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PRE FACF 

. In infants suf :ering Zro.l. haemolytic disease of 

t _e newbc-rn ueath from cardiac failure consequent upon 

prolonged anoxia can occur within the first twenty-four 

hours of life. If the infants survive this period the 

anoxia is relieved as b1ocu oxygenation mechanisms 

become more efficient. Unfortunately, improvement is 

c,ften temporary and after about forty -eight hours rapid 

destruction of blood cells,which commences "in utero", 

can result in deep jaundice. This is followed by damage 

to the central nervous system (known as kernicterus) 

with medullary failure and death in the more severe cases, 

Thus even though some infants are in imminent danger of 

cardiac failure in the immediate post -natal period, it is 

considered best to attempt exchange transfusion in order 

to reduce the risk of kernicterus. 

The development cf exchange transfusion has greatly 

altered the prognosis of haemolytic disease in the new_ 

corn and the procedure Is now accepted as being essential 

in cases of any severi 6y. The dif_'icuiies associated' 

= Lod tranaf,;_sion have received increasing atention 

in recent ,rears and its ej:ilpi'.yment Is beset with problems 



no: (nl, of clrtlo_y fld sercac,IT, pu; ui 

ba.oche,aistry, allergy, dyriar2ics, reiiricn and race, 73cmc 

uf these pronJeils are sirnificsn:ly aflectel b-.7. the \-olume 

fHr bl r)d use in excin_sn,ze transfusion. Considering that 

the infanu mall be berfLsed with stored blood of electrolyte 

content great37 dirferenu from at or the recipientts 

oicod and in quantiuies up to three times his own olood 

volume, it is surprising that so llttie clinical change 

Is observed. Hazards such as sepsis, air embolism,portai 

vein thrombosis and perforation of the umuilical vein 

have peen described buu are iortunauely uncommon. Circulatory 

overloading is an ever nresent danger in the profoundly 

anaemic infant and it may be precipitated by conducting 

the exchange transfusion too rapidly. Deterioration 

and even desuh however, may occur in infants whose pre- 

operative condition bilges rise to no concern, An example 

of such deterioration prompted this investigation. During 

the exchange transfusion of a male infant, the infant 

suddenly collapsed and appeared pale and unresponsive, 

calcium pjuconate did riot arlecu an Improvement and 

administration of glucose only caused a ter-porary improve_ 



-m.ent, The transfusion was carried to a satisfactory 

conclusion In negative balance of bic od. Previous 

work on citrate intoxication was recalled and it was 

aecided to undertake a combined c1 nical and bio- 

chemical study of infants during exchange transfusion. 
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Il \ITRODUC ION 

THE IMPORTANCE; OF CITRATE IN TRANSFUSION OF CITRÂTED BLOOD 

One of the factors suggested as a cause of electrolyte 

disturbance daring exchange transfusion is the toxicity 

of citrate. The dangers in the use of citrated blood 

were first emphasized by Lewisohn (1915) but so few 

transfusion reactions unequivocably attributable to 

citrate intoxication have been observed that citrated 

blood is regarded by many as being non -toxic. The rapid 

transfusion of large volumes of blood would certainly be 

necessary in the adult before the adverse effects of 

citrate became apparent, and ívß lli son (1952) maintained 

that it was safe to administer blood as long as the rate 

of infusion of citrate was below two hundred and sixty 

milligrams per kilogram of body weight per hour. Recent 

studies (Wexler, Pincus, Natelson, Lugovoy 1949, Ames, 

Sylles, Rapoport 1950) in the technique of exchange 

transfusion in newborn infants have indicated that the 

recommended safe rate of administration is usually exceeded. 

In fact during an exchange transfusion it is routine 

procedure to administer up to a litre of blood in a period 

of ninety minutes, which in a normal infant is equivalent 
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to a citrate infusion rate of five hundred and eighty 

milligrams per kilogram of body weight per hour (Wexler 

etal, - 1949) . 

The Influence of Citrate Ion upon Calcium Ion, 

Laboratory experiments have indicated that the 

citrate ion combines with a calcium ion forming a soluble, 

dialysable weakly ionised complex and it is believed that 
the convulsions which are produced upon the intravenous 

administration of sodium citrate sDluti on to animals are 

the result of the reduction of actively ionised calcium 

in serum (Shelling & Mallow, 1928) . During an exchange 

transfusion up to four grams of sodium citrate are 

introduced into the circulation and it is theoretically 
nos sible that such an amount would remove all the free 
calcium ions from plasma, thus profoundly altering muscle 

and nerve irritibility. 

THE PARTITION OF CALCIUM IN SERUM. 

The distribution of calcium nn in serum has been 

speculated uron for many years and it is commonly believed 
that two forms of calcium exist, termed d if fusible and non - 
diffusible, according to whether or not they can pass through 



a dialysing membrane, and presumably through living cell 

membranes. The non-diffusible fraction is thought to be 

in combination with protein, particularly albumin, while 

the diffusible fraction consists of ionised calcium, 

whether dissociated (i.e. active) or not, plus the small 

amount of calcium which is bound to citrate (McLean & 

Hastings, 1935), 

Mc Lean and Hastings (1935) suggested that the 

concentration of actively ionised calcium in plasma depends 

largely upon the degree of dissociation of the non-diffusible 

calcium protein complex, which ionises as e weak electrolyte. 

They calculated the dissociation constant for this 

proteinate complex. Hopkins et al (1952) also observed 

a constant relationship between calcium rroteinate and 

calcium ion upon adding varying amounts of calcium salts 

to plasma, and calculated a dissociation constant which 

was significantly lower than the value obtained by McLean 

and Hastings (1935). Evidence in favour of the presence 

of a weakly dissociated, soluble ultrafilterable complex 

of calcium and citrate in plasma was reviewed by Greenberg 

(1939) and there is little doubt that such a complex 

exists. The discovery by Dickens (1940) that bone is 

relatively rich in citrate is very interesting. The 
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citrate is thought to be present as a superficial deposit 

on the crystal lattice of apatite by virtue of its 
property of complexing with calcium, and since the enzymes 

citrogenase and aconitase have been demonstrated in bone 

tissue, it is suggested by Dixon and Perkins (1952) that 
derosi ti on of ci trete in the skeleton is the result of 

metabolic activity in bone cells. Because of the two 

phase equilibrium between bone and tissue fluid it is 
possible that citrate, which is normally present in plasma 

to the extent of 1 - 6 mg. per 100 ml., could arise from 

bone. 

Calcium citrate dissociates in two stages. The 

primary dissociation is considered to be virtually complete 

while the secondary dissociation is feeble. In the 

secondary dissociation the equilibrium is almost entirely 
in favour of the CaCit 

A. Ca3Citz-'-- Ca(Ca í;it)z t-. Ca+++ 2 Ca Cit 
B. Ca Cit i Ca + + Cit 

It is believed that calcium citrate exists in serum 

largely in the form of the negatively charged complex 

anion. Within the hydrogen ion concentration range of 
blood, McLean and Hastings (1935) calculated the secondary 
dissociation of the complex to be 3.22 at 22°C. The amount 

of citrate ion which is normally present in serum would 
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be sufficient to combine with the whole of the calcium 

which exists in the un- ionised, diffusible fraction. 

The state of calcium in the serum of newborn infants is 

not completely known. Total serum calcium concentrations 

range from 7.3 to 16.9 milligrams Der hundred millilitres 

(Todd, 1939), while the actively ionised calcium 

concentration, measured by the frog heart method, is 5.7 

to 6.1 milligrams per hundred millilitres and the 

ultrafilterable fraction 5.3 to 5.9 milligrams Der 

hundred millilitres (Smith, 1951). The discrepancy 

between ionised and ultrafilterable calcium was believed 

by Smith (1951) to be due to an unusual ratio between 

serum albumin and globulin in neonatal blood, but it is 

the concentration of albumin and not the albumin to 

globulin ratio which influences calcium ion concentration. 

In fact the albumin concentration in neonatal blood is 

similar to that observed in normal adults. I suggest 

that the true explanation of the discrepancy probably 

lies in the fact that the normal range of ultrafilterable 

calcium quoted by Smith (1951) is not valid since control 

of hydrogen ion concentration during ultrafiltration was 

not attemrted, and this factor has been shown to be very 
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important by Hopkins et al (1952) . 

Changes in serum calcium durin the infusion of citrate 

have been observed. Bruneau & Graham (1943) , Krautwald 

& Dorow (1940), Wexler et al (1949) reported a decrease, 

no change and an increase respectively in total serum 

calcium concentration. 

Evidence that calcium is mobilised during the infusion 

of citrate was presented by Scott & Lensing (1942) . They 

demonstrated by a micro -incineration technique that 

intracellular calcium migrated into the extracellular 

fluid as citrate entered the extracellular fluid. 

The intravenous injection of citrate into bi- laterally 

nephrectomised dogs or the injection of parathyroid 

hormone resulted in a marked hypercalcaemia, but injection 

of citrate into nephrectomised, thyro -parathyroidectomised 

dogs did not. The role of parathyroid hormone is obscure 

in this respect but Atwell (1945) thought that it stimulated 

the release of calcium citrate from the skeleton. Whatever 

the mechanism, profound changes occur during citrate 

infusion and this is reflected in an increase in 

ultrafilterable calcium, and a decrease in ionised 



(i.e. active) calcium (Shelling &Maslow (1928), Ames 

et al (1952)). 

It is apparent from the foregoing evidence that 

there is normally present in serum a citrate complex 

which is in combination with calcium ion. The infusion 

of citrate solution causes an increase in the concentration 

of this complex with a consequent lowering of the actively 

ionised calcium concentration although the diffusible 

fraction of calcium remains normal or even elevated. 

The lowering of the actively ionised calcium concentration 

will alter the equilibrium between the diffusible and 

non- diffusible fractions and by same mechanism possibly 

involving parathyroid hormone, calcium ions are mobilised 

firm skeletal and intracellular spaces. It may be that 

lowering of calcium ion concentration in serum is the 

direct stimulus for the liberation of parathyroid hormone. 

The physiological effect of the infusion of citrate solution, 

which is clinically of great importance, is essentially 

due to reduction in calcium ion concentration which cause.;; 

increased neuro- muscular irritibility with a resulting 

tetany and cardiac failure. Wexler, Pincus, Natelson & 

Lugovoy (1949) studied the changes in serum citrate 
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concentration during exchange transfusion in newborn 

infants and observed marked increases. Ames, Symmes 

and Reppopo rt (1951) reported that electro-cardiograph 

tracings consistent with hypocalcaemia were recorded 

during exchange transfusion. Gustafson ( 1951) also 

observed similar changes including a persistent tremor 

along the iso- electric line which disappeared after the 

intravenous injection of calcium gluconate solution. 

Nakasone et al (1954) attributed the phenomenon to a 

citrate- induced hypocalcaemia because transfusion of 

blood containing no citrate did not cause any cardiac 

changes. 

Theoretically the infusion of citrate in the amounts 

used in exchange transfusion should lower actively ionised 

calcium concentration to levels associated with tetany 

although this is rarely observed in practice. It is 

possible that the metabolism of infused citrate is so 

rapid that the calcium ion concentration in serum is 

maintained within the normal range, although in the 

present work it will be shown that lowering of actively 

ionised calcium concentration does occur. 



THE METABOLISM OF CITRATL 

Citrate is oxidised via the tri- carboxylic acid 

cycle wh ich is also the common pathway for the final 

oxidation of glucose (Canterow 8c Trumper 1955) . 

Administration of glucose causes a decrease in the fasting 

serum citrate concentration coinciding with the most 

active phase of glucose metabolism (Natelson et al 1948). 

Since citric acid lies directly in the tri- carboxylic acid 

cycle, the injection of glucose or citrate should theoret- 

ically catalyse the oxidative process. Carbohydrate 

undergoes metabolism to pyruvic acid which then yields 

acetic acid by means of oxidative decarboxylation. The 

acetic acid fragment combines with co- enzyme A forming 

active acetyl -coenzyme A which condenses with oxaloacetate 

yielding citric acid (Thunberg 1953). Since oxaloacetate 

is regenerated with each complete cycle, any substance 

lying in the cycle will act as a catalyst in the oxidation 

of pyruvate. 

Langeck (quoted by Thunberg,1953) measured the breakdown 

of citrate in various minced tissues and concluded that 

liver contained the highest concentration of citric acid 

dehydrogenase. Kidney was also a rich source of enzyme, 
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but muscle tissues contained much less. 
Wexler et al ( 1949) studied the rate of citrate 

metabolism in infants during exchange transfusion and 

formed the opinion that citrate was rabidly removed from 

the blood, presumably by metabolic routes. It appeared 

that infants suffering from erythroblastosis foetalis 
were less able than normal infants to oxidise citrate, 
but except in those cases where severe liver damage was 

present, the serum citrate concentration after reaching 
a certain level tended to fall spontaneously, even though 

citrated blood was still being injected. 

The Role of the Liver. 

