. (50,51) 
Lif'shitz and c()workers in 1967, (52) found that a fall in serum 

magne sium stimulates parathyroid hormone output. Elevated serum 

calcium and citric a.cid levels, ~ocalciuria,· ~ophosphatemia 
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and hyperphosphaturia vere fOUnd consistently in magnesium-defieient 



rats. The.y a1so found thit the development of hypercalcemia 

and hypercitricemia vas p~ettted by vitamin-D deficiency which 

appears to be in accord with the data indicating that full 

expression of parathyroid hormone activi~ does not occur in 

the absence of vitamin-D. Citrate exoretion was also found to 

be reduced in the magnesium-defioient rat. These vorkers felt 

~hat magnesium deficiency is an additional exemple of the 

. association of bypocitricuria and nephrocalcinosis. 

Keaton and Anderson in 1965, ('53) were able to prevent 

renal oalcinosis in the rat bythe removal of the paratqroid 

glands before the onset of magnesium deficiency, suggesting that 

the presence of parathormone vas a necessar,y condition for the 

ramal calcification. 
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The 'administration of parathormone or vitamin-D i8": 

known to increase theurinar.r output of citrate, but magnesium 

deficiency decreases urinar.rcitrate. It is well known that 

citrate forms an undissooiated complu vith caloium and magnesium. 

Therefore, the urinar.r concentration of citrate may be of 

physiologic&! importance in the stabilisation of calcium phosphate 

in neutral or alkaline urine, and the absence of urinar,r citrate 

mq well be a factor in the intratubular precipitation of calcium 

phosphate. However, the basic mechanism involved in the reduction 

of urinary citrate levels by magnesium defioiency is still:quite 

unclear. 

This apparent contradiotion mq be exp1ained on the 

assumption of a common rena1 pathway for cafo:1.Um· and magne sium , 

vith the two ions in competition. If there is a high filtered 

load of calcium presented to the renal tubule there may be a 

relative failure to reabsorb magne sium efficiently. (54) Roberts; 

and coworkers, reported that, in dogs, doses of parathyroid hormone 

produced increases in the urinar.r level of magnesium for the first 

,·:three daya. Thereafter 1.1: prcduced no detectab1e effect. (' 55 ) 



(11) Tb;yroid: 

'1!anna. (56 ) has reported f'ind1ng low plasma magnes1um 

levels in severe cases of' thyrotox1oos1s. Three of' these pat1ent~ 

were f'ound to have level~well below the lower l1m1t of the 

normal range, and the remaining f'our were f'ound te> be well below 

the normal average. Tvo patients with myxedema were seen to 

have elevated levels of' plati •. magnesium. Tapley ( 51 ) propose~ 

that the magnes1um is responding to the level of' triiodothyronine~ 

and was able to produoe a negative magnesium balanoe in myxedema

tous patients by the administration of' triiodothyronine.' Fe f'ound 

that tqroxine oaused swelling of isolated rat livermitoohondria. 

This affeot was antagonizedby mgG12, at a oonoentration of lomK. 

He proposed that the mitoohondrial structure, in some unknown vaY, 

is oonditioned by critical~ located Jg++ sites on the mitoohond1'ial 

membrane which are capable of binding magne sium.He further' speo

ulates that this phenomena is related to the known 1'elationship' 

between body temperature and' plasma magnesium ( 58) the concentra

tion of which is known to be elevated in hibernating animals. 

( 59-61) Plasma magnesium has also been observed to 1'ise in 

animals that have been experimental]J" cooled. This could verr well 

represent a oentral nervous s,ystem depressing aotion necessar,y to 

maintain a state of' hibernation. Hovever, to date, this 1s stUl 

in the speoulativecs.tage. This rise in plasma magnesium, seen when 

animals are experimentall1' oooled, is not seen 17.1 humans. 

HYPerthyroid patients are known to demonstrate signif'ioan~ 

inoreases in serum protein bound magnesium, even though their total 

serum magnesium remains normal. Conversely the bound magnesium vas 

f'ound to be low in patients vith ~edema. The normal protein 

magnesium has been reported to be 14.5% of' the total. In the hyper

t~roid patient it has been reported to be about 20-4~ of the total, 

and in patients with myxedema it is about 6% or less.(62 ) More 

refined measurements have indioated that the f'ollowing values are 

probably more oorreot. 
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Fraction of boundmagnesium in 
normal subj ects 

Untreated hypert~roidism 

Af'ter iodine therap7 

After tqroideetoD17 

(iii) Pituitar,y 

= 37% 

= 37.3% 

- 37.3% 

• 35% 

( 63 ) 

Hanna (56 ) reported an abnormal17 elevated concentra-
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tion of plasma magnesium in a patient vith renal dwar.fism. At the 

same time he reported ~omagnesemio levels in a single case of 

acromegaly,and in two pituita17 dwar.f's who were treated vith grovth 

hormone. In a subsequent .stud7 (64) he reported on·wo additional!.· 

patiente, one who had been ~oph7Bectomilled, and the other who vas; 

a pi tui ta17 dvar.f'. FollowiIJg ~opqsectomy, calcium and magnesium 

absorption from the intestine vas decreased, urin&r.v exoretion of 

calciumfell, but the level of urinar,ymagnesium remained essential17 

unohanged. 

Following intramuscular injeotion of growth hormone, 

intestinal absorption of calcium and magnesium rose as did the 

urinar.r excretion. The plasma ~esium fell, and plasma calcium 

was seen to increase. These changes then retur.ned to normal within 

two d87S. These affects of grovth hormone are thought to resemble 

those sean following administration of vitamin-D2• Hanna suggested 

that both of these compounds may be exerting their known physiological 

effect b7 indirect17 producing a rise in the plasma oitrate levels. 

( iV) Adrenal Cortex: 

Banna (56 ) and Milne (65 ) have reported a lowered plasma 

magnesium accomp~ing primar.r aldosteronism. They divided their 

cases of aldosteronism into wo main categories. The first of these 

included clinical conditions in which magnesium vas lost from the 



extraoellular fluid spaèe to bone and soft tissue. It also 

inoludedpatients who had undergone removal of a parat~roid 

adenoma ~ who were reoeiviDg vi tamin-D or· growth hormone. The 

patients int~~s group usua117 demonstrate a positive magnesium 

balanoe. The 'seoond group 1ncluded patients who lost magnesium 

from the body by Yq of the gastrointestinal traot and the k:idnqs. 

In this oategoJ.7 a nègative magnesiumbalance is the oause of 

their h1Pomagnesemia. 

In 1960 Hanna and KaoIntyre (66) reporled that, in 

a group of rats fed a liquid diet via a stomach tube and given 

daily doses of aldosterone rangiDg from 0.05 to 0.5 pg 'for threè 

dqs there lia!il a marked increase '1nboth urinaJ.7 ai1d fecal 

magnesium. Fur1;hermore ~ the inorease was logari thmioal17 related 

to the dose and vas greaterin the adrenaleotomized than in the 

normal ratsused as controls. A negative magnesium balanoe wa~ 

observed in the adrena1aQjomized rats, with 'a depletion in the 
. . ~ -!:.'. . 
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intraoellular magnesium, as evidencéd 'b7 a fall in':f;he muscle 

magnesium concentration. Potassium leve1 also fellin muscle and 

caloium increased. Primar,v potassium depletion in muscle doea not 

cause secondaJ.7~epletion of magnesium although the converse appear~ 

to be true. Therefore, secondàr.r potassium depletion follovs 

magneeium deficienc1'. (67) Hanna and MacInt1're (66 ) conclud.e 

that the action of'aldosterone on cellular potassium may be 

secondar,r to its action on magnesium. The magnesium depletion 

found in primar,v aldosteronism should be attributed to a direct 
action of aldosterone itself and not to secondar.r renal damage. 

Serum magnesium was found to be increased in human patients 

vith Addison's disease. A similar elevation WaS also demonstrated 

in adrenalectomized dogs, cats and rats. (68) Dubois and his 

colleagues in 1943, had noted that the parenteral administration of 

magnesium salts caused al terations in the concentration of various; 

phosphate esters. Phosphocreatine and AT.P vere increased, glucose-

6-phosphate and :f'ructose-6-phosphate levels were :f'requently decreased, 



while changes vere also seen in the muscle magnesium content 

and phosphate ~ster content$ (69) Excessive levels of magnesium 

ions in muscle appear to iDhibit the.phosphokinase system res

ponsible for formation of the hexose phosphates. (70) 

( v) Pancreas 

Decreased serum magnesium levels have been reported in 

patients vith panc~eatitis. The lowest level recorded vas 

0.95 mi/100 ml of serum, but. no clinical s,rmptomatologrcould 

be ascribed to tâis qpomagnesemia. PancreatectoDl1' does not: 

produce arJY. appreciable'changes in serum. magnes~um levels. ,( 71 ) 

(ci) SurgicalProcedures 

Patients undergoiDg avariety of surgie al operations: 

have been reported to have ,lovered plasma magnesium levels 

post-operatively ( 66 ) Hèaton ( 72) reporled that 56% of a group 

of patients undergoiDg surge17 had lovered serum magnesium one 
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dq postoperatively. )Ieo.bserved moreover that these levels 

returned to normal on the second or third dq postoperatively. 

Surger,r was followed b.r a definite negative magnesium balance of 

about three dqs duration. Similar changes vere observed after 

dietar,r restrictio~ in their normal controls. The post-operative 

changes in urinaJ.7 magnesium vere also similar to the changeSJ 

induced by dietar,y.' restrictio~ in ~he normal controls. Al though 

the urinar,r levels of magnesium. vere depressed in these surgie al 

patients, they tended to return to normal in four or five dqs. 

Heaton suggested that the initial reduction in urinaJ.7 excretion 

vas due to the lover~d ingestion of dieta17 magnesium, while the 

subsequent rise in magnesium excretion coincided vith the increase

ing dieta17 intake of the patient. 

(e) Magnesium Balance 
Magnesium balance studies vere first carried out as far 



back as 1915. Magnesium intake and fecal excreticn in infants~· 

vith diarrhea vas measured, demonstrating that in severe diarrhea, 

almost none of the ingested magnesium vas absorbed. Magnesium 

metabolism has also been investigated in pathological states in 

which disturbances in the metabolism of other electrolytes occurs. 

Patients vith idiopathie epilep8.7 have been reported to have low 

serum magnesium levels. (73 ) Lowered serwn magnesium levels have 

also been reported in patients vith cbronie nephritis, vhen 

either muscular twitchiDg or convulsions were present. Lowered 

levels have also been reported in patients vith congestive heart 

failure who vere treated vith ammonium chloride and mercurial· 

diuretios. ( 74-76 ) 

(f) Diabetes 
La.rge amounts of magnesium are found in the urine of 

diabetic patients during acidotic periode. Becket and Lewis 
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( 77) in à survey of 100 diabetic patients in acidosis, reported 

tbat their mean serum magnesium level was 2.64 ! 0.60 mg/100 ml, 

whereas thirt,r normal patients had a mean. of 2.17 ± 0.33 mg/100 ml. 
The serum magnesium concentration usual17 fol~ows a pattern similar 

to that of serum potassium. It is usual17 elevated before treat

ment, then during fluid and insulin therapy,· the serum concentra

tions fall rapidly. Values as high as 9.3 mEq/L and as lov a~ 

0.56 mEq/L have been reported. (78 ) Results similar to the 

above have prompted Butler ( 79) to suggest adding magnesium as 

well as potassium to parenterally administered fluids. It would 

appear that in diabetic acidosis under treatment, magnesium like 

potassium is retained, indicating the existence of a deficit before 

treatment was initiated. (80) The deficit was ascribed to loss of 

intracellular ions as vas shown by the fact tbat at the time thi~ 

deficit existed, plasma levels of magnesium, potassium, and 

phosphate vere high. Martin and coworkers (78) found that over 

a period of three and one baU deys of insulin deprivation, a loss-



of 0.8 mEqjxg of body weight vas sustained. Approximately 

40 mEq/'K€ is retained du:ring thefirst veek of insulin therapy 

after an episode of acidosis. A renal loss of 23 mEq vas note~ 

during the initial fluid and insulin therapy of diabetic coma. 

(g) Delerium Tremens: 

Magnesium sal ts have long been known to function as; 

mild sedatives and vere formerly used in the treatment of 

delerium tremens. It had been known for some time that patienta; 

suff'ering from chronicalcoholism had lovered serum-Magnesium 

levels. (80) That delirium tremens; represented a atate of 

hypomagnesemia vas probably originally cpnceived because -~. the; 

great similarity of symptoms demonstrated by patients vith 

c~onic alcoholism. Thatdelirium tremou:rs may be due to, or 

associated wi th, magnesium deficiency is based on the folloving' 

experimental evidence. Initially thir~-three patients vith 

chronic alooholism vere studied and divided into the folloving 

three categories. (81) 

Category Average Magnesium Conc. 

Tremour Only 1.47 ± 0.2 mEq/L. 

Tremour and Mild Delirium 1.46 ! 0.12 mEq/L. 

Severe Delirium TremenS:, 1.29 ± 0.27 mEq/L. 

Normal Subjects 1.91 ± 0.21 mEq/L. 

- When this group is compared to a group of sixteen 

patients with frank delirium tremens whose average magnesium 

leve1 was 1.70 ± 0.20 mEq/L and to that of another group of 

twenty-seven a1coholic patients whose average leve1s vere 
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2.05 ± 0.39 mEq/L, a oonsiderable variation is seen. (82,30 ) 
~ 

These results tend to establish that the variation may be due 

to the differenoe in themethods empIoyed and aiso that the 

deorease in serum magnesium ooncentration is not neoessari1y 

an absolute characteristic of this disease.( 30) Serum 

magnesium levelsvere aiso found to be deoreand in patients; 

vith olearly demonstrated alooholio cirrhosis. (83,84 ) In one 

inatanoe thirty-five patients vere studied. '!'hese too, vere' 

dividedinto three categories according to the severityof their 

symptomsl 

Category Average!agnesium Conc. 

Sevêrê Confusion and Coma 1.37 ± 0.1\5 mFl:t/L. 

Mild to Moderate Mental Symptoms 1.65 ± 0.25 mEq/L. 

Asymptoma tic 

It may, therefore, be ooncluded that on the average,., 

more severe impairment of liver function Vas present in the 

first group, although this derangement Vas not ~eater ~han 

that of ~. of the indi~dua1s comprising the other tvo 

groups. A lovered serum magnesium content in some patients. - . 
vi th cirrhosis of the live"r seams to be fairly vell established 

although the degree of serum magnesium defioiency oannot be 

related to the severiv,r of the disease prooess simply on the 

basis of the evidence presented. 

(h) Protein BindiDft 

Several. vorkers: ( 85,86 ) have reported that 

approximately 14-50% of the total serum magnesium is protein 

bound. In the normal p~siologioal pH range they reported that 

35% of the total magnesium is protein bound. Magnesium reacts: 
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with serwn proteins in â manner identical to that of calcium 

over a wide range of pR's. The amount of each cation bound to 

protein is, therefore, virtually the same. (86) 
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NumerouŒreports are now appearing in the Iiterature~ 

using a variety' of methods to measure protein bound and unbOuncl 

magnesium. (85, 81-91 ) These workers present evidenceindica

ting that the fraction of protein-bound magnesiumis approxima1;ell' 

20-40% of the total serum magnesi~. Carr -and ooworkers (86,92' ) 

found that oaloium andmagnesium oompete on an equaIbas1s for 

binding sites .on albumin and. the other serum protE!ins. An 

empirical formulahas been presented bl' Copeland andSunderman 

( 85 ) for thecalculation of thefree magnesiWll ioncoDoentration 

from the total protein and totàl magnesium ooncentration. About; 

10-15% of the non-ultrafilterable magnesium-appears to be 

independent of serum protein~ (89 ) 

Ionized magnesium has also been determined bl' ul t1'a

filtration (85, 93-95 ) and bl' its propertT to activate 

isocitrio dehyd.rogenase. ( 96,97) 

(i) Bypermagpesemia 

Hypermagnesemia had been reported in ohronio renal 

failure as ear17 as 1923. Aoute renai failure isalso knovn 

to be aooompanied by inoreased levels of serum magnesium. 