Evidence confirming the oxidation of citrate by 

liver tissue was Presented by Sjostrom (1937) who 

De rf used citrate solution into a cat liver which had been 
functionally isolated by means of section of the blood 
vessels. The perfusion fluid contained over one hundred 
milligrams of citrate per hundred millilitres of solution 
but a single passage through the liver was sufficient to 
reduce the citrate concentration to below two milligrams 
per hundred millilitres. Up to twenty grams of citrate 
could be removed by this method but when the liver was 

poisoned with allyl formate solution, much less citrate 



was oxidised. Martensson (1940) criticised this experiment 

on the grounds that S _lo Strom did not oxygenate the liver 
tissue adequately, thereby causing cell damage with 

release of citric acid dehydrogenase, but there is no 

doubt that liver can oxidise citrate. It is postulated 

that the presence of an efficient liver app ears to be 

important during the exchange transfu s? on of citrated 
blood since infants with obvious hepatic cell impairment 

are unable to remove citrate from their blood at a rate 

sufficient to prevent a toxic hypercitraemia. 

ivïoll i son & Cutbu shh (19 49) , Billing, Cole & Lathe 

(1954) suggested that hepatic function is deficient in 

the neonatal period when compared to the normal adult 

but Billing et al (1954) believe the low excretary 
caï acity is concerned soecifically with the metabolism 

of bilirubin. It may be of significance that elevated 
serum citrate concentrations are characterestic of liver 
disease and that in the present series newborn infants 
present a high serum citrate level compared to normal 

adults. 

However the liver in infants suffering from 

erythrnblastosis foetalis shows only minor histological 



- 12 - 

changes and rarely a mild to moderate degree of fatty 

change is seen. This does not exclude the possibility 

that metabolic impairment is present. 

The Role of the Kidneys. 

Martensson (1940) perfused citrate s^ lution into an 

animal whose liver had been removed and observed that 

the citrate was effectively remov ed from the perfusion 

fluid. On perfusing renal tissue he observed that the 

citrate concentration of the fluid in the renal view was 

thirty per cent lower than the citrate concentration of 

the fluid in the renal artery. In this experiment renal 

excretion was negligible so that citrate must have been 

removed by the renal parenchyma. Martensson suggested 

that under normal conditions the kidney was the principal 

site of citrate metabolism but such a hypothesis which 

ignores the metabolic activity of the liver cannot be 

entirely accep ted . 

The role of the kidney in the metaboli an of citrate 
was also investigated by Freeman and Chang (1950). 

Bilateral nephrectomy in dogs result ed in a post -operation 

elevation of serum citrate concentration and the 

intravenous injection of citrate solution resulted in a 
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further elevation of serum citrate concentration which 

only slowly decreased. On the other hand bilateral 
ligation of the ureters failed to cause any increase in 

serum citrate concentration and only a transient increase 
after the intravenous injection of citrate solution. 
This experiment emphasizes the fact That renal excretion 
of citrate is less important than the oxidation of citrate 
in the renal parechyma. Renal excretion of citrate is a 

factor which can he varied according to dietary intake 
and it is profoundly, influenced by the hydrogen ion 
concentration of the glomerular fi ltr ate (Homer Smith 1949). 

The state of renal function in the newborn infant 
has been reviewed by Smith (1951). Measurement of urea 
clearance, creathine and inulin clearance, diodone 
clearance and p - animohippurate clearance all indicate 
that renal ftnction in the newborn infant is immature 
compared to the normal adult . Glomerula r development 
is more advanced than tubular development at full term 
but because of erithelial cells covering the glorherulus, 
glomerular filtration rate is low. Even so circulation 
is predominantly glomerular aril as proximal tubular 
tissue develops more post- glomerular blood is presented 
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for clearance. 

It is important to realise that the evaluation of 

renal function in the newborn infant is difficult. 
Accurate specimen collection is a major problem and the 

complex relation exs st ing betwe en hormonal . resc i.ratory, 

nervous, circulatory and alimentary functions must 

influence any of the functional tests employed. The 

volume of urine excreted during the first twenty four 

hours of post -natal life is only about twenty millilitres. 
Thus if ti? e kidneys participate in the removal of citrate 
during ex_chnpe transfusion, their role must be almost 

entirely metabolic. 

In conclusion, citrate infused during the transfusion 

of citrated blood i s rapidly removed from the plasma, 

oxidation oc curing via the tri -carboxylic acid cycle. 

The oxidative process may be accelerated by the 

simultaneous infusion of glucose and citrate since they 

have a common metabolic pathway. Liver and kidneys are 

involved in the oxi d at ion of c it rate . Norma 1 newborn 

infants are apparently able to oxidise citrate almost as 

cuickly as it is infused but infants suffering from 

erythroblastosie foetalis are deficient in this respect. 
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The i nabi l ty of th ese infants tr, oxidise citrate as 

rapidly as normal infants may be related to the mild 

degree of liver dysfunction associated with erythroblastosis 
foetalis. 

THE IMPORTANCE OF POTASSITLi IN ri'il uSi+USION OF UITRAT,D 

BLOOD D. 

Another factor which has been siggested as a cause 

of el ectmlyte di sturbance, during exchange transfusion 
is that of potassium intoxication (Miller, IaicCord, Joos, 

Clausen influences the response of an 

individual to a given degree of hyperrotassaemia is not 
fully understood but it is derenda.nt upon a delicate 
equilibrium between sodium, potassium, calcium, magnesium 

any hydrogen ions in the extracellular fluid. A decrease 
in the concentration of calcium or magnesium or an 

increase in that of sodium, potassium or hydrogen ions 
causes increased excitibility of tissues and vice versa. 
Ringer first observed that antagonism between various 
cations can occur. He demonstrated this relation between 

calcium and potassium ions in terms of myocardial 
contractibility, Clinically, Brown et al (1955) observed 
that in the presence of a high serum potassium concentration 
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cardiac failure could be precipitated by the induction 

of an exr erimen tal hypocalcaemia, and in fact, Govan & 

Weiseth (1946) relieved cardiac failure caused by 

hyp ergotas saemia by the intravenous admihistration of 

calcium gluconate solution. 

Winkler, Hoff and Smith (1938) attempted to correlate 

serum potassium concentration during the infusion of a 

potassium chloride solution with changes in the electro- 

cardiograph recordings. At a serum potassium concentration 

of 20 to 27 mg. per 100 ml., an increase in the amplitude 

of the T wave we s observed; at 30 to 39 mg. per 100 ml.. 

a depression in the ST segment; at 39 mg. per 100 ml., 

intraventricular block; and finally, above 39 mg. per 

100 ml., disappearance of the P wave. 

TETE INFLUENCE OF POTASSIUM ION UPON CARDIAC MUSCLE 

DURING THE TRANSFUSION OF CITRATED BLOOD. 

During storage of blood for transfusion, probably 

because of cessation of intracellular metabolic processes, 

potassium ion diffuses into plasma. Loutit, Mollison & 

Young (1943) investigated this phenomenon and observed 

significant increases in the plasma potassium concentration. 

Mollison (1951) is of the opinion that the amount of 
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potassium ion injection during an exchange transfusion 

is well within the limits of safety. He quotes the 

example of a newborn infant weighing 3.25 kilograms who, 

during an exchange transfusion, gained 20 milligrams per 

kilogram of body weight in a period of forty minutes. 

The plasma potassium concentration of the infant's blood 

rose from 19 mg. per 100 ml. before transfusion to 23 mg. 

per 100 ml. immediately after the transfusion. The plasma 

potassium concentration of the donor blood was 55 mg. 

per 100 m1. 

Miller, McCord, 'loos & Clausen (1954) investigated 

' the changes in serum potassium concentration which 

occurred during the transfusion of citrated blood to 

newborn infants suffering from erythroblastosis foetalis. 

In a series of eight transfusions three infants developed 

a toxic hyperpotassaemia; one of these cases presented 

marked cardiac changes when the plasma potassium 

concentration was 36 mg. per 100 ml., while the donor 

blood had a plasma potassium concentration of 72 mg. per 

100 ml. Miller et al (1954) concluded that most full 

term infants are able to maintain their serum potassium 

bélow levels associated with cardiac abnormalities, even 
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though high concentrations of potassium ion may beinfused 

during exchange transfusion. 

It is significant that one infant in the series was 

found to have a co-existent hypocalcaemia and hyperpotas® 

saemia at the instant when ventricular failure occurred, 
but cardiac signs disappeared after the intravenous 
injection o f calcium gluconate soluti on. It i s probable 

that the injection of calcium ion restored electrolytic 
equilibrium and thus normal myocardial irritability. 

RELEVANT ASPECTS OF THE " Ìv TABUL ISM" OF BODY POTAS S IWvi . 

When a solution of a suitable potassium salt is 
administered by intravenous route it is rapidly removed 

from the plasma. Eichelberger (1941) observed a sixty 
per cent retention of potassium by the liver after 
injection under conditions similar to those encountered 
in exchange transfusion, but the liver app ears to be a 

temporary site. After reaching a maximum concentration 
in the intracellular fluid of liver cells, potassium 
migrates into the extracellular fluid and thence into 
the intracellular fluid of red blood corpuscles and 

muscle cells. 
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Movement of Potassium Ion betweal Intracellular and 

Extracellular Spaces. 

Potassium ion is predominantly intracellular in the 

body, muscle cells being the major source, but movement 

of potassium and other cations occurs accross cellular 
membranes, migration being dependant upon the eáuilibriam 

between intracellular and extracellular electrolytes. 
For example potassium ion moves into extracellular fluid 
when excessive quantities of water and sodium ion are 

lost from the body. Potassium migration appears to be 

influenced by different phases of the metabolism of 

carbohydrate - glycogenolysis is followed by an increase 
in extracellular potassium and glycogenesis by a decrease 

in extracellular potassium. Such an influence would 

account for the observation that extracellular potassium 

concentration decreases during the infusion of glucose 

and might explain, in part, the ability of newborn infants 
to maintain serum potassium concentration within normal 

limits during transfusion with citrated blood containing 
glucose. 

The Influence of Ildrenal Hormones. 

The distribution of sodium, potas siu,a, chloride and 

water between intracellular and extracellular fluids. is 



modified by adreno -cortical hormones. Steroids of the 

17 - hydroxy -- 11 - oxy - corticosterone series app ear 

to enhance the effect of anterior pituitary hormone in 

antagonising the oxidation of glucose, thereby increasing 
glycogen stores, and this is associated with increase in 

intracellular potassium ih liver cells. 

The mineralo- corticoids consists of steroids not 
possessing an oxygen atom at C-11 and those belonging 

to the "amorphous fraction ". They acu ear to alter cell 
vrall permeability and ala to act upon the distal tubules 
causing increased re-absorption of sodium and eater and 

decreased re- absorption (or increased tubular secretion) 
of rotas slum. 

The stimulus for the renal excretion of potassium 
is obscure but it is ros sible that intracellular 
potassium concentration is a vital factor. Thus increased 
renal excretion follows cellular dehydration, and the 
intravenous infusion of potassium does not result in 
increased renal excretion of potassium until the 
intracellular potassium concentration reaches a critical 
concentration (Tarail 8c Elkington, 1949). 



- 21 - 

Evidence suggests that the adrenal cortex is 
functional in the newborn infant and that adreno- cortical 
hanrnones from maternal and foetal sources are circulating 
in the blood. (Farnuhar 1953). This being the case 

efficient homeostatic mechanisms exist to cope 347ith the 

infusi on of exessive amounts of potassium. 

ks a working hypothesis for the present series of 

experiments, it is suggested that potassium entering the 
rla sma during exchange transfusion is transferred firstly 
to the intracellular fluid of the hepatic cells. From 

here it migrates to the intracellular fluid of muscle 

cells and red blood corpuscles, where a distribution of 

cations occurs to re- establish electrolytic equilibrium. 
This process involves the extrusion of intracellular 
sodium ion. Renal excretion of potassium, involving 
adreno- cortical homones, may then proceed at e. rate at 
which the immature kidney can excrete, but renal excretion 
of excess Potassium. in the prevention of a toxic 
hyperpotassaemia cannot be an important homeostatic 

mechanism during the immediate post- natal transfusion 
period. 
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PLAN OF 

In the belief th at analysis of serum taken at regular 

intervals during exchange transfusion would reflect the 

ability of the newborn infant suffering from erythrobl.astosis 

foetalis to maintain a normal serum electrolyte picture, 
electrolyte balance, particularly in reference to calcium 

aríi potassium ions, has been evaluated. 

The serum concentration of sodium, potassium, total 
calcium, calcium ion. protein and citrate were determined 

after each hundred millilitres of blood exchanged, and 

a clinical record of apex beat, venous Pressure and 

occurrence of abnormal signs was kept. 

The Purpose of this thesis is to present evidence 

in favour of the hypothesis that during the transfusion 
of citrates blood, serum citrate concentration rises to 

a level where serum ionised calcium concentration is 
depressed, owing to the formation of a weakly ionised, 
physiologically inactive, ultrafilterable complex. 

This hypoca lcaemia may or may not be associated with a 

hyperpotassaemia but if such a phenomenon occurs in the 
Presence of imminent cardiac failure due to anoxia, an 

electrolyte disturbance of any magnitude might precipitate 
card lac failure. 
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IVIET'HO DS 

GZINI CAL HETHODS 

TECHNICj7F OF EXCHANGE TRANSFUSION. 

At the time of 'birth the umbilical cord was clamped 

some inche s from the infant and the attached portion was 

surrounded wi th gause swabs moistened with sterile 
saline in order to prevent desiccation pending the 

results of haemoglobin estimation, nucleated red cell 
count, serum bilirubin estimation, and Ccomb's test. 

If it was decided to proceed to an exchange 

transfusion the cord was cut not more than three- quarters 
of an inch from the umbilicus, the umbilical vessels 
recognised and the vein held open by the application of 

two fine pairs of mosquito artery forceps to its walls. 
The risk of air embolism is negligible. 