Levels "as high as 3.81 ± 0.6 m»:a/L have been reported, as 

oompared to the normal level of 2.08 ± 0.18 rsiIik!/L. ( 98 ) Verr 

few reports have appeared in the literature dealing vith olear17 

defined cases of hypermagnesemia, other than those resulting 

from kidney disease. 

(j) Diurnal Variation 

There is no deteotable variation of magnesium levels . , . 

throughout the d~ providedthat strenu(lUs,exercise is avoided 

( 93,99) however, there. appears to be a sine wave pattern to 



the 1eve1 of an individual throUghout the year. (100) 

In a more recent publication Eriscoe and Ragan (101) . 

have found what they be1ieve to be a diurnal r~hmin the 

rena1 excretion of calcium and magnesium simi1ar to that of 

sodium; potass~v~ and oreatinine. They deteoted areduction 

in the ex~retion of calcium, magnesium, sodium and creatinine 
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at night~ Furthermore, the decreasein calcium was proportion

ately greater than in the other oon~tituents studied. They a1so 

detecteds1ight but consistent diurnal variations 'in serum 

concentrations of ca1~ium and magnesium, vi th lover v~lues in the 

morningthan in .the .evening~ The1'conc1uded that diet and pqsica1 

activityp1ay a dominantro1e in this diurnal fluctuation, but 

they a1so suggested that one shou1d not discount the possibi1iv,y 

that there may be a ~t~inparathyroid function as we11. 

Mea1s'appear to bè' w:i'thout effeot on the é,1'WIl magnesium 

1eve1 in the. adul t. The pre and post-prandia1 serum magnesium 

1eve1s remain essentia111' unchanged. (102,103) 

In women there appears to be a significant serum 

variation vith the menstrua1 cycle with 1eve1s higher at the 

mensus than at the intermenses. (100) The signifioance of thia; 

observation is to date, quite unknown. 

It is clear from the above presentation, that the 

exploration of the importance of magnesium metabo1ism and its 

relation to clinica1 medicine and biochemistr,y is still in its 

infancy. . Magnesium will undoubted1y gain increased significance 

in the etio1ogr and therapy of hitherto enigmatic diseases. 

Much progress can be expected from improved methods for determina

tion of magnesium and from research to unrave1 this comp1ez of 

re1ationships in the function of the cellular apparatus. 



2. Pharmacology 

The earliest recorded studies of the pharma.cologic ' 

affects of magnesium date back ta l869,whenl~et and Oahours 

(104)studied the effects; of an intravenousinjection of 

magnesium sulf'ate. The~ demonstrated that magnesium sulfate 

produced muscular weakness or pa~sis in dogs a.ndfrogs, 

simUar ~o the affect sean when curare vas injeoted. Around the 

7ear 1906thê- affeots of mSgnesium On the centrainervous system 

vere discovered. (105,106) At thattime magnesium vas used as an 

anesthetic for genêralsurgèr.r, (t07) and as ~ looal anesthetic. 

The first effectsof this inducedqpermagnesem1averenoticed 

on the res:Bâratory s7stem. A depression in the respiratoJ.7 rate 

vas noted first, folloved b7 unconsoiousness.' Magnesium vas 

observed to havetwo sites of action on the nervous S7stemè ("109) 

The peripheral affect may be abolished b7 Phl'sostigmiJle 
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or neostigmine. It vas also noted that if neostigmine vas administer

ed in eombination vith an a.naleptiesuch as pentameth1'lenetetrazoll 

or beta-phe~liscproPTlamine, an instantaneous and complete 

reversaI of the toxie affects of magnesium vas achieved. !he 

peripheral effect of magnesiumhas been extensively studied in 

animaIs. It vas demonstrated that stimnlation of motor nerves 

of animaIs that had been previous17 :i.njectsd vith magnesium sulfate 

caused no contraction, but direot stiAulation of the musole vas 

folloved by" normal contraction. ' This implicated the neuromuscular 

junction as the site of the blook. (110) In view of ,this the gross 

affects of magnesium ma;y be considered to be similar to, that of 

curare. 
The mechanism of action of curare and magnesium, therefore, 

appears to be.similar in that both produce decreased sensitivit7 of 

motor end plates to ace~lcholine. (Ill) They have however been 

found to differ in regard to the stimulating effect of potassium. 

Magnesium opposes the effect of both potassium and acetylcholine on 

the sympathetic ganglion. Curare has no measurable affect on 

potassium. If potassium and roag.a6sium are infused simultaneously, 
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there is a decreased IÎlÙscular and respirat0r.r paralysis, as' 

demonstrated by Smith (111) in dogs. Magnesium is believed to 

Cause 'a decreased liberation of aoetylcholine at the neuro

muscular junction and ~,athetic ganglia, an affect vhich is: 

antagonized by an excess> of calcium. The amount of acetylcholine 

liberated varies as a function of the looal concentration of 

calcium and magnesium ions in the region of the end plate or 

ganglion. ~t is to sat, elevatedlevels ofmagnesium and 

decreased levels of caloium stimulate the release of les8 

acetylcholinetllan if the relativeconeentrations of calcium ,and 

magnesium are revereed. (l12,113) 

Wacker and Vallee ( 42) in their recent review of 

magnesium metabolism, indicated that this cation Gan cause a 

fall in bloodpressure b.r arresting the heart in diastole. 

Hovever, levels ten times the normal p~siological range were 

needed (27-44~L) 100 demonstratethis affect. They further 

demonstrated that if a dog were infused vith a magnesium contain-

ing solution until a plasma level of 5 100 10 mEq/hwas reached, 

marked changes vere seen in the electrocardiograph., They 

ebserved an increasedPR and QRS interval, accompanied by an 

increase in the height of thé !fi wave. The overall effect was to 

depress the camiac rate and the camiac output. 

Boen and his coworkers (114) produced a lengthened 

T-complex when the.y randered dogs hypocalcemic and hypomagnesemic. 

However no attempt va8 made to distinguish between hypocaloemia 

and hypomagnesemia on this basis. 

Magnesium is also known to potentiate the effects of 

the posterior pituitar.r hormones on the uteru.s in vitro. When 

magnesium was present in the medium in vhich uterine strips vere 

suspended even Vasopressin demonstrated marked oxytocic properties. 

(115) 



llècause of the ex-tensiveness of the literature 

concerned vith the phamacology of magnesium ions, this seotion 

haB on17 dealt vith the affects of an increase in magnesium on 

the neuromuscular and cardiovascular systems. 
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The f'ollowing section will deal vith magne sium 

deficiencT states and some of the nutritionaD.aspects of magnesium 

defioienc;y. 



3. Magnesium Defieien91 Syndrome 

In 1926 (116) Leroy demonstrated that magnesium vas 

essentia1 for mammalian growth. Young mice maintained on 

magnesium deficient diets had their growth arrested afte:n' 

thirteen dqs on this regime. Death folloyed after twenty to 

thiriT dqs •. In 1932, Kru.se aDd his covorkers (117)desoribed 

the elassical acute magnesium deficiency qndrome in rats. 

Vasodilatation, manif'ested b7 er.ythema, and. h;yperem1a. vas seen 

vithin five dqs: of removal. of magnesium from the diet. 

o ODC emitant17 ' the animals e:mibited.signs of increasing neuro

muscular irritabi1ity eulmina:t;ing inseizures, vith death often 

occuring durirlg the first sèizure. Chronie defioienc7 in animals 

surviving for long periods of' timeon magnesium deficient diets: 

was manif'ested b7 alopeeia, trophieskin lesions, hematomata of 

the ear lobes and svollenb1Peremic gums. The symptoms of aeute 

hypomagnesemia are similarto those of b1Poealeemic tet~~ 

. including a lowered threshold sensitivi'tT. (118) Pathologieal. 

changes are alao seen in heart muscle, the vascular B7stem, the 

kidneya, liver and the brain. 
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In 1938, Tutts and his eoworkers also produeed magnesium 

deficienC7 in ra'ta, thereby substantiating the' experimental evidence 

of Kruse mentioned above. (119) 

lfacker and Vallee ( 42') have further demonstrated that 

the serum magnesium levels of-defioient rats fell from 3.00 mg/100 mli 

to LOO mg/100 ml. (2.46 mFl.!/L; to O.82m»:VL) in about seven to Dine 

dqs. The erythracyte magnesium levels fell fram 7.e mg/100 ml to 

2.0 mg/100 ml in about eleven dqs. Soft tissue magnesium did not. 

appear to change, although whole body magnesium and bone magnesium 

fell rapid17. There is a eompensato:ry ri se in whole body calcium 
'·1· 

during this time. 
Hypomagnesemic rats fed a diet high in magnesium rapid17 

accumulate large quantities of magne sium in the bone. The above 

authors specu1ate that the bone may function as a reservoir to meet 



t~e soft tis~e demanda during periods of hypomagnesemia. 

As little as 5.0 mg/100 ml of magnesium per 100 grams of food 

per d87 will prevent the symptoms of magnesium deficienc7 from 

appearing. 

Large amounts of iDgested oalcium are known to 

aggravate the severit,y of magnesium deficienc7. A greater dieta~ 

intake cf magnesium is, there:f'ore, needed to prevent symptoms 

from appeariDg. (48) lldgh protein intake also inereases the 

requirement for magnesium and causes the dificienc7 symptoms to 

appear. When on a diet of nomal magne sium content, (43 ) magnesium 

deficient ra:ts are lŒown to be incapable of synthesizing protein 

normal17~· 

Rats maintained on a high calcium, DOrmal magnesium die'ti; 

were shown to have an alka.line urine, calciuria, and. renal calculi. 

Th87 alsoshoved a lov serum magnesium and an increased serum 

calcium level. 

NUmerous attempts have been made to produce hypomagnes9mia 

in man vithout too muoh success. Tvo normal health7 males vere 

maintained on a lov magnesium diet containil2g 1.0 m»Uds:r for 
-
tvent;y-four dqs" The total 1019s of magnesium during this p.eriod 

vas: 25.8 mEq and 71.6 mEq respective17. 

Interesting17 euough the serum 1eve1s did not ohange. 

The urina.~ los ses vere initia117 very' high, but decreased sharp17 

thereàfter. The tvo tes~ ~bjects then stabilized at a lov level 

of 5.0 mEqj24 hours. The authors concluded that normal adults are 

apparent17 able to conserve magnesium. (81) A11 experimental 

attempts to induee a simple dietar,r magnesium deficienc7 in 

healthy subjects have, to date, failed. Vallee and coworkers (29 ) 

ascribe this failure to correlate deficienc7 vith c1inical s7mptoms 

meT ~e d'te, in part, to the inadequao7 of the available methods used 

to determine magnesium. Vallee and Margoshes claim that t~e 

development of the multichanne1 flame spectrophotometer capable of 

determining magnesium simp],y, rapicl.ly and accurately, has provided 

a means of overcoming this obstao1e.( 120 ,12~ 



In a recent papér Valle"e and coworkers (29 ) described 

a ney specific clinical en~i~ yhich ~hey called "Human Magnesium

Deficiency Tet~. This 8,1Ddrome is vi--taally identical ~o ~ha~ 

of qpocalceDdc ~etB.JQ". However, ~he wo mq be dis~inguished 

chemically. The symptoms are almost identical.~o those seen in 

magnesium-deficient animals. In each of: the 1'ive patients they 

studied, the parenteral adminis~ration of: magnesium sulfate 
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promptly and comple~ely reversed the symptoms, signa and chemical 

changes 01' the s1J1drome. Their patients included ~hree males and 

two 1'elDalesrangillg in age 1'romthirty-eight ~o sixty years. AlI 

o1'these patients BUf1'ered 1'rom severe malnutrition secondar,r to 

in~est~l malabsorptionor chronic alcoholism. Conclusiveproof: 

that the syndrome in these patients isentirely due to aD al teration 

of: magnesium metabolism is af'f'orèled by the correlation 01' symptom

atolog, vith the chemical changes observed in the serum, and of: 

the concomitant restoration of:both to the normal state b.r therapy. 

Intramuscular magnesium sul-rate will relieve hypomagnesemic tetany 

within severa! hoursYith a simultaneous return to normal of: the 

serum magnesium. However, no apparent correlationwas f:ound 

between the ratio or sum of magne sium concentration to calcium 

concentration in this ~rome. In aIl cases tet~ is the primar,r 

sign of: hypoma.gn.esemia. In both man and animaIs the only way 'that 

it can be distingttished 1'rom hypocalcemia is by the measurement 01' 

the serum concentrations of: these two cations. Simple dietar.v 

magnesium restrictions does not appear to produce tet~. (" 123 ) 

Vallee, Waoker and Ulmer ( 29) in 1960 have a1so described 

an acquired type of: magnesium de-riciency which they term "Conditioned 

Magnesium De-riciency.tI A conditioned de-riciency isinvolved in 

which even the normal intake f:ails to meet the requirements of: the 

b~ on a 4&ily basis, owing to the excessive losses f:rom the 

gastrointestinal or urinar,r tracts or f:rom a 1'aUu:re ~o absorbe 

The signs 01' this de-riciency thus appear against a background 01' 

prolonged vomiting, intestinal malabsorption, prolonged acute in:feèition, 



severe malnutrition produced by alcoholism, gastritis, intes

tinal obstruction, or postoperative drainage. When severelT 

debilitated patients undergo surger.r, and are then given 

magnesium-f'ree parenteral fluids for long periodsof time, one 

would expect them to demo.nstrate signs of' magnesium def1cienoy. 

Hanna and coworkers (54 )claim,' however, that gross 

magnesium deficiencT maT produce convulsions but that tet~ 1s 

not produced unlessthere is a concumitant h1Pocaloemia. ~eir 

SUggestion f'inds partial support in a cas.e desoribed by Kaolntyre 

and. coworkers in 1961.(124) . Theirpat1ent,suff'ering f'rom 

persistent diarrheahad gross hypoma~esemia but demonBtrated 

no sign of tetany. Ona low~alcium diet the serum 'calcium fell 

to approximately 3.0 rriBl:!/L, but the serum magne sium remained 

unohangeà at around 0 •. 9 11lFI:!/L.. Tetall1' subsequent17 developed vith 

positive Chvostek's and Trousseau's signs. However, the tet~ 

disappeared when the patient was plaeed on a high-oalcium diet, 

and the serum calcium rose to .. normal levels vith themagnesium 

remaining lov. 

At first glanee thase observations appear to contradict 
the f''indings of Vallee and ooworkers. ( 29) However, Vallee 

clearly stated that in their patients the serum ealoium vas normal 

ini tiallT and. remained normal, land tha t the. appearance and dis

appearance of tet~ was directly related te the lowering and 

raising of the serum magne sium conoentration. 

The investigations of magnesium metabolism in man thus 
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far represent a limited number of observations perfoxmed on small 

numbers of patients. Although these preliminar.r studies have been 

encouraging, they have been carried out in only a fev diseasestates. 

Many gaps remain in the knowledge concerning both;:' the diseases in 

whioh a defioienoy or an exoess of' magnesium is 1alown. The large 

quantities of' magnesium present in the human body, and its known 

biochemical f'unctions, malte it reasonable to suspect that new and 

clinically useful information will become available as simple and 

rapid methods are developed for the determination ot magnesium in 

biological material. 
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4. . Ana1ytioa1 Methods For The Determination Of' Magnesium 

An acoura~e deter.mination of magnesium in, bio10giea1 

materia1 ie besetwith diffioulties.Themore prominent oftheee 

are thenonspecifio nature, of itspre~ipitationreactions;the 

1iabi1iVto inter.f'erence· of ,other natural1;voccuring ions, 

notab1;v caloium,in 1 ts colourimetr:l.c or ti trimetric mEt&surement, 
. -. . .. 

and finà11;V the r~lative1;v 10v intensitY ofits spectral1ines. 
~ere1a.tive . abund8noe . of methodsavailâb1e' onq 

testifies to their inadequacT and most of the methodspresent1;v 

in use are either iDaccurate or cumbersome. 

Efforts to o:veroome these difficul ties have resul ted 
,. 

in a large Jnûinber ;,f methods beiDg proposed forbiochemica1 , 

purposes. When large amounts of organic material arepresenta~ 

in food, feces, plasma or b1004, prelimin817 aShingor protein 

precipitation uauallT provea to be a neoessar,r firat step. 

T.he methods availab1e for the determinat10D of magnesium 

in bio10gioa1 materials are as follovsl 

a) Pracipitation folloved b;V veighing, titrat1on,. 

co10urimetr,r or f~e spectrophotometr,r. 

b) Direct colourimetr,r of magnesium complexes. 

c) Compleximetric titration. 
d) Direct flame emission spectrophotometr,r. 

e) Atomic absorption spectrophotometr,r. 

f) Fluorometr,r. 

g) POlarograpq. 
T.he princip1e methcds in each of the seven categories 

listed abave will be reviewed. 

(a) Precipitation Methods 
:In 1910 McCrwiden (1.25) Mendel and Benedict (1.26) 

introduced a precipitation t'echnique basad on the precipitation of 

calcium as calcium oxalate, followed bT precipitation of magnesium 

aS the ammonium phosphate salt~ The precipitates obtained are aShed 



and weighed. This methad-rhas been found to be applicable to 
the a.na.lysisof food, feoes and urine. 

M~Crudden showed thatin inorganio solutions the 

copreoipitation of magnesium vith oaloium oxalate oould be 

avoided if oonditions vere proper11'ohasen, and that addition 

. of citrate reduoed the .interterenoe from irone Several modifioa

tions of this teohnique are presently in use. [12'7-131) 

The determination .Qfmagnesium by preoipitation as 

magnesium ammonium phosp~te actual11' oan be traced baok to 

1877, CL32) , Yhen Stalba found that he oould quantitate the double 

salt by aoidimetric t1tration. If' calcium. vere present, as in 

serum, urine, eto., the Calcium must first be removed by 

precipitation as the oxalate. Then the magnesium in the supernate 

can be p,recipi tated as the.' magnesium ammonium phosphate. Ta 

prevent the precipitation of the magnesium as magnesium ~droxide 

(1lg(Oa'2) or (Hg3(P04)2)' the magnesium must first be precipitated 

in slightly acid solution as BgHP04. This salt vas then couverted 

to the~4P04 by the addition of ammonium hydroxide. The 

preoipitate vas then quantitated gravimetrioa1ly. 

McCrt1ddent s and S1ia1bat s techniques have bEl,en erlended 

for serum or plasma, but require a minimum of tvo ml of materia1. 

In 1917 Marriot1i ~33) suggested that the magne sium ooncentration 

could be related ta the ferrio thiooyanate deco10urization of the 

~4P04preeipitate. However, this method vas neyer vide1y used 

because of the po or preoision. 

Denis measured the magnesium ammonium phosphate 

nephe10metrical1y using str,yohinine molybdate. ~34) Briggs U35) 

and Denis (L36) 1ater introduced the technique of determining the 

phosphate in the preoipitate oolourimetrioally b.1 the mo11'bdenum 

b1ue method, using qdroquinone as the reduoing agent. Variants 

of this latter technique are still being used, despite the 

numerous modifications that are still being proposed. The 

aminonapthosulfonic acid reagent of Fiske and Subbarov has been 
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used. to replace the ~aro·qumorie «37), and the mo17bdivanadate 

method,for phosphate determ1na.tion has also been applied. (L38jl.39) 

This latter method has the advanta.ge of co10ur stabi1ity. The 

major problemwith a1l of these methods is the el1mination of 

posphatecontaminition during the precipitation step without 

sustaining a loseof some'of the magnesium precipitate. There, 

therefore, remains the uncertain't7 of the cOJllp1eteness, of the 

separation of calcium f~mmagnesium ~s vell as the difficu1v" of 

e1iminating contam1na~:1oILof the precipitate without losing some 

of the material. 

A second and wide17 used precipitatiDg agent for 

magnesium is the 8-~ro~uinoline al 'al l introduced. by' 

Yoshimatsu in 1929.' The h1'dro:r;yquino1ine in the precipitate, has 

been quantitated photometricaiI7 vith Folin's phenol reagent, 

CL40jl.4J) and by the b1ue-green co1our formed vi th ferric iron in 

29 

an acid solution. (1.42) :It has also been quantitated photometrical17 

b7 brom1na.tion followed b.r iodometric titratioD of 8z48ee bromide. 

(130).42) 

:In serum, calcium interf'eres to some extent, but this 

can be ignored if oxalated. plasma ie used initial17. Hovever, 

the preoipitate of magnesiwn quinoline is 1ight and fluffy, which 

ma7, give rise to large errors from loss of the precipita te. Zino 

and oOp'p~r have often been reported. as oontaminants. 

This method, in spite of its drawbacks, is rapid and 

requires no special equipment. :It has, therefore, foUnd quite 

vide aooeptanoe for less oritica1 applications. 

b) Direct ColoUrlmetl."l 

The search for simple but rapid teohniques to be used 

for bioohemical purposes 1ed to the application of the colour 

reactions of magnesium vith the dye TitanYellow (Cl~ton Yel1ov; 

Thiazole Ye11ow), firet described by Kol thoff (143) in 1927. 

The method depends on the formation of a red magnesium ~droxide-dye 



lalte in an allœline solutiôn. The lalte consists of' a dye 

absorbed on the sur.face of' colloidal pa:rticles of magnesium 

hydroxide (Mg(OH)2). The earlier methods did not oall f'or 

protein precipitation but later modifioations demonstrated that 

this vas a desirable p:relim,1na17 step.(lW The lalte so formed 

is suitable f'or colourimetr,y, although its oolloidal nature 

:requires the addition of gumghatti or polyvi~l alcohol as a 

stab1lizing agent. (144) 

In 1934, Rirschfelder and coworkers introduceda 

modification of' the basic procèdure,of ICOl thof'f. This vas 

fu:rther modified in 1951 'by Ora.nge and Rhein. (36) Their tech

niquepermitted the use of a smaller sample' and obtained g:reater 

sensitivity b.r using longpath length colourimeter cuvettes. 
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This procedure has beanused espeoially where small sample size 

ie d~eir8ble. Althoughthe method is repo:rted to ~e specifie 

for magnesium it is fraught vith difficulties, some of' vhich arel 

(1) As noted above the red lalte has a tendency to 

precipitate out of' solution. To stabilize this 

lalte and the:reby give an optically clear solution 

one must add gum ghatti, gum arabic, polyvin;yl 

alcohol or a polyvin;yl alcohol-sodium laur,yl 

sulfate mixture. Mixtures of' glycerol and staroh. 

have also bean used by some workers, but none of 

these agents has been entirely satisf'actor,y. 

( 2) '!'he colour tends to fade. ~dro:Q'lamine added to 

the reaction mixture p:revents this to some extent. 

(3) The colour :reaction is not too sensitive, although 

polyv~l aloohol tends to potentiate the colour 

development. 

(4) Calcium and iron tend to interf'ere giving falsely 

high results. Calcium appears to potentiate the 

colour develop.ent. 



31 

(5) Glueonate- is ~so known to interef'ere, especially 

atthe levelsnormall1'used in iDf'ants undergoiJ3g 

exchange .transfusion. 

Bohuon «47) recently described a simple and direct 

colourimetric method for the determination of magnesium in 

se:t'Wll; urine and feces. ThiS. method is based on the reagent, 

sodium l-azo-2-qa.ro~-3-{ 2,,4-dimetqlcarboxanilide )-naphthalene-

1-(2-qà.ro%1'beDZe~e-5-Sul.fonate) which vas introduced by~. and 

Yoe (L48) in 1956. At a pli of, about 9.0 the,blue ~olour of the 

reagent become's p1.Dk h the presence of magnesium. 'When the cclour 

is developed in anaqueous, ethaDol solution" ,the complexremains 

adequately stable for photometriollleasurement. '. Interf'erencesfrollt 

calcium at the ooncentrations normall1' found in seram 1s negligible. 

In most cases protein preoipitation 1s œmecessary. It has also 

b:een noted "t~tthere is no inter.f'erence from ealoium gluconate or 

from drags. 
1 

In 1964, Rice and Lapara ( 9 ) introduced a modification 

of the method of 13ohuon. !!!hisproeedure, employing a 0.02 ml sample, 

rendera the method truJ,y ultramicro in quantity'. !!!he method, besides 

being specifie for magnesium, is not affected by the presence of 

oxalate, gluconate, citrate or calcium, a problem that has limited 

the usetulness of the other available methcds. The small &ample 

size has theadded advantage of making this an ideal method for use 

in a pediatrie unit. 

The azo dye, Chrome Fast .Blue m has also been used in 

a photometrie method tor serwn magnesium. (149) The aZO qe 1,8-

dih1'droX1'-2-(3~-chloro-6!aih1'dro~benzene-azo) Daphthalene-3,6-

disulfonic aCid, requires no removal of calcium, no waiting for 

oolour development and no stabilizing agents. It is sensitive to 

quantities of magnesium aS small as O.Ol)iBq/ml of solution. This 

method represents a detinite advantage over methods suoh as the 

Titan Yellow., 



(c) OOmplexometric Titration Methods 

Most titrometric methods are based on the chelating 

agent disod1um ethTlenecUaminetetraacetate {EOTA; "VERSENE") , 

which has been used extens1veq duriDg the past ten ;years. 

Preliminar,v deprotein1zat1on of tho serum is not necessar,v. 

Usuall;y wo t1 trat10ns are required using diff'erent indicators, 

one to give the total of magnesium plus calcium, and the other 

oalcium alone. Therè:rore, Magnesium is determined b;y diff'erence. 

The ~e Brioohrome Black 'l, gives the cODCentra~ion of caloium 
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and magnesium, and ammonium pur,purate 7ie1ds the-calcium con

oentration alone. '!o date, lII8lI1' modifications and a variety of' 

indicators have been suggested. 0.49-15);) lligh protein and ~phosphate 

concentrations tend to sloy dOllD the·eolour ëhange of the indicator. 

Phosphate abould be removed previous17 as the morpho1inephospho

tungstate. Other divaleut cations; notabl;y" Zn and Fe are known 

tGintedere vith th.e col.our developaent. The method, as 

emplo~d tod~, requires 0.1 ml of serum, making 1t su1tab1e f'or 

use in a pediatrie hospital. Although fast, 1t is unreliable. 

(d) Emission Spectrophotomet;r 

Quantitative emission speotrophotometr,r has now found 

vide acceptanoe. F1ame spectroPhotometric methods are more 

a;curate, but at the same time tend to be more difficu1t than the 

current1;y availab1e co1ourimetric methods. The main difficult;y 

is in the emission characteristics of' the e1ement itse1f. Flame 

emission spectrophotometr,v uses two main vavelengths for the 

determination of magnE,sium. The magnesium oxide emission band 

ai; 370IJ91 is easily excited, but unf'ortunately considerable spectral 

tnterferanoe oan ooeur here. The atomic emission band at 285.~ 

ilS sharp, but requires a high flame temperature for its effective 

excitation. It should be noted, however, that this latter' emiss10n 

line is very olose to the sodium 1ine at 285.3Jl91-



Davis (1.31) uâed 8-~dro:Q'quinoline to precipitate the 

magnesium thusfreeingthe magnesiumfrom other inter.fering ions 

such as calcium, sodium, potassium and phosphate. lie then 
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measured the magnesium concentration at 285.2~. DissolviDg the 

precipitate in an aoetone-acetic acid mixture imp~oved theemission 

chara~teristics. Oxalate in the origiDa! sample vas found to 

depress the f'lame emission. .IC8.puscinski and covorkers ({.57) used 

the oxide bands for magne sium and calcium. TheY' &Shed the samples: 

and then sp~ed a concentrated extract of this into thefleme. 

!l'heir method proved to be subject to interf'erence from sodium, 

potassium, and phosphate. 

Teloch (L58) intrcduced a modification of themethod of' 

Davis, ,(1.31) suggestillg thatmagnesium abould be meàBU~d at;· 372 lII)1. 

However sodium, potassium, glucose and Rhosphate still caused a 

signif'icant amount of interf'erence. 

Alcock and covorkers (1.59) used an instrument vith an 

O~acet~lene flame, anarrow slitwidth, a single resolutioD double 

monochromator and a wavelength of 285.2 111)1. Interf'erence f'rom 

sodium, .-pta.aaium and phosphate vas large17 overcome b7 includiDg 

appropriate concentrations of' these ions in the standaDd solutions 

used. The~ f'ound that it VaS necessar,r to deproteinizê the sample 

bef'ore ana~sis. 

Favoett, W~ (160) and Montgomer.r (16l) have- devised the 

most practioal and most videlT used method to date. .' They"use4 a 

commercial17 available singlemoDochrcmator instrument, an air
acety"lene flame, and a vavelength of 285.2 DJl- The emission, at 

this vavelength, due to the magneaium was small by. comparison vith 

the nonspecific flame background. However, other factors such as 

monochromator band vidth, wavelength stability" duriDg a series of 

mb~surements, and f'lame temperature plus background stability" made:; 

this method one of the mostreliable so far in this categor,r. 

~ flame spectrophotometers now in use are capable of 

measuriDg magnesium in serwn, urine, feces and other biological 



fluids includiJJg tissue homogena:tBs. (LO,162) However, in most; 

cases it is advisable to remove pretein and inter.f'ering ions 

BUch as sodium prior to a.na.qsis. 

Ce) Atomio Abs0l."Ption Spectrophotomet17 

Atomi~ absorption speetrOphotometr,r is an interestiJJg 

and new appreach to the de~erm~tion ot elements BUch as calcium 

and magnesium. This method, originaliy developed b7 '&'1llis ((63),: 

and later moditiedby Walsh (L64)torbiochemicaluse, ie basedon 

the estimation of the light absorbed b.f the Q%oited atome ot the 

element at the waveleDgth ot the resonance line ot theelement. 

Light emi tted. f:rom a quartm-ended hollow discharge tube usiJJg a 

magnesium cathode,. is passed th1'OU8h a tlame in whioh the sample 

is vapourimed. The emerging light passes through a siJJgle mono- . 

chromator toa phototube. !he hig;tJ.er the concentration sprqed, 

the more light ot the magnesium resonanoewavelength em1tted b.7 
the lamp is absorbed. in the. tlame, and the lover is the phototube 

current. !he lamp's emission is specifie for magnesium and non

specifie absorption in the flame is small; and ean be eas~ 

corrected for. Therefore a high resolution op.tical system is 

unn~cessar,r. C 165-167) 

Dawson and lIeaton (165) have oonstru.cted an instrwllent 

~t has von vide acceptance in hospital laboratories. To date, 

this vould appaS? to be the method ot ohoice tor magnesium 

determinations for clinical purposes. 

(f) Fluorometg 
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Schacter (16~ has show~d that at the concentration ot 

magnesium l1kely to be encountered in biological materials, the 

fluorescence ot the magnesium-8-~d:roxyquinoline complex in ethanolic 

solution is almost specifie for magnesium. This method fortunate17 

avoids precipitation of magnesium, a step, usually responsible for 

the rela tively large errers inherentin other methods. No 

inter.ference trem other cations has been reported to date. However, 



few reporls describiDg' the-use of this instrument in olinical 

biochemistr.r have appeared in the literature, making it rather 

diffioult to assess the worthiness of this technique. 

(g) Polarograph{ 

. Direct polarographio measurement of magnesium in 

seram and urine has Dot as yet been achieved. However, an 

indirect method has been reported bT J:rving. 0.69) This method 

1s based OD the polarographio. determtnation of sinc 11berated 

by calcium and magnea1um from an ammoniacal sinc-DTA-comple:i:. 

J:t 1a notewort~ that this procedure has not Tet been wide17 

used in clinical biocheÎnistry, because of the co st . of the 

equipment. 
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-SECTION 111-

EXPERIMENTAL STUDIES 

In the experimental section of th~s thesis,the 

general methodsused, and· the· procedures commemtothevarious 

studies ~dertaken will be described first. The resul ta 11':1.11. 

then be preaented under Sections v· to YI;II. incl~sive. 

Cl) Serum Ionie Magnesi"\lDl ID 1b:ehange Transfusion •. 

(2) The Etfeot On Serum Ionie Magnesium Of kchange 

Transfusion Vith Citrated As Opposed Tc Hèparinised 

131.ood. 

(3) Serum Magnesium Levels:In The Bswborn And Older Child. 

(4) Ultraoentrifugal Studies Of Protein-BOund .And Free 

Magnesium In }formal Human Serum. 