The assembled transfusion apparatus (figure I) was 

flushed with heparini sed saline (5,000 I.U. per pint) and 

the end of the polythene tubing which was to be inserted 
was cut to fbnn as short a te'vel as practicable. 
the umbilical cord held downwards and towards the 
operator's left, the tolythene tubing was inserted into 
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the umbilical vein to a distance of about seven and a 

half centimetres. Careful suction was then applied to 

the syringe and if the end of the catheter was at the 

correct point in the vein there was a ready return of 

the infant's blood. If the blood did not flow back 

freely, careful adjustment of the catheter was necessary. 

This entailed moving it by a number cf cent..imetres or 

simply a millimetre or two or even by retaining it in 
o 

the same position but rotating it through 90 to 180`). 

There was no easy explanation for the remarkable 

d if ferences in the ease of obtaining blood with a minimum 

of change in the Position of the catheter. In fortunate 

cases the catheter passed from the aortal sinus into 

the inferior vena cava via the ductus venosus (figure II) 

but in some cases the catheter apparently passed into 

the portal ci rculati on where it was increasingly difficult 
to obtain blóod. It was by no means the case that when 

the correct position for the catheter tip was found 

blood continued to flow back readi ly during the course 

of the transfusion, and manipulation was required from 

time to time. 

tl catgut ligature was tied tightly around the polythene 

tube and another around the stump of the umbilical cord, 
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end the tiff.) ligatures were clipped together with a pair 

of artery forceps - in this way the position of the 

catheter did not change axp reci ably with movement of 

the infant or back pressure of blood. 

The exchange transfusion was carried nut by alternate 
withdrawal of ten millilitres of blood from the infant 
and replacement wi th ten mill ilitres of donor blood. 

It is apparent that the longer the length of polythene 

tube extending from the apparatus to the infant then the 

greater the dead space and the less efficient the exchange. 

For this reason the tube was kept as short as practicable. 

At intervals of one hundred millilitres of blood 

withdrawn the whole apparatus was flushed with heparinised 
saline, but it was necessary to prevent this entering 
the circulation of the infant. 

At intervals of one hundredmillilitres of blood 

exchanged one millilitre of ten per cent calcium gluconate 
was injected intravenously. 

The total volume of blood exchanged was calculated 
roughly as being about three times the infant's expected 
blood volume, that is, about one hundred and twenty 
millilitres per pound of body weight. Stress has been 
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raced in the literature on methods of cal culating the 

volume of blood re cruired and the bonus of blood which 

may be Vii. ven during the exchange to correct the infant's 
anaemia. It must be remembered that exchange transfusion 

is a method of removing sensitised cells and antibody 

rather than of correcting the anaemia for in the severely 

affected cases there is no doubt that an abrupt rise in 

haemoglobin concentration throws an extra and possib?y 

fatal burden on the heart. 

A careful clinical recrrd of progress was kept 

during the transfusion. This included recording the 

voltur e of the blood withdrawn and replaced, heart rate, 
and occurrence of cyanosis, twitching or crying. The 

exchange was 'carried out slowly and if the infant was 

not tolerating the Procedure , the an,naratus was flushed 
with heparinis ed saline and the infant was rested for 
fifteen or twenty minutes. As many as three or four 
rest Periods were necessary for readjustment in some 

badly affected babies. 

At the end of the transfusion, two catgut ligatures 
were inserted through the cord one being ti ed around 

the vein and the other around the arteries. 
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Vitamin K and systemic strertomycin were given and 

the infant nursed naked in the incubator room for twelve 

hours in order that bleeding from the cord stump could 

be immediately ob served . 

If the infant was very restless, it Tas found of 

value to inject half grain phenobarbitone intramuscularly 
at any stage during the transfusion. 
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COLLECTION OF BLOOD SPECI1vi IJUS LURING EI.OHANGE TRANSFUSION. 

Two sets of tubes were provided. One set contained 

no preservative while the other contained sodium fluoride, 
50 mg. per 5 ml. blood. 

A. Ten millilitres of blood were withdrawn from 

the bottle of donor blood. Five millilitres of this 
blood were placed in a plain tube and five millilitres 
in a f luorid P tube. The specimens were labelled "DONOR I". 

B. Before commencement of the transfusion ten 
mil.__ il i Ires of blood were collected from the infant 
and divided equally between a pain and a fluoride tube 
as in A. 

C. In the first series of cases blood was collected 
for analysis immediately before the administration of 
calcium gluconate. For this purpose one hundred millilitres 
of blood were withdrawn from the infant. The gluconate 
was then injected and the withdrawal of the blood 
continued. The ten millilitres of blood withdrawn 
immediately prior to the administration of gluconate were 
retained for analysis. This procedure was repeated for 
each hundred millilitres volume of blood withdrawn. The 
specimens collected in this way were labelled "100" to 
"800" at intervals of one hundred correspond ing to the 
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volume of blood removed. 

D. A second series of cases were studied in order 

to determine the effect of calcium gluconate. In these 

cases two hundred millilitres of blood were exchanged 

from the infant. The gluconate was injected and the 
withdrawal cá' blood was continued. The ten millilitres 
of blood removed immediately prior to , and (the ten 

millilitres) immediately subsequent to, the administration 
of gluconate were retained for analysis. The procedure 
was repeated for each two hundred millilitre volume of 

blood wi th drawn. 

E. When bottles of donor blood were changed, 

procedures A and B were repeated and the specimens 
-placed in átbeti labelled "DONOR II" and "CHANM- OVER ". 

F. In the event of any abnormal incident during 
the transfusion a specimen of blood was collected 
inn ed lately. 

During specimen collection, contamination of blood 
samples with the contents of the polythene catheter was 
avoided by the following procedures - 

A few millilitres of the infant's blood were sucked 
into the syringe and rejected into the waste bucket. By 
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this procedure any residual donor blood was removed from 

the polythene cannula. The actual blood specimen was 

then withdrawn and placed in the centrifuge tube. 

Specimens were centrifuged soon after clot retraction 
and the sera were stored in the refrigerator prior to 

analy 818 . 
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ANALYTICAL IVIETHOD S 

Stand.ard Method s 

Reference - Varley H. Practical Clinical 

Liochemistry 1954. ? st edition; r. 338. 

Dilution of Serum 1 /50U. 

Potassium: Ref erence - as for sodium. Diluti on of 

serum 1/50. 

Glucose : Reference - Hagedorn H.C., Jensen B.N., 

Biochem L. 135, 46 (1923). 

Total Protein: Reference - King H.J. Micro- analysis in 

Medical Biochemistry, 1951. End edition 
?x.45. 

Total Cale ium 

METHOD A. 

Principle. 
Calcium was precipitated as calcium oxalate 

and this was oxidised to the carbonate. The latter was 

dissolved in hot boric acid solution and titrated with 
N /50 hydrochloric acid. 

Technique. 
0.20_ ml of serum was transferred to a specially 
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made centrifuge tube (described by the authors). Serum 

was dried at 100 °C and ashed overnight at 50000 in a 

muffle furnace. This procedure removed citrate ion 

which might have interfered with the oxalate precipitation. 
The ashed material was d is solved in 0.2 ml of 

distilled water, and the hydrogen ion concentration was 

adjusted to pH 5 using i3DH universal indicator and N /50 

HC1 and NaOH. 0.2 ml of saturated ammonium oxalate 

solution was added and the tube rotated to mix the 

contents. 

rifter standing overnight, the tube was centrifuged 

at 20(X) r.p.m. for fifteen minutes. The supernatant 

fluid was carefully aspirated to within one millimetre 

of the surface of the Precipitate. 0.3 ml. of 0.5% 

ammonium oxalate was added and the tube was again rotated 
to wash the precipitate. After centrifuging the 

supernatant fluid was asoirated as before. 

The calcium oxalate precipitate was dried at 110°C 

and oxidised in a muffle- furnace at 475o to 525 °C for 
thirty minutes. When cool, 0.1 ml of hot 10% boric acid 

was added to the carbonate. The temperature of the tube 

was maintained at 100 °C in a boiling water bath for five 
minutes to dissolve The carbonate. 
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0.2 ml of indicator sp lution (see below) was placed 

in the tube and the carbonate was titrated with N /50 

sulphuric acid from a Conway micro -burette. 

A blank consisting of 0.1 ml of 1Q4boric acid and 

0.25 ml of indicator solution was titrated to the same 

and point. wring the titration, the contents of the 

tubes were mixed by bubbling air through the solution. 

1 ml of N /50 sulphuric acid is equivalent to 200 

mg. of calcium. 

The indicator consisted of five parts of 1% alcoholic 

bromo- cresol green and one part of 1% alcoholic methyl 

red. For use, six drops of this mixture were diluted to 

five millilitres with distilled water. This indicator 

was also used for the ammonia titration in the estimation 

of serum proteins. 

Reference. 

Sobel A.B. , Sobel B.A., J. Biol. Chem. 129, 

721. (1939). 

METHOD B. 

Principle. 

Calcium was chelated with ethyl diamine tetra - 

acetic acid at pH 11.6. At this hydrogen ion concentration 
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magnesium does not interfere. Murexide was used as the 

indicator. 

This method was used only as s check on method A. 

Referai ce. 

Kibrick A.C., Ross M., Rogers H.F., Proc. Soc. 

Exper. Biol & Med. 81, 353 (l952). 
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Ci tric hcid. 

INTRODUCTION. 

Three procedures have been in general use for the 

estimation of citric acid concentration in serum.. 

One of the methods was introduced by Thunberg (1929) 

and has since been modified (Ostberg 1934, Hagelstain, 

1945). The method depends upon the measurement of the 

time necessary to decolorise methylene blue solution in 

the presence of a citric dehydrogenase system. The 

method is subject to interference from substances other 

than citric acid, it requires elaborate technique, is 
tune- consuming and thus unsuitable for determinations 

on large numbers of blood samples. 

The second procedure depends upon the oxidation 

of citric acid with an acid solution of permangarste and 

its subsequent bromination to yield pentabromacetone. 

The pentabromacetone is then determined either by its 
colorimetric reaction with a solution of sodium sulphide 

(Pucker et al, 1936) , or with sodium iodide (Taussky & 

Shorr, 1947), potassium iodide (Wolcott & Boyer, 1948), 

thiorea (Natelson et al, 1948) or pyridine in alkaline 
soluti on (Ettinger, 1952..). Oxidation of citric acid 

« °ith an acid solution of permanganate is a sensitive 



36 -- 

reaction wh ich is influenced by changes in hydrogen 
ion 

concentration and the rate of addition of permanganate 

(Kmg. 1945) . ',:eil.- vialherbe and Bone (1949) overcame 

this difficulty by employing an acid solution of ammonium 

vanadate as an oxidising agent. Bromination of the 

acetone is also a sensitiVe reaction and it is essential 

that excess bromine be removed since it interferes with 

colour development. `'hiosulphate and ferrous sulphate 

have been used for this purpose (Taylor 1953). 

The third procedure depends upon the oxidation of 

citric acid to acetone di-- carboxylic acid, followed by 

thermal decomposition of the latter substance 
to yield 

acetone. This is distilled into an alkaline solution of 

salycylaldehyde to form a red coloured complex, the 

potassium salt of acetone di- salicylaldehyde (Kroh, 1945) . 

In the original method oxidation of citric acid was 

carefully controlled and the volatile acetone was 

isolated from interfering chromogens. However, relatively 

large volumes of blood were required for analysis, 

acetone was distilled without groper precautions to 

prevent losses and allowance was not made for the therms- - 

and photo-sensitive ?properties of acetone di- sai.icylaldehyde. 
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Thin and Robertson (1952) overcame the distillation 
problem by allowing acetone to distil into alkaline 

salycylaldehyde solution in a Conway micro -diffusion 

unit, while Bahner (1952), using the same principle, 

'distilled acetone in a thermal gradient micro -diffusion 

unit. Acetone was distilled at 100°C and collected in 

an alkaline solution of salicylaldehyde maintained at 

a temperature below 50 °C. 

Est B,tiINIENTAL . 

Evaluation of the Pentapromaceton e Methods. 

In order to assess the merits cf each method, a 

series of standard solutions of citric acid were 

subjected to analysis by each original technique referred 
to in the introductory section. The results of analysis 
using the nentabromacetone principle are summarised in 

Table I and Graph .A. It is concluded that the sodium 

sulphide and thiorea reactions give low extinction 
coefficients and show á susceptibility to the development 

of turbidity in the final coloured solution, necessitating 
the use of a correction factor. The pyridine reaction 
is also unsuitable because of the toxic nature of the 

solvent, whilst the sodium iodide reaction is affected by 
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atmospheric oxidation of the iodide to iodine. The 

modifications proposed by ',1eil- Malherbe and Bone (1949) 

and Taylor (1953) are not satisfactory, recoveries being 

unreliable. 
Table I. The relative merits of the pentabromacetone 

methods for the estimation of citric acid, 

expressed in terms of extinction coefficients. 

Citric Acid E 44591 
1.43. n er 0.1 ml. .1 cm. 

Na S 

i 

E450m.t E 530m11 E 36 íXnia 
1 cm. !. 1... 1 cm. L- 1 cm. 

thiourea : pyridine NaI 

-.--- 

10 

20 

40 

60 

80 

]_00 
o 

t 

0.048 

0.140 

0.278 

0.330 

0,540 

0.750 

0.042 

0.125 

0,258 

0.369 

0.540 

0.080 

0.170 

0380 
0.550 

0,780 

0.180 

0380 
0.720 

0.950 

0.780 0.970 - 

Evaluation of the Acetone Di- salicylaldehyde Methods. 

Krogfs Method proved to be too time -consuming in 
pract ice. 