In eaehof these four S0ctions the aim of the particular 

experiment will be defined,. and a discussion relating the findiDgs 

to those of other iDvestigators Yill follow the presentation of the 

results. 
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- SECTION IV -

GlmERAL. MEmODS 

1. Reagents and Naterials. 

(a) alasswar&s 
All glasSYar8used in theseexperiments was 

thoroughl.y washed vith detergent and water, BOaked over

night in lai mtric acid,and rinsed several times in 

deionised glass dist1lled water. ~is glassvarewas 

reserved for magnes1um determinatioDS only and was protect

ed from trace metal contamination after it had been cleaned. 

The blood vas collected in nQ unused "vacutainers." 

(b) Waters 

0nl7 resin-deionimed glass distilled water Vas 

used for the prepaxations of reagents and solutions uaed 

in the determinations. 

2. Reagents. 

(a) Mann' s Dye Reagents 

Dissolve 25.0 mg of Mann' s Dy"e, Sodium l-azo-2-

~droJq'-3C.2 ,4-dime~lcarboxanilide) Daphthalene-l( 2-~dro:Q'

benzene-4-sulfonate) in 200 ml of redistilled 95% ethanoI. in 

a 250 ml volumetrie flask. FifV ml of water vas then added 

and the contents of the flask vere mixed to ensure homogeneiV. 

This: reagent, if stored in a cool dark area, is sta.ble for at 

least two monthe. 
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Sodium l-azo-2-hy:droxy-3-(2, ~-dimethylcarboxanilide)-
. 1· ' 

na p hth al en e-l'-(2-hydro'xy benzen e-4-sulfon ate) 
" 



(b) Sodium :Borate, o.o8M~1 

D:iisaolve 30.51 grams of Na~401.110:a:20 in 

500 ml o~ hot water. The resul"ting solution is al10wed 

to cool to room temperature before being diluted to 

1.0 liter. 

(0) mank 

Mb: 44.0 ml of water; 48.0 ml oi' redistilled 

ethanol; and 8.0 ml of 0.08Msodiumborate. 

(d) Working lleagent. 

This solution ispreparedas i'ollows; 50 ml of 

water; 10 ml of sodium borate:; and 40 ml of redistilled 

95% ethanol .re mixed together. 

Solutions b,c, and d, are stable indefinitely 

if stored in a cool dark area. 

The appropriatevolume of working reagent is 

prepared fresh daily by mixing aeeurately, in a volumetrie 

flaàk, four volumes of the a1eoho1ic borate solution with 

one volume of the Mann' s Dye reagent. This solution is 

stable for approximately twenty four hours if" kept:awq 

from direct sunlight. 

(e) Magnesium Standard Solution, 10.00 mEs/LI 
0.1233 grams of MgS04.1H20 is aceurately weighed 

out, dissolved, and made up to 100 ml with water. Working 

standards of 1,2,3, and 4 mEq/L are prepared frash dai1y 

by accurate1y diluting the stock standard solution 1.10; 

2.10; 3:10; 4:10 with water. 

3. Procedure. 
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Using a 80 F1 Beckman Micropipette exactly 20 ~ of 

unhaemolyzed serum was added to a test tube containing 5.0 ml of 

working reagent. The tube was covered with Parafilm and the 



oontents vere mixed thoroug~. 

Vith eaeh set ot unknowns, a reagent blank tube and 

a standard tub,e vere prepare,d by adding 20)ll ot R20 or 20 pl 
DIa8Ilesium standard sOlutionrespectively 100 5 .. 0 ml ot working 

reagent. 

.A:f'ter waiting tan minutes, 100 allow the reaetion 100 

go 100 ~ompletion, the absorbanoeot eaeh 'lmknown vas determined 

at 600 • again'st a respective serwn blank consistingi of20 )11. 
, . 

ot serum mixed vith 5.0 ml ot blaflk.ABeckmalllm, Speotro-

photometer, with a ouvettehaviDg' a 1.0 cmlight path~ vas used 

throughout. 
.., 

fbe absorbance of the reagent blank and the standards· 

(1-4 mBqjL) vere determined at 600. against vater. 

This oolour i8 stable for tventy-four hours. 1tis 

una:ffected by temperature variations, bUt aPl>ears 100 be light. 

sensitive. Theretore, it is advisable 100 keepthe solutions 

out of direot sunlight. 

The Mann's Dye is specifie and ve-q sensitive for the 

determination ot magnesium. In the pa range ot 8 - 11 magnesium 

ions cause a eolour change tromblue 100 purple. As this colour 

change oeours there is a simultaneous deorease in the absorbance 

a.t 600 1U)1. Because abso·::t:'Da!lCe e.t 600 ~ rell:!:eeente the ~wnt 

ot unreacted dye, it would be antioipated that the ditference 

between the absorbanoe at 600 • ot a reagent blank: and an 

unknown would measure the &mount ot pink magnesium-dye oomplex 

tormed. Moreover, this absorbanoe ditferenoe should be propor

tional to the magnesium concentration ot the serum. 
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4. Calculationsl 

~A.;:b~s=.o~rb;.:an=o:.:e:...:::o;;t~R;;:;e=s:&.e::.:n::.t~Bl~a=n;:kT--TA~b~s:::;;o:;.:r:.:b;::an=c;.::e~ot::.-:tJ:::::'i1~lrn=:o:=wn~~...;x; 2.00 = mEq _IL 
,Absorbance ot Reagent ma.nk Absorbanee ot Standard. 



Eeoause of the s~nsitivit~of the method the following 
restriotions are imposedl 

(1) The differenoe between the Reagent Blank and the 

2.00 m"BqjL. Standard must never exoeed 0.105 O.D. Units, 

and must never be less th.an 0.095 o.]). Uni ts. 

(2) The differenoe between theduplioate samples must never be 

more thanO.005 O.D. Units. 
(3) A 1.OOJJI&:VL. and'a 2~OO m»VL.: Standard must be prepared for 

eaoh series of determinations. If thé standard curve is to 

obey Bèer's liaw then the differenoe between these wo 
standards JIII1st beQ.050 O.D. Units. 

(4) Lipemie se:rUm must be cleared of its eh;rlomiorons by- an 

initial oentrttugation at high speed. 

If ~ of these conditions werenot met, particula~17 numbers one 

and three, the entire series of determinations vas repeated. 
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~ - SECTION V -

SEROlI MAGNJ5IUJ4 IN EXCRANGE TRANSFUSION 

Citrated blood used for the purposes of exchange 

transfusion results in the formation of an incomplete17 ionized 

calcium citrate complex andconsequent17 a deorease in the amounit 

of ionised oalcium in the oirculation. (" 1,2' ); In routine 

clinical practice this is anticipated, and an attempt is made 

to correct it by the intravenous administration of calcium, in 

the form of a 10% calcium' gluconate solution, at regul.ar inte1'7al$ 

during theexohange procedure. Like calcium, magnesium is alao 

a divalent cation, and is also knoWn to be bound. b;r citrate. (4 ) 

The salts of Qivalent ions in solution are not complete17 

dissociated, but :form che1ation complexes. (170) Whi1e data are 

avai1able regarding .the behavior of calcium during exchange 

transfusions (2J ), corresponding data on magnesium are inadequate 

and difficu1t to interpret. (5 ) The present study vas under

taken to provide information regarding the behavior of non-protein 

bound serum magnesium levels during exchange transfusions vith 
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citrated blood and to determine an7 related clinical symptoms thereof • 

- Materials and Methods -

Biological Material 

Studies have been carried out during thirty-three 

exchange transfusions given to a total of sixteen infants within 

the first week of lite. In al1 instances the indication for 

exchange transfusion vas ~erbilirubinemia. Of the sixteen infants, 

six had erythroblastûsis due to Rh incompatibility, Al30 

incompatibility vas diagnosed in five of the patients, and the 

remaining five had idiopathie hyperbilirubinemia presumab17 

resul ting from a delay in._th~ maturation of hepatic enzyme systems. 



Of this last group, four 1.n:fants vere premature by veight and 

gestational age, and the fi:f'th Vas a full-term infant. All of 

the blood used in the transfusions vas prepared in a similar 

manner, so that each 500 ml represented a mixture of 120 ml o~ 

ab.id-citrate-dextrose complex and 380 ml of donor blood. 

Preparation' Of The Anticoagulants 

* Acid-citrate-dextrose complu: is the standard 

). 

Canadian Red Cross mixture using the Nm Formula :B: anticoagulant-.. 

This contains 4.4 grams citric aCid, 13.2 grams trisodium citrate 

and 14.7 grams glucose per liter' ofanticoagalant. Each bottle 

of donQr blood contains 120 ml of· this . solution plus 380 ml1 cd 

blood. Therefore, 'each bottlè of donor blood wouid contain 0.528 

grams .oitrio aoid plus 1.584 grams trisodium citrate. 

l4a.ny transfusion oenters in the United States use the 

NIHFormula A antiooagulant in a ratio of 450 ml of donor blood 

to 67.5 ml of' anticoagulant. Formula A contains>, 7.3 gramBl ci trio 

acid, 22.0 grams trisodium citrate and 24.5 grams glucose per 

li ter oit antiooagUlant. Therefore, each bottle of' donor blood so 

constituted will contain 0.493 grams citric acid and 1.485 gr~ 

of trisodium citrate. The citrate levels are then of' a similar 

order of magnitude for the wo preparations, and the results of 

the present studies are, therefore, applicable to either of' the 

anticoagulant mixtures. 

Msthodologzs 

In each case the blood transfused was less than three 

deys old, and the total amount exchanged varied f'rom 1255 to 150 

ml per kilogram of' body weight. Calcium in the form of' a 10% 

** solution of calcium gluconate was administered at regular 

intergals during the exchange procedure. 

In all instances the pre and post-transfusion blood vas; 

sampled, and vhen possible, samples vere taken at 100 ml intervalBl 

* Abbott Laboratories, Chicago, Ill., 
** Sandoz Pharmaceuticals, Hà.nover, N • .!r. 
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during the oourse of the~ exohange transfusion. Care was taken 

ta disoard the first two ml aliquot of blood drawn, in order..· 

to avoid adulteration with donor b100dtrapped in the oatheter. 

AlI. samp1es obtained were of venous blood via the umbi1ioa1 veine 

In addition, samp1es of the donor b100dtaken from the bott1e, 

were a1so analyzed. In eaoh instanoe b100dwas taken from a 

glass syringeinto a steri1edr,y test tube and the serum separalled 

after centrif'ugiDg at 2,000 r.p.m ... for 10 minu.tes. The serum va&:; 
o 0 then kept &t a temperature of 0 to 4 C and ana.lysis performed 

wi thin twenty-f~ur hours.. A1l estimationSl wer~ oarried. out in 

duplioate and Sgreement between pa.ired samp1eswas obtainedto 

within five per cent. 

Serum magnesium determinations were oarried out a~ 

detai1ed in the General Methods, Seotion IV of this th~sis •. 

- nesults -

The results of this study will be presented under four 

maj or headings. 

1. Erfeot Of' Ex:ohange Transfusion On Ionized Serum Magnesium. 

In a11 theoases.studied there vas a marked fa1l in 

the level of ionized serum magnesium as a direot result of the 

exohange transfusion. (Figu.re 1) Beoausê the pre-exohange level 

of magnesium, vith suooeeding exohange transfusions, tends to be 

lower, mean values have been calculated for pre and post-exchange 

levels for the initial exchange only (Figuré 2). For the sixteen 

infants studied, ionized magnesium pre-exchange levels shoved a 

range of 1.62 to 2.00 mEq/L vith a mean value of 1.81 mEq/L. 

These values are in the range of the reported normal. (111) 

Corresponding Rost-exchange leve1s ranged from 0.8 to 1.3 mEq/L 

with a mean value of 1.01 mEqjL. 

There vas a progressive fall in the serum ionic 

magnesium during the course of the exchange transfusion as in

creasing amounts of blood vere replaced, folloved by a return 
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Fi~. n The affect of citrated exchange transfusion on serum 
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ionized serum magnesium at the end of the transfusion. 
Note the affect of repeated exchanges (cases No. 1,2, 
4,6,1,8,],:2 and 16) in which the pre-exchange magnesium 
leve1s are lover ths~ before the first exchange. 
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Fig. 2 The affect of citrated exchange transfusions on serum 
ionic magnesium in initial exchange transfusion. 0nl7 
pre and post-exchange levels of ionized serum magnesium 
for the initial exchange are reported. . In all cases 
the pre-exchange levels are greater than the post-exchange 
levels. . 



tovard the pre-exchange 1eve1s once the exchangehad been com

p1eted (Figures 3 and 4). Hovever, vith repeated exchange trans

fusions,the initia1pre-exchange 1eve1 tended to be lover vith 

each subsequent exchange (Figure 5) so that whi1e the resultant 

drop was not as great,the 10west 1evels occurred f'ollowing 

multiple exchanges. This relationship m~ a1èo be appreciated f'rom 
.' 

2:. .Ef'f'ect Of' The In Vitro Addition Of' Citrates 

To. 2.1 ml of a: standard Mg++: solutiori, prepared aSJ 

previouslY described, waS added 1.2 .m1 of acid citrate dextrose 

(ACD) comp1ex identica1 to thât used in preserved blood. The 

proportions are identical.tothe ratio of ACD to the plasma 

present in the standard Canadian:Red Cross t ra.nsfus ion bott1e. 

Figure 6, demonstrates that·theaddition of ACD results in a 

profound reduction in the amount of reooverab1e ionio magnesium. 

This effect is notproducedby the addition of'dextrose a1one, 

therefore, suggesting that it is the citrate portion of the AC]) . 

mixture whioh is responsib1e for this reduction. 

3. Ef'fect O:fHypomagnesemia On The Electrocardiogramt 

ND definite c1inical effects attributab1e to hypo

magnesemia were observed in ~ of the infants under s~. 

However, e1ectrocardiographic monitoring demonstrated a f1atten

ing of the T waves in one of the 16 patients when the serum 

ionized magnesium fe1l be10w 0.8 mEq/L. (Figure 7) The time 

interva1 betweentracings vas 1 hour thirty minutes. The patient 

demonstrating this phenomenon had a pre-exchange magne sium 1eve1 

of 1.7 mEq/L, and a post-exchange 1evel of 0.8 mEq/L. Tvo other 

babies actua11y had lover magnesium 1evels without ECG changes 

vhile one infant (NOe 6) had seven exchange transfusions without 

a depression of magnesium be10w 0.9 mEq/L (Figure 1). 
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RATE OF INCREASE IN SERUM IONIC MAGNESIUM 
FOLLOWING CITRATED· EXCHANGE TRANSFUSION 

'. 

1 
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Fig. 4 Follow;~ a single axchange transfusion, the dotted 
line shows a progressive rise in serum ionizedmagnesium 
in the deys f'olloving the transfusion. The level of 
ionized serum magnesium in the donor blo·od is indicated 
in theblock st the lover left. ' 
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Fig. 5 Vith repeated transfusions the pre-exchange 1eve1 ia 
progressively" 1ess and the resultant.post~exoh.,~e 
level lover. Ionized serum magnesium cohtent&.r the 
donor blood is shown in blocks for eaèh excliâ,nge •. 
The dotted line indicates the rise in seràm ionized 
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Fig. 6 The standard reeover.r curve ia shown in black line. 
The dotted line 1nd1catea the marked depresa10n of 
recover.r when citrate 1a added. to the medium. The 
affect 1s not seen if dextrose &lone is addèd. 
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PiU·EXCHANGE: ·SERUMMg++1.7mEq/L POST·EXCHANGE: SERUM Mg++O.8mEq/l 

Fig. 7 Etfect of hypomagnesemia on ~lectroca~iograph, 
Lead .11. Note flattening of T waves on post
e%cha.pge tracing. 'rime intervalbetweeritracings 
vaS l hour, .30mmutes. -
Left, Pre-exohatlge, serum ionized :magnesium- ;1.7 'l'IJBq!L. . 
.R1ght, post-exehange, serwnioniz6d magnesium .: 0.8 ral!:qfL. 
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- Disoussion 

During the o ourse of' an exohangetransfusion with 

oitrated blood, Farquhar and<audth. (2) incUoated that one must 

oonsider thë f'ollowing four bioohem1oal-situations relative to 

the olinioal situation of the irifants 

--

(1) The inflùenoe of high- oit~ate,levels. 