The method of Thin & RobertsonJ19521, which was 

used originally, for the estimation of acetone bodies in 
blood, was 'assessed in the following way. One millilitre 
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of each of a number of acetone solutions, containing ten 
to one hundred micrograms per millilitre, was placed in 
the outer chamber of a series of Conway units. One 

millilitre of alkaline sa l.i cylald ehyd e so luti on (3 °7, i_r. 

MKT KUH) .,,., s ,,l.a ced in The inner chamber. Acetone «,as 

liberated by the addition of 0,5 millilitres of 9N 

sulphuric acid to the outer chamber, and diffusion and 

colour development were allowed to proceed for seventeen 
hours, in the dark, at 37°C. The acetone di-salicylaldehyde 
solutions were transferred quantitatively to ten 
millilitre volumetric flasks, made up to the mark with 

alkaline salicylaldehyde solution and extinction 
coefficients determined at 490 millimiorons in a Unica3n 

Lode l SP600 spectrorhotometer. 

In order to determine the degree of recovery of' 

acetone, one millilitre of each acetone solution was 

pla ced in a series of ten millilitre volumetric flasks, 
together with one millilitre of alkaline salicylaldehyde 

solution. These were placed in the same environment as 

the Conway units, and the volume was adjusted to the 

mark wi th 3N KOH solution prior to the determination of 

extinction coefficients. Table II and Graph B summarise 

the result. It is apparent that riantitative recoveries 
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of acetone are unreliable at concentrations below sixty 
micrograms ner millilitre. 
Table II. Recovery of acetone using the method of Thin 

& Robertson. 

Aceton e 
ti.per ml. 

[' 490 mp 
L 1 cm. 

Acetone added 
to Conway units. 

10 0,05 

20 0,09 

50 0.25 

60 0.45 

80 0.60 

100 0.76 

Ç49041 
1 cm. 

Acetone added 
direct to 

salicylaldehyde. 

% Recovery 

04,08 

0.17 

0,41 

0,50 

0.66 

0.82 

62.5 

53,0 
61,0 

á 0. 0 

91 .0 

9216 

The Method of Bahner, using the thermal gradient micro -_. 

diffusion unit was repeated. Standard solutions of acetone 

were prepared, and the acetone content of each solution 

was estimated, as follows:- 0.1 ml of each solution was 

placed in the buckets of a series of Bahner units. 

Acetone was liberated by the addition of 0.1 ml. of 34% 

phosphoric acid olution and distilled into 5 ml. of 

alkaline salicylaldehyde solution contained in the 
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"mushroom" rf the unit. Details of the technique are 
described by Bahner. The results, tabulated in Table III, 
indicate that the method obeys B; er' s Law, and on adding 

acetone to blood, quantitative recoveries are obtained. 
Unfortunately the elaborate nature of the apparatus 

makes it inapplicable to routine analys is. A modified 

thermal gradient micro -diffusion apparatus was therefore 
designed to meet the needs of the present investigation. 
Table III. Calibration curve using Bahner's micro- 

diffusion unit. 

An.tnnA 
41/ U .1 ml. 

C490 mil 
1 cm. 

3 0.200 

5 0.322 

8 0.520 

10 0.647 

Serum 0,230 
't # 5 0,57 0 

tt + 10 0.902 
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A Modified Method for the Estimation of Citric Acid 

DESCRIPTION OF APPARATUS 

A distillation unit was designed which is simpler 

than th e Bahner unit but which retains the principle of' 

di stillat ion in a closed unit across á temperature gradient. 
It consists of a pyrex bucket of' about 10 ml. capacity 
which i s attached by a Qiickf it joint (Bl9) to the limb 

of a Ihunberg tube. Acetone or citric acid solution is 
introduced into the bucket, and. citric acid is oxidised 

by means of an acid solution of ammonium vanadate. The 

acetone is then distilled into an alkaline solution of 

salicylaldehyde contained in the "limb". A temperature 

gradient was attained in the following way. Two 14 inch 

lengths of l* inch diameter cor,o er tubing were -plugged 

at each and with rubber bungs. Holes of 1 inch diameter 

were bored along the tubes at intervals of 11 inches 

between centres. The tubes were supported in retort 
stands in such a way that the assembled micro -distillation 
unit already described rested with the bucket in the 

lower tube and the Thunberg limb in the upper tube. Tap 

water was allowed to circulate through the upper tube 

and steam heated water maintained at 850 to 10000 was 
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circulated through the lower tube. The number of 

estimations capable of being carried out at any one time 

was governed only by the length of the temperature 

gradient bath and the number of micro -distillation units 
available. 'Pwelve was found to be a convenient number 

to handle at one time. 

KINETICS OF THE ACETONE DI- SALICYLALDEHYDE REACTION. 

A. Reacti on. 

In alkaline so lution acetone combines with 

salicylaldehyde forming a salt of acetone di- salicylaldehyde. 

OH 0 Ó HO 
., 

kl + 
C K3.00 C43 

Z KOH. 

OK 
CNC. . CHÇ 
i4 '6 H 

KO 

B. Absorption Curve of Acetone Di-salicylaldehyde and 

Salicylaldehyde. 

Preparation of Alkaline Salicylaldehyde .Solution. 

Salicylaldehyde, obtained fromBDH Ltd., was distilled in 

vacuo below 80 °C. The middle fraction of distillate was 

stored in a brown reagent bottle at room temperature. 

It was an almost colourless 1 icuid. 3.0 N potassium 
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hydroxide solution, carbonate free, was prepared by a 

standard technique and stored in an aspirator bottle, 
fitted with a soda -lime g.iard. Except where otherwise 

stated alkaline salicylaldehyde solution was freshly 
prepared on each occasion before use by mixing 3 ml. of 

re- distilled salicylaldehyde with 97 ml. of 3.0 N potassium 

hydroxide solution. 
Preparation of -acetone Solution. 5 ml. of Anzlar acetone 

was diluted to 500 ml. with carbon dioxide -free distilled 
water. To standardise this solution, 5 ml. of the stock 

solution was transferred to a 250 ml. glass - stoppered 

flask. 25 ml. of 1.0 N sòdiumhydroxid e solution and 

50 ml. of 0.1 N iodine solution were added to the flask, 
the iodine solution being introduced slowly and with 

shaking. The stoppered flask was left at room temperature 

for fifteen minutes, and an excess of normal sulphuric 

acid was added - usually 25 to 30 ml. Excess iodine was 

estimated by titration 0.1 N sodium i osulphate, 

using starch solution as indicator. i mi. of 0.1 N 

iodine - 0.9675 mon. of acetone. From this stock acetone 

solution, which is stable for one month, dilute working 

standards were prepared . 
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TABLE N, 

Absorption curves of alkaline salicylaldeh de and 

acetone di- salicylaldehyde. 

460 

470 

480 

490 

500 

510 

520 

530 

540 

550 

560 

57 0 

580 

590 

600 

625 

650 

675 

700 

725 

750 

775 

800 

850 

900 

E 1cm Sal . EE "m. AD Sal. 

00 0.646 

0.780 0.780 

0.196 0.780 

0.080 0.730 

0.056 0.630 

0.046 0.530 

0.040 0.422 

0.035 0.307 

0.028 0.216 

0.026 0.158 

0.019 0.087 

0.018 0.053 

0.015 0.030 

0.015 0.016 

0.015 0.010 

0,015 0.003 

0.012 0.004 

0,012 0.005 

0.010 0.004 

0.007 0.000 

0.006 0.005 

0.006 0.004 

0.006 0.007 

0.006 0.004 

0.000 0.000 
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xlbsorption Curves. 

1) 9.9 ml. of alkaline salicylaldehyde solution 
were added to 0,1 ml . of a solution containing 22.8 

micrograms of acetone. The reaction was carried out in 

an all -glass stoppered test tube and was allowed to 

pro ceed for eighteen hours in the dark at room temperature. 

The absorption curve was then determined in a Unicorn 

Spec-Lilo-photometer (Model 5P600) using one centimetre 

cells, and water as a zero blank. 

2) The absorption curve of a freshly prepared 

solution of alkaline salicylaldehyde was determined in 

a similar mare er. 
The results are tabulated in Table IV. Although 

maximum absorption of acetone di-salicylaldehyde occurs 

at 475 millimicrons it appears that minimum interference 

from salicylaldehyde oc curs at 490 mill imicrons. This 

then, is the optimum wave- length for the determination 

of extinction values. 

C. Influence of Time and Light upon the Acetone 

Li- salicylaldehyde Reaction. 

1) 9.9 ml. of alkaline salicylaldehyde solution 

were added to 0.1 ml. of solution containing 15.2 

micrograms of acetone. The reaction was allowed to 
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proceed for six hours at room temperature in the dark, 

arr1 at hourly interval s curing this period extinction 
values were determined . The acetone di- salicylaldehyde 

solution was left in the same environment for a further 
twelve hours and the extinction value again determined. 

Resalts are recorded in Table V. Maximum colour is 
attained in six hours, and remains stable under the above 

conditions for at least eighteen hours. 

Table V. 

The influence of time upon the acetone di- salicylaldehyde 

reaction. 

Time 
in hours. -I 

. 
° 

6 le 

490 m 

E 1 cm. 
0.143 0.265 0.335 0.400 0.465 0.465 

2) Another series of glass stoppered test tubes 

containing 9.9 ml. of alkaline salicylaldehyde solution 

and 15.2 micrograms of acetone in 0.1 ml. of solution 

were maintained at room temperature in the dark for six 

hours. After this period the tubes were divided into 

three groups. One of these groupswas kept in the dark 

at room ten erature . a second group in diffuse daylight 
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at room temperature, and the third group in direct 
suna ght at room temperature. The results, recorded in 

T =,ble VI show that, while the colour remains stable in 

the dark, it is profoundly affected by direct sunlight 

and, to a much smeller degree, by diffuse daylight. 

Table VI 

The influence of i j FYI upon the acetone di -sali cylaldehyde 

r ea ctio n. 

in Hours. 1 2 3 4 5 fTime 6 

490 m}x 

(dark) 
1 cm. 

0.465 0.465 0.463 0.465 0.465 0.465 

E490 m (diff. 
1 cm.daLlight) 

f'.435 0.400 0,382 0,351 0.329 0.320 

49 0 mZ 

E 1_ cm. ( `ght) 0.100 0.080 0.065 0.038 0.030 0.020 
a 

D. The Influence of Concentration of Sal icylald ehyde 

and Fintas slum Hyd rox_ ide upon the Acetone . 
d i -sal icylaldehyd e Reaction. 

By varying the volume of sal i cylald ehyde and the 

normality of potassium hydroxide solution it is possible 

to determine the optimum combination of the two factors 

in the prep arat ion of alkaline sal icylaldehyd e solut iron. 
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Each stoppered test tube contained 9.9 ml. of 
alkaline salicylaldehyde solution and .15.2 micrograms 

of acetone in 0.1 ml. of solution. Blank tubes containing 

alkaline salicylaldehyde solution were out up with each 

variation of salicylaldehyde and potassium hydroxide. 

colour was al lowed to develop for seventeen hours in the 

dark at mom temperature. 

Reference to Table VII will show the various 
combinations used and the extinction coefficients 
obtained. Maximum difference in extinction values 

between salicylaldehyde and acetone di- salicylaldehyde 
occurred in a 3% solution of salicylaldehyde using 3 N 

potassium hydroxide as diluent. 
Table VII: 

Influence of variation of the concentration of 
salicylaldehyde and the normality of potassium hydroxide 

upon the acetone di- salicylaldehÿde reaction. 

ml. 
Salicyl. 

ml. 
IN.KOH 

490 mu 
E 1 cm, 

ml. 
2N,KOH 

490 la 

L, 1 cm. 
ml, 

3N.K0:1 E 
490mu 
1 cm. 

O1 9.9 0.370 
Blank 0.089 9.9 0.385 

B1.0.096 
gg 0.392 

1R1.0.099 

~-`, u, 2 9. 8 0.391 
Bl . 0,094 

o . 8 0,420 j 

B>_.0.1. 08 
1 

9 
8 

0.438. 
i:i ü.113 

' 3 . 9.7 0,410 9,7 
Bl . 0. 099 

0.450 
g. 0.127 

9.7 0.480 
mi .0.132 

0.435 i1 , F 
Bl , 0.12 0 

0.478 
B1.0.156 

.5 0,505 
: .0.165 0.5 9.5 
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E. The Influence of Temperature upon the Acetone 

Di- salicylaldehyde Reaction. 

9.9 ml. of alkaline sal i cylaldehyde solution were 

added to 7.6 micrograms of acetone in 0.1 ml. of solution. 
The stoppered tubes were placed in the dark for seventeen 

hours at various temperatures, after which extinction 
coefficients were determined. A freshly prepared solution 
of alkaline sal icylaldehyd a was used as a blank. Results 
are recorded in Table VIII. Maximum colour development 

appears to be at 37 °C. Bahner (1952) observed at 
decomposition of the acetone di-salicylaldehyde colour 
at higher temperatures. The fact that there is little 
difference in the extent of reaction below 20 °0, yet a 

marked rise at 370C suggests there may be a critical 
temperature between 200 and 370C at which a rnax.imum 

reaction takes place. 
Table VIII 

The influence of temperature u on the Acetone 

Di- salicylaldehyde reaction. 

Temp e ra tur e oC E 
490 mli 
1 cm. 

4 0.246 

15 0.240 
20 0.246 
37 0.435 
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F. Calibration Curve of Acetone Di-sal icylaldehyde 

prepared from Acetone Solution, 
Acetone solutions containing 3, 8, 7.6, 15, 2, 22.8 and 

30.4 micrograms per 0.1 ml. of solution were prera red . 

0.1 ml. of each solution was added to 9,9 ml . of alkaline 
salicylaldehyde solution. The stoppered test tubes 

containing the solution were rle ced in the dark at room 

temperature for seventeen hours. Extinction coefficients 
were determined in a spectrophotometer at a wavelength 

of 490 mi.11imicrnns. Alkaline salicylaldehyde solution 
was uped as a zero blank. Reference to IX will 

sho« that the calibration curve was linear, 
Table 1 

Calibration curve of acetone di-salicylaldehyde 
rr era red from acetone solutio ns. 

Acetone 
/43, per 0.1 ml . 

490 mu 

1 cm. 

3.8 0.128 
'7.6 0,2.46 

15.2 0.4F30 

22,p 0.718 
30.4 0.950 
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G. Ca1.i.bration Curve of Acetone Di- salicylal_dehyde 

prepared from Ci_tri.c _.cid Solutions. 

Citric acid solutions containing 10 to 100 

micrograms per 0.1 ml. were prepared. 0.1 ml. of each 

Folut Tr Iran sferTed to the appron ri ate member of a 

series rf micro- disti_llstion buckets. 0,1 ml. of 9 N 

eulphuri.c acid and 0.1 ml. of 2% a.nmonium vanadate were 

eddcd to each bucket, and after assembling the micro- 

di st iii at ion unit, the contents of the bucket were 

thoroughly mixed 1y rotation. The Thunberg limb contained 

ml . of alkaline sal icyleldehyde solution. The 

assembled unit was put in the temperature gradient bath 

where the citric acid was oxidised for a period of three 

hours at a ter1 rater e of 1000C. The technique and the 

precautions to be observed are described later. Units 

were transferred to a dark cupboard and remained there 

ov ern ight at room tempe rature. The acetone di- salicylaldehyd e 

was then quantitatively transferred with freshly prepared 

alkaline s al icylald ehyd e solution to 10 ml. volumetric 

flasks and the volume was adjusted to the mark. Extinction 

coefficients were determined as befme. The results, 

recorded in Table X, indicate a linear calibration curve. 

It will be observed that the method is sensitive to one 

mi crogram of cit ri c acid 
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Tab] e X 

Calibration curve of acetone di- salicylaldehyde prepared 
from citric acid so lut ions . 

Citric Acid 
per 0,1 ml. 

r 4° Ù mu 
1 cm. 

10 0. U80 

20 0.160 

21 0.170 

22 0.180 

40 0.318 

0.480 

80 0.635 

100 0.800 

H. Removal of Acetone Bod ie s . 

One of the disadvantages of existing methods for 
the estimation of citric acid in serum is that acetone 

and related substances such as aceto- acetic acid, 

-hydro xybutyr is acid interfere with the reaction 

unless th ey are removed prior to citric acid oxidat ion. 

The effi ci cy of removal varies with the method. 

Citric acid solution containing 40 micrograms per 

0.1 ml. was prepared, and 0.1 ml. was transferred to a 
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series of micro -distillation buckets. 

Soluti° ns cont a fining approximately 20 and 40 

micrograms of acetone, 2 0 and 40 micrograms of aceto- 

acetic acid, and 20 and 40 micrograms of p- hydroxy but yric 

acid per 0.1 ml. were prepared. 

0.1 ml. of each solution was mixed with the citric 
acid solution in each bucket. 

2 ml. of 10% trichioracetic acid was added to each 

bucket and the volume of solution was reduced; to 

approximately 0.5 ml. by evaporation in a hot air oven 

at 100 °C. 

Oxidation and distillation of residual citric acid 

were performed as described in section G. 

From the results in Table XI it will appear that 

acetone bodies are completely removed by preliminary 

treatment with heat and trichioracetic acid. It is 

doubtful of the part played by tri- chloracetic acid in 

affecting the removal of acetone bodies, r -hydroxybutyric 

acid has a much higher boiling point that acetone or 

aceto -acetic E:cid (B.P. 130 °C in vacuo) and is not likely 

to distil over in the micro- diffusion units. The other 

two are volatile at well below lOO°C and heating to 100 °C 

in the absence of tri- chloracetic acid might well be 
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effective. This of course, is irrelevant as regards the 

actual estimation in mood, where tri- chloracetic acid 
is necessary for protein precipitation. 

Table XI 

Removal of acetone bodies. 

Citric Acid Acetone Bodie 

40 Nil 

40 20 acetone 

40 40 acetone 

40 20 aceto -acetic 
40 40 aceto -acetic 
4u 20 p -hyd ro x,y -b 

40 40 fi --hyd ro xy -b 

40 20 of each 

0.320 

0.318 

0.323 

0.321 

0.324 

0,322 

0,325 

0.322 

I. The Influence of Acid as an Oxidisi Agent, 

It has been claimed by Pozzi-Escot (1946.) that 

vanadate is not an oxidising agent in reference to 

citric acid. It merely acts as a catalyst and in fact 

it is the acid which oxidises citric acid, 

40 mi cro grams of citric acid w ere transferred to 
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each of two micro -di stillation buckets. To one unit 
was added 0.1 ml, of 9 N sulphuric acid, to the other 
0.1 ml. of 9 N sulphur is acid and 0.1 ml. of 2% ammonium 

vanadate solution. The citric acid was oxidised and the 

acetone distilled by the technique described in section G. 

The results are recorded in Table XII and show that 
presence of vanadate was necessary before oxidation of 

citric acid occurred. 

Table XII 

The influence of acid as an oxidising Vient . 

r 
Citric acid without vanadate 

E490 mu 
1 cm, 

0.002 

Citric acid with vanadate 0.320 

LI S CUSS ION 

From the Evidence presented it appears:- 

a) that acetone bodies, even in concentrations far beyond 

those of the physiological range of serum, are 

efficient ly removed in the pre- oxidation stage. 

b) the presence of acid does not by itself cause 

oxidation of citric acid. 
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c) the method obeys the Beer -Lambert laws within the 
ran ge of five to a hundred micrograms of citric acid. 

d) the method is sEnsitive to a variation in concentration 
of one microgram of citric acid. 

e) non -volati le interfering substances do not come into 
contact wi th the alkaline salicylaldehyde reagent. 

:,oi CIÜSION. 

A mod ifi ed meth od for the estimation of citric ac 

serum. 

Pri nci Tle : 

Proteins are precipitated by trichloracetic acid 

and c ant ri _ i'iu ton. 4ì aliquot of the supernatant 

fluid is heated to effect concentration to a smaller 
volume and to remove acetone bodies. The citric acid 

in an aliquot of the concentrate is oxidised to acetone 

by an acid solution of vanadate and the acetone distilled 
into a cooled alkaline solution cif salicylaldehyde. 

After colour development the extinction coefficient of 

the acetone di- salicylaldehyde thus fbrmed is measured 

at 490 mu. Serum citric acid is determined from a 

calibration curve prepared at the same time and under 

the same conditions as the unknoNn. 
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Reagent s, 
1. Trichloracetic acid :- 10% w/V 

2, Sulphuric acid :- a,- -pox. 9 N. Concentrated acid 

diluted one in f cur . 

3. Ammonium vanadate 2% W /V. 

4. Alkaline salicylaldehyde solution :- 3 ml. of re- 
distilled salicylaldehyde are mixed with 97 ml. of 

3.0 N potassium hydroxide. Freshly prepared before 

use. 

5. Stock citric acid solution :- 200 micrograms per 

mill il it re. 

Ann aratus. 
Micro- distillation units and temnerati'e gradient 

bath. (Figures III and IV) 

Method 

1. Precipitation of proteins and removal of acetone 

bodies. 1 ml, of serum from the pre -transfusion 

specimen is added, slowly and with shaking, to 2.0 ml, 

of 10 per cent trichloracetic acid, 
After centrifugation 2.0 ml, of supernatant fluid 

are transferred to a graduated c ent rife ge tube which 

is then placed in a hot air oven at 100''C. The tubes 

are left in the oven until the vo lume of fluid is 



is reduced to 0.5 ml . If the vo lume should fall 
below this point it is re- adjusted at room temperature 

by the addition of distilled water. 
2. Determination of citric acid .conc ent rF.t ion. 

Arnroximately 1 ml. of freshly prepared alkaline 
salicylaldehyde solution is raced in each of the 

required number of Thunberg limbs by means of a 

Pasteur pipette with a curved end (See Figure IV) . 

It is es sent ial to ensure that none of the alkaline 
reagent is allow ed to run do wn into the micro- 

distillation to cket. This danger is avoided by 

introducing the tip of the pipette as far into the 

Thunberg limb as noes ible and th en suspending the 

limb in Bich a say that the fluid drains into the 

bulb of the l imbe 

The required number of micro -di stillation buckets 

is set out and into the first cf them is introduced 

0.`5 mi. of concentrate from the pre- transfus ion 

spec imen . 

The second and subsequent buckets are used for 

the concentrates from the specimens taken while 

transfusion was in progress, but in the case of Ur se 

specimens a volume of 0.1 ml. of concentrate is used. 
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At the sarre time a fur ther eeri es o f buckets for the 
calibration curve is prepared from citric acid solutions 
covering a range of concentrations frail 0 to 100 micrograms 

Per 0.1 ml. in steps of ten micrograms. A volume of 0.1 

ml. of each concentration is taken for analysis. 
Tr) all buckets is now added 0.1 ml. of 2 per cent 

ammonium vanadate. 

Finally, each bucket receives 0.1 ml. of 9 N sulphuric 

acid. It is necessary that the acid be added to one 

bucket at a time and the unit assembled before passing 

on to the next. 

The assembled units are placed on the temperature 

gradient bath so that the bulbs containing the alkaline 

salicylaldehyde are immersed in the water flow ing through 

the cooling jacket. In this situation the bulbe are in 

almost total darkness. Oxidation and distillation are 

carried out for t tree hours by maintaining a flow of 

hot water through the lower jacket. 

Occasionally, the pressure developed within the unit 

during distillation is sufficient to blow it open. This 

may be prevented by the use of hooks and springs or by 

very lightly smearing the joint with solicone grease. 

As distillation proceeds condensation of water 
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containing acetone occurs on the inner walls of the unit. 
This serves to increase the surface area of the acetone 
Fr) lutio n and thus facilitates the d if fus ion process. 

The units are removed from the bath and placed in a 

dart cupboard at room temperature, overnight, until 
dif fusion of acetone into the alkaline salicylaldehyde 
and colour development of acetone di- salicylaldehyde 
are complete. 

The individual units are dis- assembled and the 
acetone di- salicylaldehyde solution is washed into a 

ten millilitre volumetric flask with three two 

millilitre washings of freshly prepared alkaline 
salicylaldehyde solution. The volume is then adjusted 

to ten millilitres with alkaline salicylaldehyde 

solution. 
The extinction coefficient is determined at 490 mu, 

a reagent blank serving as zero control. 
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THE DF,TEEtviIN TIUN OF CALCIUM ION OONCENTRATION. 

It TiJLUCTIoN 

The concentration of calcium ion in serum has been 

measured by means of eleetrometri c (Josephs 1928, 

Leblanc & Harnapp 1930), ultra centrifuge (Ohanutin, 

Ludewig & 1,1= 9 sir. et 1942), soluuility product (Weir & 

Hastings, 1936, Brinkman & Ven Dam, 1920, Nordb8, 1939) , 

and biological methods (McLean & Hastings 1934), but 

none of these Procedures is entirely satisfactory. There 

has been a certain amount of confusion about what is 
meant by calcium ion and the term has been used as if 
it were synonymous_ with diffusible, d is snciated or 
physiologically active calcium. In this thesis, calcium 

ion will be defined as that fraction of calcium in serum 

to which the isolated frog heart is sensitive in terms 

f contractility. 

ELECTROivi1IRIC iviEASUREivIENTS. Amalgam electrodes have the 

disadvantage that they can only be used satisfactorily 
in the presence of single cations. If more that one 

cation is present in the "substrate ", electrode potential 

is lowered. Protein. too , influences the apparent ionic 

concentration owing to build up on the electrode surface. 

Josephs (1938) overcame this difficulty by interspercing 
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a dialysing membrane between the electrodes and the 

protei n : cation snlutio n so that on iy non-colloid s 

traversed the membrane. In the investigation of the 

kinetic interactions between separate cations and protein 
the method has proved invaluable in determining the 
binding capacity of Protein solutions, but again because 

of a multiple cation system and changes in carbon dioxide 

content, the method is not suitable for the estimation 
of calcium ion in serum. El ectrod es of th e third order 
(lead amalgam: lead oxalate: calcium oxalate) have been 

used by Leblanc et al (1930), but Josel...hs (1938) found 

them to be unsatisfactory because of artificial lowering 

of the activity coefficient. The author found this to 

be so in the present investigation. Eventually it may 

be no ssible to prepare a pure calcium electrode but at 

present it is impractical because of the high reactivity 
of the element. 

l "dE ULTRAUENTRIFUGE has been used as a means of determining 

calcium ion in serum. It, in fact, is a measure of 

calcium not bound to protein. The principle depends upon 

removal of protein by ultracentrifugation and the 

determination of calcium in the supernatant (Chanutin 

et al, 1942). The method would not have been suitable 



- 64 - 

for the Present investigation as it measa.ree total 
diffusible calcium which of course, includes calcium 

bound to citrate as well as active calcium ion. 