( 2) The influenoe of Ca ion'depr~ssion by oitrate. 
(3) The influenoe of high serum-:, potassium levels. 

(4) The influenoe ofthemutu:ally reinforoing -influenoe of' 

high potassium ion and low,éa.1oium ion on the heart. 

They demonstrated large exoesses of' oitrate in the 

infant' s serum as the exohange progressed. -When oonsidering 

point #2'; if the formation of the oaloiumoi trate oomplex, in 

vivo, were dependent only upon chemioal kinetio faotors, then 

all of the available calcium ion in these infants shoù1dhave 

been combinedas calcium citrate, except for the small amount 

liberated in the primar,y dissociation of the caloium citrate 

complexe This dissociation is not sufficient .to restore the 

calcium ion to normal levels. The administration of calcium, 

in the form of the readily ionizable calcium gluoonate, is 

necessar.y to offset the caloium lowering effect of the citrate. 

During the exchange transfusion the rate of exchange 
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is the Most important factor in the development of hypercitremia. 

This induced ~percitremia develops as the result of the infusion 

of approximately 120 ml of ACD solution with ever.y380 ml of donor 



blood. In:fact, Wexler -and his colleagues(l949) ( l) showed 

that the level of citrate rose to a value that vas from ten ~ 

to thirty times greater than the pre-transfusion value. In 

1956, Mollison suggested a maximum rate of infusion of 260 mg' 

of citrateper Kg of body weight per hour. (112) However, 

Wexler admitted to using rates far in excess of this without 

clinical incident. 

Mackq and his colleagues in 1940, (113) showed that 

rabbits injected with sodium citrate intravenously exhibited an 

increase in the size of their 1ivers. This increase in 1iver 
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size vas shown to be due, in part, to an increase in 1iver glycogen 

f0110wing administration of the citrate. It would appear, 

therefore, that in the case of exohange transfusion, the citrate 

may be rapid1y converted to liver glycogen and perhaps aven lipide 

It should be borne in mina, howaver,. that reports describing the 

rapid metabo1ism of oitrate during the infusion of citrated b100d 

are based on the observation of plasma oitrate concentration during 

a period when rapid diffusion out of the plasma compartment is 

oocurring ( 1,2, 114 ). The transfer of citrate to the other 

compartments of the body water could account, at least in part, 

for the disappearance of eXoBenous citrate from the plasma water. 

A combination oi' these two facts (i. e. metabolism and 

diffusion), could account for the rapid removal oi' citrate out 

of the plasma compartment. 

Each bottle of donor blood used in this study contained 

0.528 grams of citric acid plus 1.584 grams of trisodium citrate. 

Citrated blood is, therefore, weakly acid in reaction (pH = 6.1-1.0). 

Such a medium would favor the production of a metabolic acidosis. 

This increase in hydrogen ion concentration tends to compensate fon 

the existing hypocalcemia and hypokalemia in terms of neuromuscular 

irritability. 
The results of this present study clearly demonstrate 

a marked and consistent depletion of ionized serum magnesium as a 

result of exchange transfusion with citrated blood. This conclusion 



is at variance with that- found by Anast, (5 ) who reported 

reduced levels of serum magnesium but attributed this to an 

artifact due to inter.ference by gluconate from caloium.gluconate 

administered during the exchange transfusion. As pointed out 

by Rice and Lapara (9 ), the values obtained with the method 

employed in the present s~ are unaf'fected by the presence 

of calcium gluconate. Thus, these results do not give rise to 

the same uncertainty of interpretation. 

Citric acid forms a we~ dissociated salt vith 

divalent cations such as Mg ++ and Ca ++ ( 4 ).' In fact Robinson 

and Stokes in 1955, (170) pointed out that the salts of ~ivalent 

cations in solution are not completely dissociated but form 

chelation complexes with anions such as citrate. It wOuld, 

therefore, seem reasonable that the rise in serum ionized magnesium 

which occurs af'ter completion of the exchange transfusion (Figures 

3 and 4) results from the release of magnesium from this chelate as 

the citrate is metabolized. Other possible mechanisms to account 

for this rebound affect would be the release of protein-bound 

magnesium to the unbound form and/or a shift of intracellular 
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magne sium to the extracellular compartment. From the figures pre

sented, it would seem that unless sufficient time elapses for this 

to occur be'~ween exchanges, the initial pre-exchange levels are 

likely to be lower with each subsequent exchange, so that the 

absolute level tends to be lowest following repeated exchange trans

fusion (Figure 1). 

The in vitre ~idGnce cf the effect of the addition of 

citrate on the recover.y of Mg++ correlated weIl with the in vivo 

findings of :Bunker, Benedixen, and Murphy (174) af'ter the infusion 

of sodium citrate into an adult male. The,y were able to demonstrate 

a fall in serum magnesium as the citrate level rose. Further support 

for this effect can be sean from the low levels of serum magnesium in 

the donor citrated plasma (indicated in blocks on Figures 3,4, and 5). 
The mean ionized serum magnesium in thirty bottles of donor blood 



uaed. in this study was 0.5" mEq/L, as compared with the value 

lfi<Ii' for normal adult males of 1.5 ta 2.0 1IÏBI!/L. (175;» This level 

is lover than onewould expect s~ly on the basis of the 

dilution effect of the AC» mixture in the bottle. The failure 

of the addition of dextrose or calcium gluconate alone to affect 

the recover" of Mg++ supports the contention thatcitrate ia the 

reaponsible agent. Therafore, ~omag.nesemia after exchange 

transfusion vith citrated blood is a raflection both of the 

in vivo citrate effect and the use ot donor blood of lov magnesium 

content. 

Symptomatic ~omagnesemia has been reported in both 

adults (176) and nevborn infants (177). The affects have been 

mainly mani:f'ested through the central nervoua system, with lethargy, 

disturbances of consciousness, muscular irri tabili ty, tremulousness, 

and sudden severe epileptiform seizures. Hecause many of the 

effects oflov serum magnesium may be suppressed by the presence 

of calcium ( 29 ), it is pOSSible that clinical effects duriDg 

exchange transfusions vith citrated blood are masked b.r the regular 

administration of calcium in the form of calcium gluconate. In 

addition, the relatively rapid rebound in magnesium levels may 

prevent effects at the cellular level. 

Even though no definite clinical affects of ~o

magnesemia vere noted in any of the infants studied, electrocardio

graphie monitoring demonstrated a flattening of the T vave when 

the serum ionie magnesium fell belov 0.8 mEq/L (Figure 7). Banna 

and covorkers (176) reported a similar affect in adults, vhich Vas; 

reversed by the administration of Mg++. It is interesting to note 

that similar T wave changes vere demonstrated by Robinson and 

Barrie (178) in thirteen of thirty infants continuously monitored 

during exchange transfusion. Unf'ortunately, no acc.ompanying serum 

magnesium levels vere reported. 

Finally, it should be pointed out that exchange trans

fusion still carries vith it an incidence, variously reported as 
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-1.0 to 7.5 percent, of unexp1ained and often eudden death 

ascribed to the procedure itee1f. (179-182) Further etudiee 

of the etate of ionized serum magneeium may provide additiona1 

information on this phenomenon. 

57 



- SECTION VI -

THE EFFECT ON SERUM MAGNESIUM OF EX:CHANGB TRANSFUSION 

WITH CITRATE!) AS OPPOSE!) TO HEPARINIZED BLOOD 

In blood transfusions the use of citrate as the anti

coagulant has become a1most tradi tional. For Most purposes this 

anticoagulant is quite satisfacto17. :Blood treated with this 

acid-citrate-dextrose comp1ex ~be kept for long periods of 

time against any emergency. However, the use of citratedblood 

for purposes of exchange transfusion mustbe accompanied by the 

routine administration of calcium,in the form of a 10% calcium 

gluconate solution, to combat the calcium-binding affect of the 

citrate. Despite this thereare relatively few studies of the 

actual changes involved, because of the difficulty in the measure

ment of ionized calcium. Like calcium, Magnesium i8 also a diva1ent 

cation and is similarly bound to oitrate. ( 1,4 ) Unlike calcium, 

however, methods for the estimation of ionized magnesium are more 

readily available f 9,36). In ~ction V of this thesis, evidence 

has been presented, demo~~trating a profound fall in serum ionized 

magnesium when citrate is used aS the anticoagulant for the donor 

blood in exchange transfusion. ( 6) The present study vas under

taken to evaluate this finding, using heparinized instead of 

citrated donor blood. 

- Methods and Materials -

:Biologica1 Material 

Serum ionized Magnesium levels before, during, and af'ter 

replacement transfusion were determined in twenty infants. In aIl 

instances the indication for exchange transfusion was hyperbi1i

rubinemia. Rh incompatability withe17throblastosis foetalis 

vas present in eight, a.nd ABO inoompatabili ty was suspected as; a 

causa.l factor in five cases. The remainiug seven infants were 



classif'ied as having "idiopathie" ~erbiliru.binemia presumably 

resulting f'rom a delay in maturation of' liver enzyme systems. 

In all instances f'resh blood less than 24 hours old wa~ 

used. The amount exchanged varied f'rom 125 to 150 ml per Kg body 

weight. 

Preparation Of' Anticoagulant Solutions Used 

Of' the twenty, infants studied, ten were excl:!.anged vith 

Canadian Red Cross oitratedblood. The usua1 mode of' collection 

involves the addition of' 380 mlofdonor blood to 120 ml of an 

acid-citrate-dextrose (ACD) solutl.o~ (NIm Formula B). TheACD, 

mixture contains 0.94 mM of'sodiUm"~citrate and 0.55 mM of' anhydrous 

citric acid per ml of' anticoagulant. There i:s, theref'ore, a total 

of' 32.4 mM of' citrate per 100 Îol 'of'donor blood. 

Five infants vereexchanged with'blood in whioh the anti-, * 
coagulant used lias Panheprin2ll5)/. Sodium citrate is used as a 

buff'er in this solution. Usualiy 470 ml of' donor blood is added to 

28.2 ml of' the anticoagulant. 

The Panheprin mixture contains 1.95 mM of' sodium citrate 

per ml of' anticoagulant. There is thus a total of' 11.0 mM of' 

citrate per 100 ml of' donor blood. 

Rive f'urther infants vere transf'used vi th specially' 

prepared blood using only heparin in saline as the anticoagulant. 

Rare 470 ml of' donor blood is added to 2.1 ml (2100 units) of' 

sodium heparin plus 26.1 ml of' 0.9% saline. Thus no citrate lIhat

soever is present in the donor bloods used in the last f'ive infants' 

under study. 

In Vitro Eff'ects Of Citrate On Ionized Magnesium 

To determine the in vitro ef'f'ect of' citrate on ionized 

magnesium the f'ollowing studies were carried out. Each of' the 

three anticoagulants used, (AC]) mixture, Panheprin, and Heparin

saline) lias added to f'our dif'f'erent concentrations of' a Mg++ 

* Panheprin 21151 Abbott Laboratories, Chicago, Ill. 
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standard solution. The proportions vere 0.5 ml of' anti

coe.gulant to 4.5 ml of Mg++ standard. The Mg++ standard vas 

fixed at l, 2', 3, and 4 JIJ.P1x!/L. Aliquots of this mixture vere 

then added to 5.0 ml of Mannls Dye in the usual manner. The 

effect of the addition of each of the anticoagu.lantson ,the 
++ 6 ' standard Mg recovery- curve measured as, absorbance at 00 ~ 

on a Beckman model DB spectrophotometer vas thendetermined. 

To determine the quantitative affect of citrate on the 

reoovery- of Mg++ increasing a.mounts of citrate in the form of a 

progressively more concentrated sodium citrate solution wereadded 

to 2.0 rJiJ9:d/L (4.0 m'M/L) OfMg++ and the absorbance vas read as 

above. The maximum citrate concentration used was 80mM/L. The 

2.0 rJiJ9:d/L standard was chosenbecause it represents the closer 

approximation to the normal serum values in the nevborn infant 

( 171,8). 

Methodology 

Serum ionized magne sium vas determined by the method 

of Bohuon, using Mann's Dye as; modified for, ultramicrospectrophoto

metric use by Rice and Lapara C 9 ). This methodhas been f'ul17 

described in General Methods; Section IV of thj.s thesis. 

This method has the advantage that its accuracy is 

unaffected by the presence of calcium, gluconate or citrate, a 

problem vhich has limited the use:t'ulness of other commonly used 

methods in these circumstances ( 5,8 ). In each case both pre 

and post-transfusion specimens were obtained. In addition, inter

mediate samples vere taken at 100 ml intervals during the course 

of the exchange transfusion. A sam~le of donor blood vas analyzed 

in each case. All samples vere venous blood taken via a catheter 

inserted into the umbilical veine With samples taken during the 

procedure itself care vas taken to discard the initial 2.0 ml to 

avoid contamination of' the sample by donor blood trapped in the 

catheter. The blood vas taken from a glass syringe into a sterile 

dr,r test tube and the serum vas separated after centrifuging at 
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2000 r.p.m. for 10 minutes. The serum vas kept in the cold at 

a temperature of 00 -4°0 until analysis which vas always pe:rformed 

within twenty-four hours. All estimations were carried out in 

duplicate, and agreement between paired samp1es was obtained to 

vithin 5%. 

- Results ;;;.;; 

The re.sul ts of the present study are to be presented 

under three main headings 1 

1. Ionie Magnesium Content Of Donor Bloods 
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As shown in Table 1, there is a striking dif'ference in 

ionized serum magnesium leve1s of citrated as compared to heparinized 

donor blood. Thus, the mean ionized serum magnesium level of the 

donor b100d for the ten infants in vhom ACD blood vaS used was 

0.42 ! 0.07 mEq/L. ~ contrast, the ten heparinized donor b100ds; 

(five Panheprin and five Heparin-saline) showed a mean serum ionic 

magnesium of 1.45 ±0.03 mEq/L. These dif'ferences are high1y 

signif'icant (p <.0.001) 

2. Effect Of Citrated Versus Heparinized Donor Blood On Ionized 

Serum Magnesium Levels In Vivo 

The mean serum ionized magnesium for the ten infants 

subsequent1y exchanged with citrated blood waS 1~75 ± 0.16 mEq/L 

with a range of 1.44 to 2.00 mEq/L, as compared to a mean of 

1.59 ± 0.11 mEq/L with a range of 1.40 to 1.80 mEq/L, for the ten 

infants subsequent1y exchanged with heparinized blood. The 

differences are not signif'icant (p >0.05). 

It Can be seen in Table 1 that after 100 ml of blood 

had been exchanged there vas a drop in serum ionized magnesium in 

the AOD group infants in each case. Thefa11 varied from 0.56 to 

0.30 mEq/L with a mean of 0.41 mEq/L. The five Panheprin exchanged 

infants show a similar but less severe drop (range: 0.21 ta 0.~4 

mEq/L.) There i9 no chang-e-atall in the heparin-saline group. 



TABLE 1 

SERUM Mg++ LEVELS IN EXCHANGE TRANSFUSION 

TYPE OF CASE PRE TRANS AFTER 100 ml POST TRANS 
EXCHANGE NUMBER Mg++mEqIL Mg++mEq/L Mg++mEqIL 

1 1.44 1.09 0.70 
2 1.80 r 1.24 1.00 
3 1.70 1.30 0.80 
4 1.60 1.20 0.74 

ACD 5 1.80 1.50 1.00 
6 1.88 1.54 1.16 
7 1.70 1.25 0.99 
8 1.94 1.50 . 1.10 
9 2.00 1.50 T.30 
10 1.60 1.30 1.20 

1 1.73 1.52 1.65 

PANHEPRIN R* 
2 'uS 1.40 1.60 
3 1.50 1.35 1.55 
4 1.60 1.40 1.55 
5 1.50 1.36 1.50 

i 

1 1.40 1.44 1.44 
2 1.56 

, 
1.60 1.60 

SODIUM 3 ,.1.60 1.56 1.60 
HEPARIN 4 1.80 1.84 1.80 

5 i.60 1.60 1.60 

R *" Abboll Labo,otories 

Se:t'Wll 1on1aed masne.1WD leyela in exOhan8G 
tranBtus1on •. $Odlwa he~1D 1a retured to 
ae hepu1n-sal.1ne .u. the tex". 
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DO~BLOOD 
M mEqlL 

0.40 
0.40 
0:50 
0.30 
0.50 
0.48 
0.30 
0.47 
0.40 
0.40 

1.40 
1.35 
1.40 
1.38 
1.40 

1.40 
1.58 
1.40 
1.60 
1.58 



When one considera the post-exchange levels, the 

dit'ferenoes between Panheprin and Heparin-saline seen at the 

100 ml mark have disappeared. All fivs of the Panheprin-exchanged 

infants show· serum ioriio magnesium levels which have returned to 

. the pre-exchange levei~- . ~~P9st-exchange leveis are now similar 

for both heparin group~ Of"'-;±n~ants. The mean AC]) group post~ 
exchangevalue is 0.99 t 0.16 'Ili»!/L, while the mean heparin 

(Panhepr1n + Reparin-saline)- exchanged values are 1.59 :!: O.OS-mJkJ.!L • 

. There is ther~fore as'i;riking dit'ference (P<O.OOl) bètween the 

pre- and post~exchange serUm ionlsed magnesium levels in the AC» 

group. For the heparin groups the pre- and the post-exchange 
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values areessentially unchanged.· .. This finding is shown graphically 

in Figure 1. 

In F~gure 2, the serum ionic magnesium is plotted 

against the increasing volume ofblood exchanged. A longitudinal 

study of three replacements using respectively AÇD, Panheprin 

and Heparin-saline is shown. - Aside from tlie,-';"slight, transient, 

rapidly recoverable drop sean with the Panheprin, there is no real 

ohange during the procedure in theheparinised group. B.y contrast 

the AC» exchange group shows a rapid and severe decline in ionized 

serum magnesium. When this is plotted logari thmically, the 

changingrate of the decline shows a progressive disappearanoe 

whichone would expect vith the progressively changing relationship 

of patient-to-donor blood~ 

3. The In Vitro ~fect Of'Ci"i:L-ate On k++ 
The addition of the ACD mixture results in a marked 

depressionof the recoverable ionic magnesium at all four conoen

trations of magnesium. Neither Panheprin nor Heparin-saline apprec

iably lowers the curve. (Figure 3). The slight depression seen at: 

higher magnesium conoentrations is thought to be the result of 

some degree of magne sium heparinate complexing. The complex so 

formed ionises relatively easily (183). 
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AVERAGE SERUM IONie MAGNESIUM BEFORE AND" 

AFTER EXCHANGE TRANSFUSION 

1,80 

1.60 

1.40 

o Pre 

Post 

A = ACD 

B = Panh.prin/ 

Heparin (Saline) 

Average .el"W!l ion1aec1 JII8gtleaiUJI bef'ore ana. d'ter 
. eziJh.tmse tlWls:f)aslon. !'he ol~ 'bara represent 
pre-exQbe.nge le'VelsJthe' dark bars represent the 
post-exohange values. ~e no heparin groups have 
beencom~in8d(B). Note the fall in the serum 
tonie magneslW1l in the oit:rate grou.p (A) e 
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EFFECT OF VARIOUS ANTICOAG",LANTS ON SERUM Mg··' 

DURING EXCHÀNGE' TR~NSFUSION ' " 
\, ' 
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IN VITRO EFFECT OF VARIOUS ANTICOAGULANTS ON RECOVERABLE IONIC MAGNESIUM . i' .' . . . 
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In Figure 4, one can see the effeôt of the progress

ive addition ofincreasing amounts of citrate to a 2 'lIiBI:!/L 

(4 m'M/L) magnesium standard. The citrate increments are' produced 

by addillg aprogressivelymore conoentra.ted solution of sodium 

ci trateto the JDagnesium standard. Th~ 2.0JJiBqfLstandard vas 

chosen because itis the closestapprox1m8.1;ioD tothe in vivo 
. :. . 

serum magnesium-levels. The progressive disappearance of recover-

able magIlesiumcllith the increasing"conoeht'ra,tian, of the citrate 

solutionisapparent. Beyond a citrate concentration of· 7SmK/L 
no recoverableipnicmagnesium i8 demonstratea. .. , 

,. ,.' 

- 'Discussion 

. ", " '," :,' "'. 

The'data obtained from this studiclearly'indicate a 

fall in the leVel of ionized serum JDagnesium when' citrated biood 

is used for exchange' transfusions. This effect' isnot seen' when 

heparin is used astheanticoagw,ant' •. ,The in vitro etudies 

further Support the contention that it is,the citrate which is 

responsible for this affeot. 

''l'wofactors areresponsible for the in vivo reduction 
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in ionized serum magnesium in theinf'ant transfused with citrated 

blood. These are the oitrate binding affect on the ionic magnesium 

of the recipient and the reductionof :;nagnesium in the donor blood. 

The latter is due both to oitrate chelating and to the dilution 

effeot of the Ac.D mixture used. (120 ml to a 500 ml bottle of donor 

blood is not blood but ACD.) While Panheprin aotually oontaL~a more 

oitrate perml of anticoagulant solution than ACD, the total amount 

of oitrate par 100 ml of blood is much less beoause olily 28.2 ml 

of antiooagulant is addad to 470 ml of donor blood. This, togather 

vith the smaller dilution factor, aooounts for the normal ionizad 

serum magnasium levals in tha Palihaprin donor blood. This is ra

fleoted by a slight and transient drop in vivo in the serum mag

nesium whan Paliheprin vas used, as against the haparin-salina. The 
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Fig. 4 

THE IN VITRO EFFECT OF INCIEASING AMOUNTS OF CITRATE 
. ""...... - . 

ON A 4~O mM/L Mg++ STANDARD 

'. 

.--..------------_.-_ .. - ----.-- ----- --- - --- ----

The in vitro aff'ect of' i~reasing amounts of 
citrate on a 4.6 mM/L-Mg standard. Note the 
progressive parabolic f'al~in recoverabilit.f of' 
a 4.0 mM/L. (2.0 ~/L) ,Mg standard on ,the 
addition of' Ùlcreasirlg amounts of' c·itra:te. ' 



fall vas sean in each case bllt had been oorrected by the end 

of the transfusion. Therethus appears to be little serum 

magnesium reducing affect resul ting from the sodium oitrateused 

as a bu:fferin the Panheprin mixture. l3y contràst the fall iri 
the ionized serum magnesium seen vith citrated blood persists 

and progressivelY inoreases vith increasing amounts of blood 

exchanged. (Figure 3). ' The depression isincreased vith repeated 

citrated exchange transfusions at ,shortinterva,ls,· and the serum 
. " . . 

ionic magnesiummq take as long as tendays to return to normal 

f'ollowing completion of' the exchange. (6 ) 

, 'SymptGmatic Jqpomagnesëmia ,has been described both in 

human adults (l76)andina newborn in:fant.(177) Muscular 

i.rritability and: convulsions are saidto be symptoms ofqpo

màgnesemia. UnexplaÏlied convulsions occasionally oocur during 
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and af'ter exchange. transfusions and are generally ascribed to low 

serumioniccalcium. Because most clinical laboratories, measure 

total rather than ionic calcium, this is di:fficul t to prove ,and 

the possibility that'these are due tolovionized magnesium levels, 
, . . . 

or a combinat ion of both must be considered. 1tshould be kept in 

mind that citrate will chelate bath calcium and magnesium. Since 

m~ of the effects of lov serum magnesium may be suppressed by 

the presence of ionic calcium ( 29), it is possible that clinical 

effects during exohange transfusions vith citrated blood are 

masked by the regular administration of' calcium. 

Continuous eleotrocardiogram monitoring du ring the 

course of an exohange transfusion vith citrated blood (Section V) 

has demonstrated a flattening of the T waves when the serum non

protein bound magnesium fell below 0.8 mEq/L. (6 ) This effect 

vas not seen with heparinized blood where the level of serum ionic 

magnesium did not change. 1t is interesting ~hat Hanna and hi~ 

co-workers U76) reported a similar alteration in the T waves in 

~omagnesemic adults which waS reversed by the administration of 

ionic magnesium. Robinson and Barrie (178) have noted similar 

changes in thirteen of thirty .infants monitored' continuouslY dU2'ing 



exchange transfusion. Un:eortunate1y, no accompanying serum 

magnesium 1eve1s lIere reported. Attention to this possibi1ity 

might he1p exp1ain the occasiona1 unexpected sudden deathswhich 

occur during the course of exchange transfusions. 

Farquhar and Smith (2 ) have measured andreported 

excess citrate 1eve1s in citrated exchange transfusion. They a1so 

demonstrated that not a11 of the citrate present isboundto 

calcium. :Bunker, :Bendixenând Murphy (174) have demonstrated 

circulator,y depression in man and dogs af'ter citrate infusions. 
'. , . 

Massive transf'usion with' citriited·blood ha\3 been shown experiment-

10 

a1ly to resul t in camiac fai1ure on the basis of both constriction 

of the pulmonaJ:7vascUlar, bed and' depressio.n of myoca:rdia1 aotivi ty 

(184,185). In. the studie~ of Firt and Hejha1 ( 184) ~his affect lias) 

not seen when heparin lias used. instead of citrate in the transfused 

b1ood. Wex1erand bis coworker~f 1 ) reported severe1iver 

necrosis and death associated lIith a rising citrate leve1 in an 

erythrob1astotic infant. 'They suggested that previoue liver damage 

occurring in erythroblastc>sis where the liver is "stuffed" vith 

hematopoietic tissue might inter!ere with the metabo1ism and re

mova1 of the infused citrate. 

Attention has-recently been drawn tOllards the prob1em of 

acidosis in exchange transfusion. Not only is the ACD blood of 

1011 pH;. (pH .. 6.6 ± 0.2), (186,187 ) but there is evidenoe of re

duced abi1ity, notably in premature infants, to adjust readily to 

the administration of the b100d and to the concomitantly increasing 

hydrogen ion concentration. Infusion of citrated b100d can lead to 

an initial acidosis, and this will ultimately 1ead to a metabo1ic 

acidosis as citrate is metabo1ized to bicarbonate. Cal1adine and 

his co11eagues (180) have suggested that the premature infant may 

be unable to compensate adeq~tely under these circumstances. They 

have also demonstrated a reduction in bicarbonate, possibly due to 

a maturation delay in the enzymes responsible for the metaboliem 

of citrate to bicarbonate. The addition of bicarbonate (181) or 
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tris-(hydro:xymethy1) aminomethane (TRAM) (189) to the donor 

b100d has been proposed as a remady for this situation. 

There would; therefore, appear to be considerable merit 

in any proposalto substitute ·beparinized for oitrated b100d in 

exchange transt'usion.There. 1s ample evidence both as to its 

effioacy andit·s saf'ety (19,0":'192 ). In 1958, Va1entin~ (190,191) . . . . 

suggested that the use of hepa.rin~ed b100d for exchange trans';" 

fusionwas a inuch more·.rationa1approachto the prbblem of citrate 

intoxication. He suggestedthat the baby should be kept in a 
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ten mldeficit during theexchange to offsèt haemodillltion and 

shook. He also advoc.ated the· intravenous administration of ten ml 

of a ten per cent solution of ca10ium gluconate for ever,y one 

hUDdred. ml of donor b100d.to,?ffsetthe potential haza:rd of trans

fusing b100d 10v in caicium. . The· AcD( 120 ~ 1 380· ml donar blood) 

iowers the haemog10binc·ontent of· the don,or blood by simple dilution, 

causing the er.rthrocy-tes to expand. by as much as one hundred and 

tventy per cent. Therefore~·if the erythrocyte then returns to 

norma~ size after the exèhange,the recipient has, in point of fact, 

received a trans;f'usion·of b100d of 10v packed ce11 volume. This 

effeot is not seen when heparin is used as the anticoagulant because 

of the smal1 volume of heparin added to the donor blood (2.1 ml 

heparin; 2110 units; plus 26.1 ml 0.9% Rael/47 0 ml donor blood). 

8isson and his coworkers. (193) recommended the remova1 

of part of the super.natant citrated plasma af'ter sedimentation of 

the erythrocytes. This should, they propose, cancel both the 

dilution effect of the donor blood and the expansion of the er,y

throcytes. Clinically, the use of heparinized blood is accompanied 

by much less irritability and restlessness on the part of the 

infant. Moreover, there is much less variation in the infant's 

pulse rate. 
However, the use of heparinized blood is not without its 

problems. Compared to citrate, heparin is a po or preservative and 

blood so anticoagulated must be used within a limit of twenty-four 



to thirty-si:x: hours or -alse discarded. If' stored for longer 

periods of time the blood shows a progressive increase in 
, . 

potassium concentration, resulting from a slow exchange of 

potassium and sodium ions across the rad blood cell membrane. 

12 

If this hyperkalemic blood were tobe transfused into an infant 

it could ultimately lead to cardiac arrest. Under these 

conditions the maintenance of stocks of heparinized blood for 

ex~hange transfusionwould inevitablyresult in enormous wastage, 

of unused donor blood. It thus b~~omes necessar,y to bleed fresh 

donors as the need arises if,heparinized blood is to be Used. 

When readily available and when delay is permitted in itspro

curement, ,i ts use would seem to be justifiable and helpful. 

This is particularly so in the case of the small premature baby 

or the infant who is otherwise ill' and requires exchange trans

fusion. 
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In the past, the re1uctance to determine se:rwn 

magnesium levelsin the newbo1'D infant has been due, in part, 

to the relative uDre1i&bUi V of methods hi therto emplol'ed 

( 42) amlin part to the neec1. for large amountsof blood, par-
. . 

ticu1ar11' when ~epeated determiDations areproposed •. 

In 1964 Rice and IiaPaJ:a C 9 ) described a rapid~ 
accurate u1tramicrospectrophotometric method for the detezw-, 

miBs:t;ion of magnesium uaiDgxaim.·' a_e~ In contraat to the '.' 

oommoDl7 uaed Titan Yellow Xethod, ,the proposed method has the ' 

advaatage of beillg unaffected. bT the presenoe of calcium g1:a.conate 

( 5)' makiug it particu1ar11' uàe:ful in fol1.owing the serwn 

magnesium duri!lg the cÔUrse of exohaDge tr&nsfusiona. ( 6) 

It has been weIl estàblish.ed by' otherworkersthat 

lqpomagnesemia in the a.d.~ t can glve rise to certain clinioat. 

sJmPtoms. (176) Recent interestinmagnesium levels in the 

newborn infant has been stimulated b7 the report of Davis and 

a.nd oovorkers, of ~olD8gllesemia assooiated 'N'ith convulsions, and 

of neonatalrespirator,r depression associated vith lqpermagnesem~. 

reSUlting from magnesium sulfate administration to the mather, 

as reported by' Fishman in 1965. (194) In section five of thi~ 

thesis, a fall in ionized. serum magnesium has been demonstrated 

during the course of exohange transfusion with citrated b100d 

accompanied in extreme oases by' eleotrocardiographio ohangese ( 6 ) 

~e purpose of this section of the s~ is to carr,r 

out B@riaI determiDations of serum magnesium levels in the newborn 

period in an effort tOI 

(1) Establish normal values in this age group. 

(2) Compare the values found in neonates vith those 

of older children. 

(3) C:bmpare the values in breast-fed and artificial11' 

fed ne'N'born infants. 
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(4) Compare serum magnesium 1eve1a m venous 

b100d ta the 1eve1s in comb1aod and 

. capU1a17· b1ood. 

- Methods And Materia1s -

........ -. -.-. . 
Bio1ogica1 lfaterials 

Blood, obtained from the Catherilie Booth Hospital 

wàs ana17zed for ionizedse:rummagnesiUDifrom a total of 

fift7-si:!: infants al1 w,ithinthe,first weak.of lUe. For 

venous b100d ana.l7sis a No. " 21 'Bca1p~e1nneedle vas p1aoed 

in the anteeubital veinandtheb1ooa. w~sa1iowEid to' drip 

direot17 into a dr,rg1ass tes~-tube. For eom b100d anà17sis, 

the b100d vaS simi1arili -express8d. :'inta the' tub~o For capUl8.17 
. . 

b100d determinations a hee1 -:pricksamp~e vas co11eeteà. b7 

al10wÏl!Ig theb100d 100 arip i1)to th~ test-tube direct17 from· 

the w~ed hee1. The b1ood1f'as .allovedto 01010 ~d vas the 

centrifuged at 2:,000 r.p.m. for ten minutes. The suR8Z1la.tant 

seram vas aspirated off and frozen untU the time of analysis, 

(usually vithin twent7-four hours.) Analysié vas earried out 

as previous17 described in Section IV. 