IVIE21,5iRELENTS üF SOLULILIZY PROLUCT as a means o f determining 
calcium ion is sound in principle. It deo end s upon the 

fact that at a given temperature, what a solid salt is 
in equilibrium with its saturated solution, the activity 
of the ions of that salt in solution is fixed, and is 
not influenced by the addition of other ions. The 

measurement of the solubility products of calcium carbonate 

('dei r et al, 193 6) , calcium oxalate (Brinkman et al 1920, 

Stewart & Percival, 1927) end calcium picrolonate 
(Nordbö 1939) have been used as a means of assessing 
calcium ion concentration in serum. 

bIuLOG IO L iviEr1HuL FOR rJHE DETERMINATION v F CALOIUL.1 ION 

LUNCENTRATItiN was first used quantitatively by Stewart 

and Percival (1927) . The principle depends upon the 

sensitivity of the frog heart to calcium ions in solution 
and it is a measure of that fraction of calcium in serum 

which is physiologically active as regards frog heart 

muscle. In the belief that citrate ion during exchange 

transfusion may depress myocardial activity it was felt 
that a physiological method would best ind icate whether 
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inhibitary factors existed in the serum obtained from 

infants undergoing exchange transfusion. 
It i s known that if excess of calcium ion i s present 

in the rer Busing fluid, the frog heart contracts well, 
but relaxes progressively less ; the beats become steadily 

smaller in extent, and finally the heart stops in a 

condition of extreme contraction. If, on the other hand, 
a deficiency of calcium ion exists, the heart will stop 

in diastole. 

F ) RIMENT.AL . 

THE TEGBl I JE OF ISOLATING THE F R0 G HEART. 

Healthy medium sized toads of the Bufo species 
were p i thed and the heart exposed. A straight glass 

eannula five centimetres long, internal diameter six 
millimetres, caracity one millilitre and with a tip 
external diameter less than two millimetres, was 

in serted into th e ventri cle via the left branch of the 

aorta. Some difficulty was occasionally experienced in 

passing through the aortic valve, but in such cases the 

cannula was gently manoeuvred without damaging the heart. 
Men in position a ligature was tied around the aorta to 

hold the ca m ula firmly in place. 
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The heart was raised from the body and a second 

ligature was tied around the tissues to which the heart 
was attached. It is important to avoid damage to the 

auricles. The heart was separated from the body by 

excising the tissue distal to the ligature. 
A fine steel hook was passed through the apex of 

the heart and this was attached to a recording lever. 

Care was taken to ensure that the hook did not runcture 

the ventricle. The preparation was suspended in a moist 

chamber. 

By careful counterbalancing and eliminating as 

much friction as possible, it was found that a magnified 

contraction of about eight centimetres amplitude could 

be obtained with a good pre7aretion. Some were only 

capable of five to six centimetres and a fair percentage 

were discarded as unsatisfactory. In many cases it was 

a question of patience. One essential point for a 

successful preparation was frequent changing of the 

bathing fluid during the entire operation. This was 

done by means of a Pasteur pipette inserted into the 

cannula. 
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PREPARATION OF SOLUTIONS OF REFERENCE. 

On the assumption that the isolated frog heart is 
sensitive only to calcium in the ionised form McLean 80 

Hastings (1934) directly compared biological fluids with 

artificial solutions of reference and measured calcium 

ion concentration in terms of myocardial contractility. 
The solutions of reference for the present 

experiments were prepared by suitable dilution from 

stock solutions in such e way that they were isotonic 
with human serum at a pH value of 7.35 at 38 °C. These 

solutions contained known amounts of all the serum 

electro lytes. It was the Procedure to analyse the serum 

obtained during exchange transfusion for the concentration 

of potassium, sodium and glucose and to prepare the 

reference solution accordingly. An example is given below. 

The following stock solutions were prepared :- 

Shdium Chloride, NaC1 Analar 200 Millirls per litre. 
Potassium Chloride, KC1 " 154 

Sodium Bicarbonate, NaHCO3 " 154 

Magnesium Chloride, MgC1Z " 103 

Calcium Chloride, CaC1Z " 100 " 

:7orking solutions containing all the electrolytes 

exce-nt calcium were prepared from the stock solutions. 

ft 

f, 

" 
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To quote an example a litre of working solution was 

made up to a definite electrolyte concen tration as 

follows : - 

i 

S al t 
Desired concentration Millilitres of 

stock solution 
in LIIVI /litre required per 

litre 
Na Cl 135 675 

KC1 4.5 29 .2 

Mg C12 1.0 9.7 

NaHCO3 27.4 1.7e 
4,1 

When saturated with 57a CO in oxv this elution had 

a rH value of 7, 35. 

In order to obtain the final solutions of reference 

containing calcium ion, the working solution was 

transferred to a series of volumetric flasks and the 

arrronriate vo lume of stock calcium chloride solution 

was added to each flask in order to contain calcium ion 

within the range 0.2 to 1.5 IL/ /litre at intervals of 

0.1 W1 per litre. 
FRUCELURE FUR THE DETi~; Rid INATIuN OF i'1LCIUIVi ION 

CON CE1\T TR TI ON IN S ERUIvI . 

after isolating the frog heart by the technique 
described nreviously, contractions were stabilised with 
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a solution of reference enntaining 1e2 'Ay"' of calcium per 

litre. 
Once stabilised, the sensitivity of the preparation 

was determined by exposing the heart to a full range of 

solutions of reference. The technique used to change 

the solutions in the cannula was to empty the cannula 

with a Pasteur pipette arx5 wash the heart out with two 

volume s of the fresh solution of reference. Solutions 

were removed from the cannula while the heart was in 

sv stn le. 

,hen the sensitivity of the heart was established 

the test serum was placed in the cannula and the 

amplitude of contraction was compared with those obtained 

from the reference solutions. When identical contractions 

were produced, the next higher concentration should 

cause an increase, the next lower concentration a decrease, 

in the magnitude of contraction. All results were 

checked in du /plicate. 

Factors in serum most likely to influence the heart 

Treparation were hyPocalcaemia, hyrerkalaemi.a, and the 

presence of toxic or pressor sub stances. The first two 

were me asur able . Human serum err eared t o be non__toxic, 
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although invariably, when donor blood was added to the 

cannula , the heart sto-pped contracting immediately. 

ThiÇ may have been due to the high concentration of 

c itrate ion. The effect of rres r sub stances, assuming 

they were present i.n the sera, was negligible. 
A typical calibration curve is tabulated below : - 

Con cen tretion r)f Cn lei um Amyl itude rf Contract ion of 
Ion in Solutions of Frog Heart in em. when 

exposed to reference solutions] RofArPnc it, r.A._-_- 

1.3 0 

1 %. 0 

1.10 

'_,00 

0,90 

n.p(1 

8.6 

8,4 

Peo 

7.6 
r7 0 

6.4 

0.70 5 .7 

O.60 . 40 

{?.50 '' -' .-- 

0.40 2.1 

0.3 O 1,0 

ne2 0 n 5 ' R 
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THE IN FLU E:Nï U . EI1,7CTR.1LY'PES OTHER rIHIIN U .LCIUIy1 ION 

UPON AIE FROG H ..r . 

It 179.9 n°cQs?ry t r determine to what degree the 
nreonee of certain sub stancos in s erum influence the 

sensitivity of the frog heart to calcium ion. `these 

included the cations potassium, maw esium. hydrogen and 

sodiurn, and the anions citrate and phosphate. 

IvicLe n & Hastings (1934) pointed out the imrortence 

of adjusting glucose and sodium in c ̂ ncentration in the 

solutione of reference to a it ximate1y those in human 

s ILt?n, If tho i on strength of the reference sr1ut i.on 

is reduced by substituting glucose for e di_um, increased. 

contraction of the heart occurs. The procedure in this 
investi fie: ti on was to analyse sera for tassium, sodium, 

glucose and to prepare the solutions of reference 

accordi ng the figures obtained. How ever in 

determining the influence of cations upon the frog heart, 

the concen trat ion of glucose was adjusted to the mean 

glucose oh served during the exchange transfusion, viz. 

200 mg. per 100 ml. 

Veri at ion of Hydrogen Ion Concentration. 

Solutions of reference with a hydrogen on 

concentration varying from 7.0 to 7.8 were prepared and 



the effect of these solutions upon the sensitivity of 
the frog heart was determined. The results, tabulated 
in Table XIII, indicate that the amplitude of contraction 

of the frog heart is nett affected by changes in hydrogen 

ion concentration between rH 7.3 and 7,8 

TABLE XIII 

The influence of variation in rH u-oon frog heart 

contractility. 

Hyd ro g en ion 
concentration of 
reference solution 

Ilmnlitude of frog 
heart contraction 

in cm. 

7.0 7,0 

7._ 7.2 

7.2 7.3 

7.3 7,9 

7;4 8.0 
7.5 Re 0 

7 .6 p, n 

7e7 8.0 

7.8 e.0 
- ----- - 
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Var i8 ion of Magnesium Inn Con centrat inn. 

A solution containing 135 MI per litre of sodium, 

4.5 LIM ner lige of potassium, 27,4 MIv7 per litre of 

bicarbonate, 1.2 IvaI per litre ct' calcium and 2 gm. ber 

litre of glucose was saturated with a gaseous mixture of 

5iß COlin oxygen. Magnesium chloride was ten added to 

this solution in order to obtain a range of reference 

solutions containing 0.0 to 2.0 Id/I per litre of 

magnesium. A frog heart was exposed to these solutions 

and the results, tabulated in Table XIV, indicate that 
the sensitivity of the heart is not influenced by change 

in magnesium ion concentration. 

Table XIV 

The influence e of magnesium ion upon f rog heart 
contractility. 

Co n c en tra ti on of 
Magnesium ion in 
reference solutions 

in MM /litre 

Amplitude of 
contraction of frog 
heart when exposed to 
reference solutions 

(cm.) 

0.0 

0.5 

1.0 

1.5 

2.0 

7.8 

7.8 

7,0 

7.9 

79 
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Variation in Phosphate Ion Concentration. 

A solution containing 135 Mlvi rer litre of sodium, 

4.5 MM re 1itse of pot.aeslum, 27.4 MM per litre of 

bicarbonate, 1.2 MM per litre of calcium, 1.0 I, per 

litre of magnesium and 2 gm per litre of glucose was 

saturated with a gaseous mixture of 5% of CO2, in oxygen. 

A seri es of reference solutions were prepared from the 

above solution containing 0 to 3.0 MM per litre of 

phosphate ion. Reference to Table XV will indicate that 

within the range stated, phosphate ion does not affect 

the sensitivity of the frog heart. 
Table XV 

The influence rf phosphate ion upon frog heart 

contract i].ity. 

Cone en trati on of 
phosphate ion in 
reference solutions 

Amplitude of 
contraction of frog 
heart (in cm.) when 

Ui jl it re exposed to reference 
solutions. 

0.0 7.6 

0.5 7.6 

1.0 7,6 

].5 7T6 

%,0 7.6 

3.0 7.6 



- 75 

Variation in Pr- tassiurn Ion Concentration. 

A solut ion containing 135 1VINI per litre of sodium, 

27.4 Itii11 per litre of bicarbonate, 1.2 1 per litre of 

calcium, 1.0 T,INI Per litre of magnesium and 2.0 gm.per 

litre of glucose was saturated with 5% COL in oxygen. 

A series of reference solutions containing 2 to 1011M 

-nPr litre of potassium were then Prepared from this 
s7]ution. The results, tabulated in Table XVI, indicate 

that potassium ion is antagonistic to calcium ion in 

terms of myocardial contractility within the range used. 

Table XVI 

The influence of Potassium ion upon frog heart 

contractility 

Concentration of 
potassium ion in 

reference solutions 
1X /litre. 

Amplitude of 
contraction of frog 
heart in cm. when 
exposed to reference 

solut io ns 

10.0 

R.0 

6.0 

5.0 

4. 0 

3.0 
2.0 

6.1 

6.7 

7.5 

8.0 

8.4 
8.7 
8.9 
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Variation in Sodium Ion Concentration. 

A solution containing 27.4 1VtM Der litre of 

bicarbonate, 1.2 ivE per litre of calcium, 4.5 ME per 

litre of potassium, 1.0 NE per litre of magnesium and 

2.0 gm per litre of glucose was saturated with 5% Cflz 

in oxygen. A ranee of reference solutions containing 

sodium ion within the range 130 to 150 MI per litre 
were prepared from the stock solution. Table XVII, 

tabulating the results, indicates that ti frog heart 

is sensitive to changes in sodium ion. 

Table XVII 

The influence of sodium ion upon frog heart contractility. 

Concentration of 
sodium ion in 

reference solutions 
DE/litre 

130 

135 

140 

145 

1.50 

Amplitude of 
contraction of frog heart 
in cm. when exposed to 
reference solutione. 

7.2 

7.0 
6,6 

6,0 
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Variation in Citrate Ion Concentration. 

A solution containing 135 IVai ' r litre of sodium, 

27.4 14íM rer litre of bicarbonate, 1.2 IvIvI per litre of 

calcium, 4.5 NllV1 per litre of potassium, 1.0 E per litre 
of magnesium and 2.0 gm per litre of glucose was 

saturated with 5% CO2 in oxygen. Citrate ion was then 

added to this solution so that a range of reference 

solutions containing citrate ion were prepared. Reference 

to Tr- bl e XVIII will show that the sensitivity of the 

frog heart is influenced by the presence of citrate ion 

in the reference solutions. 
Table XVIII 

The influence of citrate ion upon frog heart contractibilit7. 

Con cent ration of 
citrate ion in the 
reference solutions 

MM/litre 

Amplitude of contract ion 
of frog heart in cm. when 
exr_ osed to reference 

solutions. 

0.00 7.2 

0.25 6.8 

0.5 0 4.0 

1.00 3.0 

2 .00 2.5 

3.00 2.0 

4, 00 1.0 

5. 00 1.0 
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CONULUSION 

It has been confirmed experimentally that the frog 
heart is a sensitive indicator of the physiological 
activity of calcium ion, and it is concluded that 
certain factors present in serum do alter the sensitivity 
of the heart to calcium ion. It is essential to adjust 
hydrogen ion concentration, sodium ion cr,ncentration and 

potassium ion concentration in the so lutions of reference 

so that their concentration is identical with those in 

the biological test fluid. Provided the method is 
restricted within the range of 0.2 to 1.5 IVVI per litre 
of calcium ion, then the method has been shown tr) be 

quantitative. 



79. 

RESULTS. 
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1NTErt8R1 TATION OF RESULTS 

i NT tZu D UG J O tY REYAR IBS 

in a series of nineteen exchange transi lesions 

performed un newuorn infants suffering from erythroblastusLs 

foetalss, specimens of blood were collected regularly during 

the transfusion. ,luod was allowed to coagulate and the 

serum, separated soon after clot retraction, was stored at 

, 

u c; until analysis was possiule. An aliquot was preserved 

with sodi :_m fluoride. specimens were analysed for total 

calcium, active calcium ion, total protein, citrate, sodium 

and potassium. The results of the analyses are recorded 

in Taules xlx to XXxV111. of the nineteen cases invest- 

igated, analytical data has been charted in figures V 

and Vl. tei6ure V shows the ind,.v,iuual results ootai.ned 

from seven normal Labansfusiuns, while figure v1 shows 

the individual results from seven transfusions at which 

clinical aunormali6,.es were ouserveu, by reference to 

the appropriate figures it will ue apparent that they 

depict only the general trend of serum electrolytes 

during transfusion. It will appreciated that since 

specimens were collected at intervals dosing transfusion, 

it is only at these points that an assessment of electrolytes 

can úe made. r'luctuat,.on must have occurrea in the periods 
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oetween collection or specimens, this fluctuat4un 

oeing influenced 07 movement or electrolytes in and out 

or the plasma compartment and, or course, oy metaoulic 

factors. Nevertheless ii this ?acct be ourne In mind in 

the evaluation of the results, it is uel.eved that the 

,eneral pattern which emertes from this investigation 

adequately portrays the efi'ect or infusion of cL.trateUU 

bluoú upon serum electrolytes. 

t'*Tl'ERN OF C II N. U AL EHAVI O UTi O tsSF K «D . 

of the nineteen infants studied one died during 

transfusion. Six others showed some clinically recog- 

nisable d;.s turuanue au sume stage or the procedure. The 

remaining twelve infants were normal throughout. Different 

patuerns of clinical behaviour were observed and a descrip- 

tion of these is essential to the further understanding or 

the investigation. 

Two oaoies pruuuced a clinical picture which, 

probauly as a result of modification in technique, was 

not ooserved in subsequent transfusions, in uuth cases 

(F, q) dirficulty was experienced in withdrawing bloou 

curing -the first hundred millilitres or blood exchanged. 

Persistent efforts were made to overcome this by partial 
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withdrawal and re- introduction of the catheter. In outh 

cases uhe catheter tip was advanced along the umbilical 

vein for about 11 cm, and re-- eatedly encountered some 

resistance wnïch was t;hvughL at the tine to ue within 

the portal circula. ion. Loidh babies developed a deep 

cyanosis of the lower half of the body and this con- 

trasted dramatically with -the pallor of the upper half. 

Increased venous filling became apparent over the trunk 

yet no pitting oedema of the legs was noted, A spontaneous 

disappearance of the symptoms was observed arter aboù.t 

half an hour. This phenomenon has ueen designated 

"Distal cyanosis". 

'i'hree ;enfants (B, Vii, J,) suffered from repeated 

retching of mucus. This is a common observa;jjon in 

exchange transfusion and because of this milder degrees 

of ,Lt have nut been recorded. 

Three inf'ants, (b, F, RR) presented a ciin,.caì 

picture to which the term "shuck° has been loosely apìalied. 

These infants showed some or ail of the following features 

:L.n varying degree. After crying lustily initially, un 

restraint they ,,,ecame 1 nuuly quiet and pale during operation. 

At leas; one infant wits so pale chat the poss;Lbi1i6y of 

internal bleeding was considered, ih.e bauies were cool 

and their. abdomens became distended yet the latter was not 
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due to their 1;.ver enlargement, They ;,ecame fhypotonie" 

ana unresponseve, Little change in heart rate was observed 

and there was no increase in venous pressure, ease B showed 

this clinical picture within the first hundred millilitres 

of aloud exchanged but survived an exchange of six hundred 

millilitres. 

Signs of conges rive heart failure appeared in one 

case only (J). He suriered from repeated retching during 

the exchange of the first two hunured millilitres of 

blouu, He remained irri cable and after an exchange of 

seven hunured miliil:Ltres, was eegl.nn.Lng to show evidente 

of deterioration. Respiration became a 1i the distressed 

ana dyspnoea was obviuus after eight hundred millilitres 

of blood. At this stage the heart rate had increased 

rrom a resting rate of 138 to 164 per minute, The venous 

pressure in the portal circulation ruse from a resting 

level of 7,5 cm, to o cm. The baoy was a lit le cyanosed, 

the seperficeal veins became more obvious and the lever 

enlarged, unfortunately the bluou specimen taken at this 

point was lost but tb.e values found in the preceding one 

were consistent with early cardiaj failure, 

one enfant (R) collapsed suddenly and unexpectedly 

out he f er i:una rely recovered. He had ueen well until 740 m.1, 

of blood had peen exchanged. He then retched and became 
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apnoeic and deeply cyanosed, The heart sounds were faint 

out his condition gradually improved over a ten minute 

period. His has peen croadly termed "acute non - fatal 

collapse ". Samples of this -infan 's blood were ueing 

taken only at uru..ervals of two hundred millilitres 

and the nearest specimen to the incident was taken 

after 4uu nil, of blood had been exchanged. 

one infant (1) died during cransrusion. His liver 

and spleen were palpitly enlarged berore transrusion, and 

during transfusion no abnormality other than pallor was 

observed until the infani, collapsed and died after the 

exchange of 500 ml, of oluoa, Autopsy revealed the cause 

of death as sub -uurai haemorrhage with some intra- peril - 

oneal haemorrhage, the latter being due, presumably, to 

traumatic tear of the umb:.1, cal vein. 

PATITZ u F S. RUT FIEuTHu fiTrS 

1. The <roup as a whole. 

rrom the outset of the Investigation attenuion 

was focussed on the relationship of four biuchemical 

situations to the clinical uehaviour of the baby. These 

were the influence of high citrate levels, of calcium ion 

depression of citrate, of high serum potassium levels and 

the mutually reinforcing influence of a high potassium and 

a low calcium ion upon the heart, These are depicted in 
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figures V11 and V111, In each graph every relevant 

analytical result in the series is included and marked 

uy a symbol which denotes the clinical state of the 

patient at the time when she sample was taken. In 

figure v11 the co- existing citrate and calcium ion levels 

are entered against each other, if high citrate levels 

"per se " were responsiule rur clinical abnormality then 

the symbols denoting abnormal behaviour should be across, 

the top of the graph, if clinical abnormality was the 

result of high citrate levels depressing calcium ion, 

however, then the abnormal cases should be at the top 

of the graph and towards the left, The upper part of 

the graph does no u in fact, con vain the abnormal cases 

nur do they lie predominantly to the left of the picture, 

The one death does lie in the top left hand corner o t 

oi,herwise there is reasonable dispersal oí' the abnormal 

symbols among those which imply normal behaviour when 

the specimen was taxen, In figure v111 the serum 

potassium levels were plotted against the co- existing 

levels of calcium ion. If hyperpotassaemia were res- 

ponsible then the abnormal cases should lie across the 

top of the picture whereas if depression of calcium ion 

were responsiole then they should lie to the left of 

the picture, if the offending oiochemical upset were 
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co- existing hyperpotassaemia and hypocalcaemia then 

the abnormal cases should lie in the top left hand 

quadrant, Apart from the important exception that 

the only death did in fact represent the highest serum 

potassium level and the lowest calcium on level, the 

uther abnormal symbols are scattered across the picture 

and fairly evenly disposed among the normal cases, rx'om 

these two pictures it is possible to state that with the 

exception of the fatal case there eras nc, relationship in 

this series of cases between :.he co- existing b;Lochemical 

values and the ciinicai behaviour at the moment or taking 

the specimen. 

It was apnarer t shat a pattern of serum electrolytes 

during transfusion emerged freni this f eves t;iga.tion, this 

pat Lern being coin to all inrants whether or not clinical 

,incident was observed. Ln summary there appeared to ùe an 

increase in total calcium and citrate, a decrease in active 

calcium ion, and either no change or an increase in serum 

potassium, i.hese changes will oe discussed in detail. 

2, Serum electrolyte changes in individuai cases. 

(a) Variation in total serum calcium. 

;,runeau and Graham (l945), Weller e al (1949) 

and Ames et ai (1951) have all observed increases in total 

serum calcium during exchange transfusion, which they 
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considered to ae a physiological response to the infusion 

of citrate. Although this was an important point to 

confirm, It was thought unjustifiable at the commencement 

of this inves Ligation and in cur state of knowledge at 

that time, to emit thf use of calcium gluconate as a 

precautionary measure against hypocalcaemia. 

In the first series of cases studied, however, 

the concentration úf total serum calcium was determined 

at intervals throughout transfusion imrcediately prior 

to the Injection of gluconate solution. In this waxy i 

was thought that the specimens would reflect that level 

of calcium in serum which would be least inrluenced by 

exogenous calcium. Reference to tables x1X to XXXV111 

and figures V and VI shows that, as til._ uld be expected, 

there was a -radual rise in ;o -al serum calcium during 

transfusion. Table XXXiX illustrates the progressive 

changes after the replacement of each hundred millilitres 

of blood. 
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TABLE XXXIX 

Changes in total serum calcium during exchange transfusion. 

Series of 19 Cases 

tiDI uR^E (m1) OF 
EXCHANCe,D. 

bLuOD A!EAN VALuF OF ALL 
TOTAL CALGIUMS RE-:OBSERVED 
LvKD1+;D A H`!FK EX- 
CHAN uE uF EACH l0u 
mi, O F B1.0 uD. 

RANLg uF TO2AL t;ALCILTY 
AFTER EXCHANuF 

OF EACH 100 ml.0 F bLOOD 

0 9.50 6.4 - 13.8 
100 10.95 8.4 - 23,2 
20u 11.05 7.0 - 21,8 
30u 11.17 7.0 - 15.4 
400 11.41 8.9 - 15.8 
500 11.87 8,2 - 17,4 
600 12,41 9.5 - 17.2 
700 14.01 10.0 - 17.6 

(_All results expressed in mgm, per lou m1.), 

in the second series of cases the immediate effect of 

calcium gluconate upon total serum calcium was investigated, 

blood was collected at intervals of 2u0 ml. during Ghe exchange, 

i mediatel7 after the injection of calcium gluconate. It was the 

usual procedure to ,inject lml. of 1uß! solution of calcium gluconate, 

equivalent to 9 mgm. of calcium ion, after the exchange of every 

hundred millilitres of ulood. 1f this amount of calcium was con- 

fined to uhe plasma, it should have been sufficient to ,- ncrease 

the touaj serum calcium by 5 mg, per 100 ml, assuming an infant 

of average weight with a plasma Volume of 175 ml. (Hi 11, 19b4) . 
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However, two 
. actors were operating simultaneously which 

were bound to modify the plasma calcium. firstly, the 

infant's blood was tieing replaced continuously oy donor 

alou wí Lh a plasma calc,um concentration or about 7.,, 

m;, per 100 ml. Secondly, rapid transfer of electrolytes 

in and out of the plasma compartment must have been taking 

place. owever, if even aistributton of injected calcium 

thruughout the extracellulu - waver had been allowed to 

occur, eac'. 9 mgm. would have been transfer =red inuo about 

1400 ml. of fiuid (Hill, 1954). This would have resulted 

in an increase J.n the pre - transfusion plasma calcium level 

oy about v.7 mgm. per 100 mi. It can be anticipated,t'here- 

fore, that the extent of the rise in serum calcium after 

the injection of calcium gluconate will vary, depending 

upon the state of transfer of the exogenuuscaìcium between 

interstitial and plasma water at the time of coì lection of 

the specimen. Taole çXXX shows the changes in total serum 

calcium in specimens collected after gluconate. It is con- 

cluded that the observed increase could be accounted for 

by the calcium derived from the injected giuconate.Fux 1er- 

more, on analysing the results ootarnea in the first series 

of cases, it is suggested that the gradual rise in serum 

calcium as transfusions progressed could have been due to 

the accumulation of exogenous, (i.e, injected) calcium to 

the exuracellular water. There was no evidence that rapid 
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mop; 1isacion of calcium from skeletal or other burly sources 

occurred during exchange transfusion, 

TABLE XXXX 

The £nfi ence of intravenous calcium gi conate upon total 
serum calcium. 

Series uf six cases 

Volume (ml) of 
c1ood Exchanged 

1, can increase of Total 
0alc4_um auc:ve pre -trans 
-fusion level 

i;_aximr.m increase of 
Total Calcium aoove 
pre-transfusion level 

200 1.36 2,00 
4u0 2,88 3,80 
600 2,6b 4.u0 
800 9,6u x 9,60 x 

All results expressed in mg, per 100 mi. 

x une observation. 