A11 of the infants studied had serum ionie magne sium 

determinedon the first dq of lUe •. In tvent7-seven of the 

fift7-si:!: infants successive determinations vere oarried out on 

the third and fifth d~ as we11. Paired simultaneous venous and 

hee1 capi11a.17 samp1es were studied in sixteen infants. CON 

blood vaS avai1able for ana17sis in onl7 eighteen cases. Of the 

twent7-seven infants in whom determinations were carriad out 

14 

after the third day of life, twent7-two vere bottle fad and five 

vere breast fed. The artifieia1 feeding eonsisted of a standard 

formula containing a t'Wo percent or a four percent fat, evaporated 

milk. . The formula is usual17 changed trom the part17 skimmed 

(2%) 100 the full (4%) evaporated milk on the tif th d~. Hovever, 



the mineralcomposition Qf the fomula remainsunchalJ8ed. 

To compare the findings in the newborn· wi th values 

for older children, vanoua blood from sixV-four ilIfants and 

children ranging from one to sixteen· 7ears of age vas ana17zed. 

The blood Vas obtained from normal childrenundergoiJJg a 
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variev ofsurgical opera.tions, at the Kontreal Children' sROspital. 

- Results·-

Theresul ts obtained inthis stud7 are to be discussed 

under :t'ive major headiDgss 

1. Mean Values For The D'Swborns, 

The meau.· val:a.- for the iÇ)~ised serum magnesium 1I'as . 
+ ., .-- .. , 

found tobe 1.51- 0.112 mB:!jL;:witha range of 1.20 to 1.80 mBqjn. 
Thebell shaped distrïbu.tionof thesamp1e pOpulation studied is; 

clear17 shawn in F1gtlre 1. Whon serialsamp1es are ana17l5ed i t 

is apparent that there are no aignificant changes Vith tille in 

the first weak: of life. . This canbe appreciated from Figure 2 •. 

ROwever, there is a tendenc7for the cord blood levelsto be 

somewhat higher than the subsequent levels in the infants serum. 

2. Cam Elood vs Venoua :Bloods 

. The average magnesium level hl cord blooa. vas founa. to 

be 1.64 t. 0.12 m1!il:!/L. This value is seen to be somewhat ·h1gher 

than subsequent infant levels, in the first week: of life, izi. 

thirteen of the fifteen Cases. In tvo Cases (No. 10 & No. 12) 

there is no change at all. It is interesting to note that in no 

case 1s the cord level lover than the infant level, as 1s clear17 

demonstrated in Figure 3. 

3. VenousBlood vs Capil1a;r Bloods 

The comparison of serum magnesiumlevels between 

simul taneous vanous and capillai"y saIDples shows a sl1ght17 higher 
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DISTRIBUTION OF SERUM. Mg++ IN 56 NEWBORN INFANTS 
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l········· \.\ 

___ MEAN 
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~ ~ .... 1 1 ." •............... . ...... . ..........• 

O~------------------L---~l.~~------L---------______ __ 

Fig. 1 

1.20-1.29 1.30-1.39 1.40-1.49 '1.50-159 1.60-1.69 1.70-1.79 1.80-1.89 

Mg++ mEq/L 

Serum Kagnesi'Wll in 56 infants in first week of Iife. 
The dashed Iines show the limita for the standa~ . 
deviation. 
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EFFECT OF AGE ON SERUM Mg++ IN THE NEWBORN 
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Fig. 2 -Seram. Kagneaium during firat week of lUe. The 
mean values are joined by the dashed linea. The 
outaide limita; indicate' the ata.ndaTCl, deviation in 
each group. 
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ÇORD VS INFANT VENOUS SERUM M~+ 

1 0 
CORD VENOUS 

CASE NO. 

- -.. _- _. -.- -- .. _-- .. ---------.- -. 

Serum magnesium lev'sls in cori blood and venous blood 
for 15 infants within the f'irst week of' 1if'e. 

. - - ._--------_ ... -...... _-- ._----



1eve1 of magnesium in the venous blood. T.his oan be 

appreciated from Table 1. T.he average venous magnesium 

1eve1 for the group vas 1.51 ! 0.11 mEq/L aS opposed to 
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l..45 ! 0.03m~./L, for the oapil1ary sampleè. The dif'ferences 

are not signif'ioant ( p .>0.05), and interpretabl.e data can 

therefore beobtained in either vay. 

4. lIreastFeedil:lg va :Bottle J!eedine'1 

In the inf'ants studiedbeyond the thi1'd dq of life, 

the average serum magnesium 1eve1s for thG tventy-two artif'icially 

fed ·in:fants vere 1.5G ~.. 0.11· ~L., while the five breast :red 

infants had an average serum magnesiùm" leve1 of 1.46 ! 0.07 'fIi»!/L. 
lITeither of these valuesis signUioantlydiff'erent from the mean 

va1uefor the total. group. (1.51! 0.12 mBI!L.) 

5. Cemparison Of' T.helf.ewborn Vith The Older IlIf'antl 

The average serum magnesium 1evel., using venous b1ood, 

for the sirty-four elder infants and children in this group vas 

found. to be 1.82 ! 0.14 DiBlJ/L. A bell-sbaped curve (Figure 4) 
simi1ar to that seen in Figure 1, vaS obtained for this group. 

However, the average for this group is considerably higher than 

that found for the nevbo:rn 1nf'ants. 
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PAl RED VENOUS, AND CAPILLARY 
SERUM Mg++LEVELS 

PATIENT NO. VENOU5 BLOOO CAPILLARY BLOOO 

mEq/L Mg++ mEq/L Mg++ 

. -
1 1.70 1.40 

" 
2 1.70 1.50 

3 1.50 1.40 

4 1.60 ·1.36 

5 1.50 1.36 

6 1.40 1.50 

7 1.36 1.60 

.8 1.55 1.40 

9 1.65 1.40 

10 1.40 1.40 

11 1.50 1.40 

12 1.54 1.40 

13 1.40 1.40 

14 1.40 1.40 

15 1.40 1.60 

16 1.60 1.60 

MEAN 1.51 1.45 

5.0. ±0.11 ±0.03 .. 
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DISTRIBUTION OF SERUM Mg++IN 64 CHILDREN (AGE 1-16 YRS.) 

,.. ......... . 
/ '\ 

l'" \ •. 
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,......... 1 ·····1· 
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___ 5.0. 
_MEAN 
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Fig. 4 

1.40·1.49 1.50·1.59 1.60.).69 1.70·1.79 1.80.1.89 1.90·1.99 2.00 & OVER 

Mg++ mEq/L 

1 

.. o._._o ... __ . ___ o· •...• 00. __ • 0 •• _. __ .•• __ •••• __ 1 

Serum magne sium. in' 64 chi1dren aged 1-16 7ears. 
The dashed 1inea show the 1imits for the standa:rd 
deviation. 



- Diséussion -

The values reported here for 10nized serum Il'agnesium 

in the first week: of lUe are comparable to, although slight17 

lowerthan those previous17 reportea. 1»7 ADast in 1964, (111) 

usiIJg the Titan Yellov methqd, andby Orange ana. Bheinin 1951 

( 36') who· also used the Titan Yellow method. . ADast reported a 

meanvalue of 1.92 :!: 0.27 mg/100 ml (1.51 ml:t!/L), vith a range 

of 1.36 to 2.90 mg/100 m]) (1.11 to 2.38 m&a!L). However, 1t: 

should be noted that this value was obtained on blood taken b7 
heêlpr1ck. The comparable figure in this present series, based 

on the venous capillar,y oompari.son, would be 1.45 rAJCqjL. From 

the p~int of v1ew of clinical applicability', ths :aethod proposee! 

in this stuêl7 1s both rap1d and. trul.7 ul tramicro. 

Al·though the theoret1cal requirement is for 0.04 ml 

of serum for·a duplicate determination, the use of a b1ank 

plus the technical problems of p1petttng require approximate17 
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0.1 ml of serum. The use of a blank tube in the determination 

permits an accurate adjustment for the presence ot both bi11rubin 

and mild haemo17sis. Haemolysis 1s frequent1y present in the sera 

of the newborn. (195) The ability to use very small amounts ot 
serum is a distinct advantage in the neonate with a usually high 

haematoorit and where repeat determinations ma7 be required. 

The absence of interference by the presence of calcium, 

or gluconate makes this the method of choice in the investigation 

of ionized serum magnesium during the course of exchange trans

fusions, a.nd when dealing with convulsive disorders where prior 

or concu~nt calcium therapy is being carried out. In this 

regard, Anast reported in 1963, (5 ) that calcium gluconate inter

ferad to such an extent vith magnesium determinations, when ustng 

the Titan Yel10w method, as to render the method unreliable. As: 

seen from Figure 2, there is no s~ificant difference in magnesium 

levels throughout the first weak of life. It is interesting to 

note, however, that the meancord magnesium level (1.64 :!: 0.12 mEqjL) 



is somewhat higher than the ensuing levels iD the tirst week 

ot lite •. While the dif'ferenoe in the mean values of cord 
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blood magnesiW!.\ and venous blood magnesiwa ie not verr impressive, 

the individual valuee$ov the identical trend in all fift6eil 

cases, in vhich paired' 'éordand subsequent venous s8.m.ples vere 

available. (Figure 3) ': 

The comparisoD of the venoua versus' the capi1la17 

pairs clearl7 ~icates that the latter are quite satisfacto17 

for routine olinical puxposes. 

The values obtain~ vith this method for older children, 
;. . 

are vithin the rangs"usuall7 acoepted for adults. (196) There 

vare onl7 a small_~ ofbreast-fed illf'ants studiedin this 

seruJ,", but no diffel,"ences vere sho1fJ1 betveen the fivebreast": 

fad . and the twenv-two" bottie-fad il:lfants. This,stricki1lg" 

uniformit7 of values is not in agreement vith the'suggestions 

made b7 other workers that'breast-fed iDf'ants demonstrate a 

higher (111,191) or lover (198), magnesiUlll level in the serum. 

In faot Anastreported that he tound inoreasing levels of serum 

magnesium in breast-fed infants and decreasing levels in evaporated 

milk-fed infants. Rowever, he d14 point out that the differences 

in some infants vas small and ~stad that because of the 

unreIiabili1;T of the Titan Yelloll' method, i10 vas probabl7 best 

to view these differences in formula and breast-fed infants vith 

some reservation untU they- could be confirmed by other vorkers. 

l:d~ally, s-üeh s~wlies shouici be accompanied b7 illf'ormation abou1t 

the haematocrit levels to a110v for variation in hydration of 

the infants. 

Salmi (199) found that serum magnesium levels durÙlg 

the first veek of lite tended to be higher than thelevel of 

the cord blood of the same infant.· This tendenc7 of risiDg levels 

of serum magnesium duriDg the, first veek 1s in keeping vith the 

findil'lgs of A.na.s,t (111) in breast-fed infants. Perhaps the 

dif'ferences, reported 'b1' these workers, in magne sium levels of 

the breast-fed and formula-fed--infantacould be explained bT 
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differences in the ratios·of dietar,v phosphorous and magnesium. 

The magnesium concentration of COlf' s ~ 1s 0.013%' as compared 

to 0.004% for human milk. The ratio of phosphorous to lIlaoones1um 

in human milk is 4 to 1 andin COy' s milk1t is 7.6 to 1. (200) 

Gardner and his covorkers (201) demonstrated a fall 

in serum calcium and magnesii1œ and à rise in serum inorganic 

phosphate in a nevborn . infant recei"ring a co .. ' smilk formula. 

Hovever, not too muoh credence isgiven to,th1s reportas it 

has not been .co13f'i:nned .. b7 other investigators •. 

Since approximate1.725%' of. the semm magnesium is 

bOUDd to protein,- 1t 1spossible that .n.riat10nsin protein 

levelsin the rio gr<)ups 1Dq. aC~OUJlt for the observed. differences' 

in serum niagnesium •. Hbyever, sinee the methQd usedin th1s 

present stud.7 1s measuriDgioDised magne sium , it is euggested 

that thia is the reasonvqthe present s'tudy did not demonstrate 

differences betveen breast-fed andfo1"Dll1la-fed infants. It 

shoulà. also bepointed outthat differences in results by this 

investigator and others ('171 ,197 ,198 ) mq he due, in part, to. 

methodology a»d indicate the importance of each laborator,v i& 

establishing itsown values. 



- SECTION VIII -

,ULTBACENTRIFUGAL STODIES OF PROTEIN-BOUND 

.AND F:RD MAGNmIUM IN NORMAL IIDMAN SERUM 
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In 1957 .. Gerbrandy and his coworkers (202) introduced 

an in vivo method for determining the proteinbound fraction of 

'plasma cations. Theirmethod wasbased ,on the principle that 

a correlation exista between theprotein concentration and the 

concentration of any substance bound to it. GutIllan and Gutman 

(203) used this principle ta calculate p:t'otein~bound calcium 

from' a large numberof individual samples.Chanutin and his', 

colleagues (204) ,plus Loken (206) made use of this principle in 

their ultracentrifuge methods. 

The cations of plasma, particular1y calcium and 

magnes ium , may be differentiated according to their behavio,r,. 

in the presence of a semipermeable membrane, into a filterable 

and non-filterable fraction. Thenon-fi1terable fraction is 

generally considered to be identica1 with the protein-bound 

cation and the filterable fraction is then referred to as the 

non-protein bound or tlfree" cation. The fil terable fraction 

will be referred to by this termthroughout the balance of this' 

section. 

The filterable fraction is known to contain not only 

the ionized cation, but also a -generally small- quantity of 

complex-bound cation (mainly citrate). The filterable complex

bound quantity appears to be negligible in the case of magnesium. 

A distinction between the ionized and the complex

bound forms can be made on the basis of the data presented here, 

and it would appear that for practical purposes, protein bound 

magnesium may be considered to be non-ionized and the filterable 

portion to be most1y ionized. 

Interest has centered on the biologically active free 
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fraction and usually only this fraction of magnesium appears to 

have a.ny cliniealsignificance. 

When exp~~s'ëiilg the f'ree magnesium as a percentage of' 

the total magnesium, one must bear in mind that the total protein 

concentration, and· therefo're the total magnesium concentration, 

can change wi thiri a shortperiod of' time as a resul t of' changes 

illpostu:re, ~dration or protein metabolism. These changes can 

occur without a.ny aetual change in the free niagnesium and magnesium 

binding capac,ity of' the proteine The faot that changes in the 

electrolyte binding capaeity of' proteins mightbe a charaoteristic 

for certain disease statesnecessitates thecalculation of' both 

the protein-boundand thef'ree cation eoncentration separately. 

The present atu.d.y vas undertaken vith tvo goals in 
\ ", ... \ . . . . . ' . : 

mind. The f:i.rstof' these vas to atte!!lpt te) establish a relatively 

simple, easily standardized procedure which vould faeilit~te the 

analysis of f'ree. magneRium in mult:i.-ple samples of' serum.· The second 

vas to demonstrate that the Mann'a nyeKethod, desoribed in the 

General Methods (Section IV)"of thisthesis, is determining f'ree 

(ionized)· magnesium as oppOsed to total serUm magneaium, as usua.lly 

measured by the atomic absorption or flameemission methods. 

- Methods and Materials -

BiologioA l Material 

Blood was obtained in the usual manner f'rom ten normal 

healthy male and f'emale laborator,y technicians. In each case the 

blood vas immediately spun at 2,000 r.p.m. for ten minutes and the 

serum was analyzed for its magnesium and its protein content. 

Preparation Of The Sample 
+ The pH of' the sera vas adjusted to 7.35 - 0.15 by the 

a.ddition of a f'ev drops of' O.lN HeL or 0.1lIJI.1llâ0ll. 



Methodology 

Each serum sample was analyzed for total magne sium 

content by the standard atomic absorption method of MacDonald 

and Watson (201) and for free magnesium b.1 the method of Rice 

8".dLapara (9 ) as desoribed in the General Methods, Section 

IV of this thesis. The serum was alsoanalyzed for its protein 

content both by the Standard Biuret Method for total protein 

and b.1 the Nessler's methûd for total nitrogen. 

Ultracentrifugation 

After the initialanalysisthe serum vas placed in a 

No. 40 head in a Spinco Model. L~2 ult~eentrifuge and vas spun 

at 40,000 r.p.m. (105,000 x g) fortvelve hours (overnight) at 

5°0. This p~ocedure yields a verr sharp boundarr between the 

protein-free supernate and the prote1n-containing infranate. 

The supernate·was then aspirated andanalyzed for its'"nitrogen 

and magne sium content, as indicated in the sectionentitled 

Methodo10gy. 

St~ard solutions containing 1,2,3, and 4 rriEq)L of 

Mg++ vere also spun, under the same conditions as the serum, .to 

determine if magnesium and its salts could be sedimented b,y the 

high gravitational fields used in this study. 

- Results -

The results of this study are to be presented under 

three major headings: 

1. In Vitro Studies Of The Effect Of Ultracentrifugation 

On Serum l!a.gnesium 

As shown in Table 1Fl, iihere is a striking difference 
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in the serum magnesium levels as' determined by the Atomic 

Absorption Method and the Mann's Dye Method. It is suggested 

that the former method is measuring total serum magne sium whereas 



the latter method is measuring only the free magnesium. The 

values obtained for the serum magnesium with the atomic absorp

tion method range from .2115' to 2.38 m1!kJjL with amean of 2.'n. 
! 0.08 ml'S:q/L. On the other hand, the values obtained with the 

Mann' s Dye Method ~ge f rom 1.60 to 1.90 rri1!}J.!L. wi th a mean of . 

1.76 ! 0.1 mF,qjL. The average difference between the values 

obtained by these two methods is 0.53 mEq/L. The dif'ferences' 

are, theref'ore,'highlysignif'icant (P~O.OOl). The average 

serum protein content vas 6.8 gm!lOO ml with a range of 6.2 to 

7.4 gm/lOO ml. TheaverageN~P.N. content of the sera. studied 

was 22.3. mg/lOO ml. vith a range of· 20 to_25~/L .... {see table 

below). 

Th~ d,a~a presented in Table l, also shows the ef'fect 

of' a high centrifugaI force ("105,000 x g) on the serum magnesium 

and the serum.protein. As can be seen, there is no detectabl;~ 
I~ . . 

serum protein"the supernate .a:f'ter the serum has been Sptm for:· 

twelve hours at 40,000 r.p.m. Rbwever, there 1s no detectable 

change in the N.P.N.levels when the pre and post-spin values 

are oompared. This is cl~arly shown in the table below: 

Sample Nonprotein Nitrogen (mg/lOO ml) 

!2. Pre-Spin Post-spin 

1 23 24 
2 22.. 21 
3 20 21 
4 20 20 
,;. 23 22 
6 22 20 
7 21 20 
8 24 25 
9 25: 27 

10 23 25 

Average 22.3 22.5 

This may be interpreted to indicate that the gravitational fiillîd 
';,~ 

used did not sediment any of' the smaller mo1ecules such as amino 

acids. 
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SAMPLE NO. SERUM PROTEIN (gm/100ml. 

PRE-SPIN. POST-SPIN. 
1 6.6 Nii 
2 7.0 " 3 6.2 " 
4 6.3 " 
5 6.7 " 
6 7.1 " 
7 6.9 " 
8 7.3 " 
9 7.4 " 

10 6.7 " 

AVERAGE 6.8 

MAGNESIUM CONCENTRATION (m Eq/L) 
ATOMIC ABSORPTION MANN'S DYE 
PRE-SPIN POST-SPIN PRE-SPIN POST-SPIN. 

2.19 1.66 1.64 1.65 
·2.28 1.70 1.71 1.72 

! 2.16 1.64 1.62 1.61 
2.15 1.61 1.60 1.60 
2.28 1.74 - 1.72 1.73 

;,p 2.35 1.86 1.8'6 1.86 
f12.30 1.82 1.80 1.81 

2.36 1.87 1.85 1.86 
2.38 - 1.93 1.90 1.91 
2.29 1.79 1.75 1.77 
.' . 

2.27 ± 0.08 1.76 ± 0.1 1.74 ± 0.1 1.75 ± 0.1 

1 

1 

_ ... ___ .. __ . __ . ______ . - ____ .. ___ .. ______ . ___ . ____ ... _ .. __ . _____ 1 

Table 1 Concentration of free and total magnesium in the 
sera of ten normal adults - before and after 
ultracentrifugation -
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There is' no si-gnif'ioant dif'ferenoe betveen the 
. . '. . . . ' 

serum magnesiumvalues obtained vith the atomio absorption and 

the Mann 1 s Dyemethods,l .< Table. 1) afteroentrif'ugation. 

Table 2. shows, however, that there is astriking 

. dif'f'erenoebetveenthe pre~spin and post-spin values. for serum 
.' , 

magnesium vhen theserumis analyzed by the atomioabsorption . 
. , . " '. 

technique. The rangeof'the serwnmagnesium f'or' the pre-spin . 

valuesis 2.15 to Z.38mEq,1L.W'ith an_ average of2.27:!:. O.08mÈqjL,. 

and the rangefo'; thepost-sn-tn values is·1.61 to 1.93 mEq/L, vith 
. '+" '.' . . 

an average of 1.76 -0.1 m'P:qjL •. Theaverage dif'ferenoe here ia 

caloulated to be 0.51 m»:UL. The percent dif'f'eren~e.betveen 
the pre and post-spin magnesium ~lues range from 14.56to 81.09, 

indicating that an average ,of 77.4 percent of' tl1e serum magnesium 

is :t'ree ornon-proteinbound., 

In Vitro Studies Of' N'on-Protein :Sound.. Magnesium And 

Protein-bound Magnesium •.. 
, . 

When the initial serum mai,nesium levelsobtained vith 

the Atomio Absorption and the Mann' s .])ye me1ïhods are compared, it 

oan readily be seen that there ia a striking dii'f'erenoe betveen 

them (Table 3). When the magne sium levels obtained by the Mann' s 

Dye method are expressed as a percent of the values obtained by 

the Atomic Absorption method, itoan be seen that from 14.41 to 

79.19%' of the serum magnesium is f'ree. Table 4, is inoluded to 

show the peroentàge of' the total serum magnesium that is free and 

protein boun~. On the average 16.1 peroent of the serum magnesium 

is f'ree and 23.3 peroent is bound. It should be pointed out 

that the free fraotion oontains magnesium that is chelated to 

oitrate plus the truly ionized fraotion. 

In Vitro Studies Of The Erf'eot Of' Ultraoentrifugation On 
An Aqueous Solution Of Magnesium Sulfate. 

Magnesium sulfate solutions (1 to 4 mEq/L) were 

oentrifuged under exaotly the--srune oondi tions as the sera to 
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MAGNE,SIUM 
SAMPLE NO. CONCENTRATION .(m Eq/L) . POST-SPIN· x 100 

PRE-SPIN. POST-SPIN . PRE-SPIN 
1 2.19 " 1.66 75.79 
2 2.28· .~ . 1.70 74.56 
3 2.16 ,- 1.64 75.92 i .. 
4 2.15 ' 1 1.61 74.88 \ l 

5 2.28 . 1.74 76.32 
6 2.35 1.86, 79.14 
7 2.30 1.82 7P.91 
8 2.36 " 1.87 79.23 

\ 
9 2.38 1.93' 81.09 

10 2.29 1.79 78.12 

AVERAGE 2.27 + 0.08 1.76 ± 0.1 77.4 

Table 2 Free magnesium aS a'percent of' total magnesium 
as determined by atomic absorption. 
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i 
MAGNESIUM) 

CONCENTRA TlON'(m Eq/L) 
SAMPLE NO. ATOMIC MANN'S DYE - x 0 

ABSORPTION . MANN~S DYE ATOMIC ABSORPTION 1 0 
1 2.19 164 74.89 
2 2.28 1.71 75.00 
3 2.16 1.62 . 75.00 
4 2.15 1.601, 74.41 
5 

. , 
2.28 -1.72 . 75.43 

6 2.35 1.86 79.19 
7 2.30 1.80 78.26 
8 2.36 1.8-5 78.39 \ 

9 2.38 1.90 79.83 
10 2.29 1.75 76.40 

AVERAGE 2.27 + 0.08 1.74 + 0.1 76.7 

_. -.... ---- ----- -------_ .. _--~--~_ .... _-_ .. _--j 

Table 3 Free magnesium as a percent of the total magnesium 
in the sera of ten normal adults - before 
ultracentrifugation -



SAMPLE NO. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

AVERAGE 

-------- ----1 

1 

MAGNESIUM 
CONCENTRA TION 

% BOUND. % FREE 
25.11 74.89 
25.00 75.00 
25.00 75.00 
25.59 74.41 
'24.57 .', 75.43 

. 20.81 79.19 
21.74 78.26 
21.28 78.39 
20.17 79.83 
23.60 " 76.40 

23.3 76.7 

i 
-- - -- - - - -- -.-- - ---------- ---- -------_. --- j 

Table 4 Fraction of serum' magne sium that is protein bound 
and free. 
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determine if the centrifugal force used vas capable of 

sedimenting salts of magnesium. The concentration of magnesium 

in the aliquots removed before and after centrifugation Wa~ 

identical. Therefore, it is evident from Table 5', that no sed

imentation of magnesium occurred. 

- Discussion -

Most of the earlier studies dealing vith cation binding 

by proteins have dealt mainly with calcium and have used some type 

of ultrafiltration technique. Theoretically the ultrafiltrate and 

the supernate of ultracentrifuged serum should show.identical 

cation and serum protein concentrations. 

~ means of ultracentrifugation or ultrafiltration, a 

protein-free fluid may be obtained'which is identical t~ the protein

free phase of native serum. In the case of ultracentrifugation~ 

free magnesium remains evenly distributed throughout the fluid phase 

while protein-bound magnesium is sedimented at 105,000 x g. 

(Table 1) 

In 1935 McLean and Hastings (208) demonstrated that most 

of the calcium which passed through a semi-permeable membrane Vas, 

in the ionized forme Their data vas derived from experiments using 

the classical frog heart method as an indicator of ionized calcium 

levels. This method is based on the observation that the frog 

heart is sensitive to changes in ionized calcium concentrations and 

that solutions containing equal concentrations of this ion induced 

equal responses in the heart. Complexed calcium ions and non

ionized calcium fa il to show any effect upon the frog heart. 

Serum protein, being amphoteric, is dissociated in the 

anion form at the physiological pŒ of 1.35. McLean and Hastings 

(208) demonstrated that in the calcium proteinate complex, the 

protein moiety acted as a divalent anion, and vas therefore able 

to chelate one calcium ion, as shown belov. 
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to chelate one calcium icn, as shown below. 
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_.---.------ - .---- .. - - ------- -----
-- -- -- ~------- - -- -------_. - ------- -- - ;:-7-- -.-----

, '. MAGNESIUM 
SAMPLE NO. CONCENTRATION(m Eq/L) 

" PRE-SPIN. POST-SPIN. , 

1.01 
~ 

1.00 1 >6 

·2 2.00 2.00 
3 3.02- . 3.00 
4. 4.00 4.00 

. 

.: ; 

Table.2) Brf'eot of' ultracentr1f'ugat:.l.on on an aqueous 
solution of' magnesium sulf'ate. 

, " 
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Since calcium and magnesium both occur in the 

Group II A of the Periodic Table it would seem likely that the 

serum magnesium should followthe same pattern as the serum 

calcium. Therefore, the ratio of the diffusible to the non

diffusible magnesium should be approximately equal to the ratio 

of diffusible to non-diffusible calcium. 

The ratio of free magnesium to protein-bound magnesium 

is dependant on the concentration of protein in the serum. 

Therefore the percentage of bound magnesium would be expected to 

decrease with increasing centrifugation time. As the protein

bound magnesium is concentrated in the bottom of the centrifuge 

tube there is a tendency for this bound magnesium to dissociate 

from the protein in accordance with the Law of Mass Action. This, 

in theor,y, shoul~ be equally applicable to the ultrafiltration 

techniques. 

Average normal values reported for diffusible magnesium 

range from 57% to 84% (85). A considerably narrower range was 

obtained by the method used in this s"u!l.dy. The range of values 

obtained WaS 74.4% to 79.8% which is wellwithin the previously 

mentioned range. 

The concentration of free magnesium is relatively 

constant in the serum from the ten adults whose magnesium metabolism 

was believed to be normal. Their average serum ionic magnesium 

waS approximately 76% of the total. The balance, approximately 

23%, is the protein-bound fraction. Therefore, most of the 

freely circulating magnesium must be classified aS diffusible or 



97 

non-protein bound. Since the total protein concentration is 

known, the amount of magnesium bound per gram of protein ~ 

be calculated. In calculating the protein binding of magnesium 

using the above method, no correction f·or plasma water or the 

Donnan Factor need be applied. 

When citrate is added to a magnesium solution in vitro, 

the dif'fusible magnesium wouldbe expected to increase, but the 

magne sium ion concentrationwould decrease. The chelated magnesium 

citrate is considered tobe freely diffusible and is therefore 

determined as part of the free magnesium Qy other methods. 

However, the method used throughout this study is apparently unable 

to determine chelated magnesium as waS demonstrated in Sections V 

and VI of this thesis. 

This study has demonstrated that a metal-indicating dya 

such as Mann's Dye can be used to determine free serum magnesium 

concentration. The biological importance of this method lies in 

the fact that it presumably determines the physiologically effective 

concentration of' serum magnesium. When combined with the dete~

mination of total magnesium as described herein, this method 

provides an estimate of the amount of magnesium present in the 

complexed forme 

The rep~oducibility of values obtained for magnesium 

partition by means of the ultracentrif'uge permits an accurate 

distinction between protein-bound and non-protein-bound or free 

magnesium. 



- StOO1A.RY -

Evidence has: been presented that the use of citrated 

blood for exchange transfusions results in a fall in the level 

of ionizGd serum magnesium, the degree of which inereases when 

repeated exchanges are carried out at short intervals. The 

role of citrate as the responsible.agent for this reduotion has 

beenconfirmed bythe in vitro effect of addedoitrate in 

depressing the recovery curve of iDnized magnesium. This re

duction of serum ionic magnesium isalso due to a quantitative 

dilution of the donorblood with the AC» mixture. 

Although no clinical signs could be attributed 

specifically to this d~Dression in serum magnesium levels, 

electrocardiographicchanges vere noted vhen the serum ionized 

magne sium level vas belov 0.8 mEq/L. 

Evid:ence has also been presented to indica te that when 

either of the two heparin preparations vere used as the anti

coagulant instead of citré.;~e, nei'ther significant magnesium 

binding nor dilution occurred, and the ionized serum magnesium 

levels remained essentially unchanged. 

In spite of the advantage of heparin over citrate a& 

an anticoagulant for the blood used in exchange transfusions, 

its disadvantages as a preservative make the routine use of 

heparinized blood difficul t. Rowever, consideration should be 

given to the use of heparin in the small premature or sick 

"high-risk" infant requiring replacement transfusion. 

Data on ionized serum magnesium levels in 56 nevborns 

and 64 older ohildren, using a rapid ul tramicro method, have 

been presented. No appreciable changes could be found in the 

first week of life, though cord blood levels tended to be somewhat 

higher than the subsequent serum levels. No differences were noted 

with breast as compared tO bottle feeding. The lack of any 

significant differences between venous and capillary blood samples, 

allovs the confident use of capillar,y blood for this determination 

in the newborn period. 



Data on ionized serum magnesium and protein bound 

magneeium in ten normal healt~ adults has been presented, 

using the Atomic Absorption Method of MacDonald and Watson, and 

the ultramicrospectrophotometric method of Rice and Lapara. The 

evidence presented indicates that from twenty to twenty-five 

percent of the serum magne sium is protein bound. The data 

presented also indioates that the method of Rice and Lapara is 

actually measuring ionized or non-protein bound serum magnesium 

as opposed to total serum magnesium. 
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