Var..ations in calcium ion anu citrate 

unlike the total serum calcium level, the con - 

cen 5ra ti cn of active caic.Lum ion decreased during exchange 

transfusion, even in the presence of regular injections of 

calcium v luconate. Table XXXX1 records the changes in the 

ser._es of cases. As a general rule, it appeared that an 

initial fall in calc.Lum ion oceureú during the first two 

hundred millilitres of blood exchanged, and thereafter, 

nu further signif,Lcant decreased followed, except in the 
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Table XXXXi 

Chan; es in serum calcium kn concen ,ration during exchange 
transfusion. 

Series of 19 Cases, 

Range of Serum Calcium 
on observed after each 

100 ml, of blood exch.- 
-anged 

volume ßm1) of 
blood exchanged 

I of ail Serum Calcium 
ion values after each 100 
ml, of cloud exchanged 

0 4,4 2,8 - 5,2 
100 3.0 1.6 - 4,8 
200 2,7 1.2 - 5,6 
300 2,4 1.4 - 3.8 
400 2,5 0.8 - 4.0 
500 2,y 1,2 - 4.0 
6u0 2,4 1.0 - 4,2 
700 2.0 1.6 - 2,9 

( All results e,:.i'essed mgm. per 100 mi.) 

Conversely, serum citrate ieveis increased dramatically 

during the infusion or the first two hundred millilitres 
of oluoci, then fiuctuated around these high levels. 

ri'anle XyXXl1 records v, -_e changes observed in serum 

citrate concenuration. 



Table =XX 11 

Changes in serum citrate du'Ing exchange iransfusion,Serïes 
of nineueen cases, 

(11 resuits expressed in mgm.per 100 mi) 

:-olune (ni1) of 
:ïuod exchanged 0 100 200 300 

case 

C 

ll 
E 

H 

L 
l'Í 

N 
0 
F 
Q, 

R 
S 

22 ;: 93 - 129 
2 '58 90 85 
4 :50 75 82 

21 130 95 123 
8 64 72 60 

4 J3,5 152 120 
5 96 91 140 
- 75 94 120 

40 102 150. 282 
1 62 95 79 
4 52 110 153 
3 59 90 70 

8 27 194 1225 
25 - 55 ¡ - 

17 - ; 45 ! - 
23 - 32 i.- 
6 - 93 ' - 

12 - 128 ' - 

22 - 62 - 

:;:can value @ 
each 100 m1. 

aa_am_Jàeit. 

12.6 73.5 96 130 

400 500 60 e 700 LTaximum 

:130 102 126 140 140 
105 120 130 - 130 
90 98 11u 115 115 

138 .L45 1ï.1 90 145 
421 160 - - 160 

É 

92 98 -.- 152 
; 1tii 3 72 79 100 140 

' 115 92 - - 120 
346 319 - - 346 
'114 155 75 65 155 

- - - - 153 
120 110 - - 120 
240 225 203 ; 255 255 
45 35 - - 45 

183 - 131 - 160 
_ - - - 32 

63 - 172 - 172 
114 . - - - 128 
65 - 119 158 158 

129 133 126 132 



as
e 

- 
11

2 
- 

T
a
b
l
e
 
r
e
l
a
t
i
n
g
 
r
a
c
e
 
o
f
 
c
r
a
n
s
f
u
s
i
o
n
,
r
a
l
e
 
o
f
 
c
i
t
r
a
t
e
 
i
n
f
u
s
i
o
n
,
 
a
n
d
 

t
r
i
e
 
i
n
c
i
d
e
n
c
e
 

o
f
 
c
j
i
n
i
c
a
l
 
a
b
n
o
r
m
a
l
i
t
y
.
 

S
e
v
e
r
i
t
y
 
o
f
 

H
a
e
m
o
l
y
t
i
c
 

D
i
s
e
a
s
e
 

B
i
r
t
h
 T
i
t
,
 

V
o
1
.
B
l
o
o
u
 
T
i
m
e
 
-
t
a
k
e
n
 
f
o
r
 
r
c
[
 c
r
a
z
e
 
i
n
f
u
s
e
d
 

l
b
s
.
 
o
z
,
 
k
g
m
,
 

+
I
 E
x
c
h
a
n
g
e
d
 

P
;
x
c
h
a
n
e
 

m
g
 

/
 
k
g
m
 
/
h
o
w
 

- 
v 

(
m
1
)
 

_ 
t
r
a
i
n
s
)
 

A
 
b
 

D
 F H
 

1
 K
 

L
 

rr
 

N
 

0 P ß
 

1
 

3
,
2
 

70
0 

ó
 

8
 

2
,
9
 

60
0 

8
2
 

2
 

3
.
3
 

7u
 u

 
7
 

0
 

3
,
2
 

70
0 

5
 

1
0
 

2
.
5
 

50
0 

5
 

1
2
 

2
,
6
 

50
0 

7
 

7
 

3
.
5
 

70
0 

5
 

0
 

2
,
3
 

50
0 

6
 

u
 

2
,
7
 

50
0 

7
 

7
 

5
,
3
 

85
0 

7
 

6
 

3
,
2
 

S
ou

 
6
 

1
0
 

3
.
0
 

60
0 

6
 

3
 

2
,
7
 

70
0 

5
 

1
2
 

2
,
6
 

50
u 

8
 

3
 

'
 

3
.
8
 

60
u 

9
 

6
 

- 
20

0 
7
 

u
 

2
,
2
 

56
0 

8
 

u
 

3
,
6
 

47
0 

8 
9 

3,
8 

80
0 

1
2
9
 

1
0
7
 

1
6
2
 

1
2
8
 

1
5
0
 

1
2
5
 

1
5
6
 

1
9
5
 

1
6
0
 

1
1
0
 

2
4
0
 

1
5
0
 

1
9
0
 

1
1
5
 

1
1
4
 

N
o
t
 
r
e
c
o
r
d
e
d
 

1
2
0
 

8
1
 

16
2 

I
n
c
i
d
e
n
t
 

2
8
6
-
 

3
9
7
 

2
0
2
 

4
U
0
 

3
5
6
 

29
3 

24
2 

21
8 

54
2 

8
0
 

3
8
5
 

2
4
0
 

4
D
4
 

3
0
2
 

3
0
3
 

2
9
8
 

3
3
4
 

Ì
 
S
h
o
c
k
,
r
e
 t
c
h
f
,
g
 

E
lm

 

D
i
s
 

@
r
d
n
o
s
ï
s
 

R
e
t
c
h
i
n
g
 

D
e
a
t
h
 

R
e
 r
,
c
h
i
n
 

'
1
 a
r
t
?
 

u
r
e
,
 

Sh
oc

k 

(
D
i
s
t
a
l
 
c
y
a
n
o
s
i
s
 

(
A
c
u
c
e
 
c
o
l
l
a
p
s
e
 



EFFECT OF CALCIUM GLUCONATE UPON SERUM CALCIUM ION CONCENTRATION 

CASEN 
DURATION 113' 

SEVERITY HD 44- 

6 0 
E 

1 c Icclec 
4 0 

E 

a 20 

O 200 400 600 
VOL BLOOD EXCHANGED 

SEVER TY HD 41E 
CASE S 

BURKE ON 162' 
6-0 Icc 2cc Ice Icc 

E y + 

4-0 

E 

3 
20 

CASED 
SEVERITY ND --Hi 

DURATION 114' 

[ 60 

Ico !cc lee 

..40 4 4 4 
E 

x,20 

200 400 600 
VOL BLOOD EXCHANGED 

SEVER TY HO 4- 

CASE P DURATION Nel recorded 
60 2cc 

4 

4 0 

O 200 400 600 800 
VOL BLOOD EXCHANGED 

CASE p 
SEVERITY H D 4E4 

DURATION 120' 
6.0 I cc 1Jcc I cc 

E y + 

° 40 

E 

2-0 

0 200 400 600 

VOL. BLOOD EXCHANGED 

0 200 400 
VOL BLOOD EXCHANGED 

SEVERITY ND {F 
CASER 

DURATION 116' 
6 0 1 cc OSce 

_ + 0 See 
E 

° 4 0 

E 

$20 

BEFORE 

GLUCONATE 

AFTER 
GLUCONATE 

0 200 400 

VOL BLOOD EXCHANGED 



- 113 - 

several conclusions have been drawn from these results. 

Ureat excess of citrate was found in the serum during 

exchan ,e uransfusion, anu if, in face, the formation 

of calcium citrate were dependen only upon chemical 'kinetic 

i'accors, then all available calcium ion in the plasma 

of these infants, except for the small amount ljoeratea 

4.n the primary dissociation, should have been combined 

as calcium citraue. Thai uhis siuuaion did not exist 

was apparent from the ciínical s babe of the Znfan 4s. The 

physiological environment then, must be more complex. 

than "in vitro" experiments would suggest, although all 

the calcium sunniied in the form of calcium gluconate 

appeared tobe ;n active immediately after injection 

if it can be presumed that calcium gluconaue is com- 

pletely ionised. The results are illustrated in fi.ure 

lx. The absence or the classical manifes Lati ons of 

hypocaicaemia during transfusion, even u'aough 

analysis of serum showed a profound de- ression of calciuz, 

ion concentrauion is difficult to explain. Since the 

iuriúauion of calcium citrate is known to ne a slow 

reaction, i t is suggested that complex formation :nay 

have been Lnco;npleue during transfusion biz un storage 

of the seru,ri in the absence of active metabulic factors, 

the reaction between curate and calc ura ions was e- 
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to reach comple uion. 

it is clai-ned that the rate of transfusion is 

the most it portan u factor during exchange transfusion 

in the development of hrpercitraemia. Table X`OX111 

shows that infusion race of citrate in. this serties, 

and it is apparent that the safety rate recommended 

by ¡Asa) (1951) was commonly exceeded. There did 

not appear to be any correlation between the hyper- 

citraemia and the citrate infusion race and it is con- 

sidered significant that hypercitraemia of equal severity 

developed in buth the clinically normal and abnormal 

croups. All infants showed considerable ability to 

"metabolise' infused citrate, even in the presence of 

alleged hepatoceilular immaturity. 

Although the citrate infusion rate may be im- 

portant, it cannot be doted that the speed of trans- 

fusion must influence the cardio- vascular system, in all 

of the presen c transfusions the speed of exchange was 

leisurely by invention but in some cases it was prolonged 

by the technical dif.ciculties encountered. A total of 

6.36 litres of blood was exchanged in the normal group 

in 1586 minutes (excluding cases K and F) - L'his is an 
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averk ;e ra ue of 4,6 ml. per m'_nute, n the 

aonor -gal ¿coup a total of 4.12 1i Ires of blood 

was exc.:anged in 968 minutes, an average rare 

of 4.6 ml. per minuue. The cases showing no 

c1L nica1 disturbance were, therefore, exchanged 

slightly more quickly rout the fact that, in the 

abnormal group, intentional delays followed the 

occurrence or inciden us and so increased the 

durauion of the operation a 1lttie, must be 

kept in mind. 

c has been postulated uhac a high 

serum citrate level in the res ,ing sta be is 

inuimtive or hepetocellular dysfuncuion. Hyper - 

cL,raemia was coNúnonly observed in the pre - 

transfusl.on state in ths.s investigauion. 
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Nauelson ( 1948) quoted t'ne normal range of serum 

citrate as 1.5 tu 6.0 mg. per 100 ml., with a 

mean value of 3.8 mg, per 100 ml, and In this series 
tb.e range was 1,4 to 4v.0 mg per luU ml., wi th a mean 

value of 12.6 mg, per lu0 ml. The fatal case had a 

resting serum citrate level of 40.0 mg. per 1tu ml., 

;het nbs _raorGem examina :ion revealed no gross hepuo- 

cellular damage, raï Cher -more, liver enlargement was 

not a comnon feature in any of the other cases but this 

does not exclude &,he possioil..ty of a "metaovl.Lc" 

Immaturity" existing. Confirmatory evidence of high 

resting ci craie values has peen provided by the low 

level of res ging serum calcium ion observed in -Ghis 

series. 
Variation in serum potassium 

uhanges observed in serum potassium during 

exchange urans1us`ion were unpredicuabie. 111i1( 1954) 

quoted the normal range of serum potassium in the 

newucrn infant. as 17,5 to .1 mgm. per 100 ml. ln 

this series the normal pre_cransfusien range was 

13.5 -co 40.0 mgm, per loo mi. Table .r XXXiil shows 

that five infants (F,G,K,N,R,) were found to have 
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pre- uransfus on serum potassium ieveis above nurmal 

and in these s.nsuances, either no change or a rise 
accomtan:Led the transfusion. Of those infants who 

were found to have a normal pre- uransfus.Lon serum 

potassium ieVe1, five cases (H,u,I,J,L,) developed 

a hrperpouassaecaia during uransi'us un. All these 

,Lnfants were uransi'used with (ionor bluou containing 

over 3C.0 mrm. per 100 mi. of potassium in she plasma. 

i xcep u in uhe facai case, however, the hhrperpotassaemia 

was nou relatable to any particular clinical annormali Gy 

since the phenomenon was ooserved in both c,L_nicaily 

nuridal and abnormal ,Lnïants. Fur6hermore two inz'anus 

classified as ciinicaily abnormal. (H,F,) had norma,i 

serum potassium _Levels throughout cransiusion. One 

no nce is woruhy of note. The plasma potassium ,level 

of the donor blood used in the fatal case was 110 mg. 

per 10u ml, an- at dea -th co- existing high potassium and 

low calcium ion concen rations were recorded, 7heuher 

the high potassium jevet influenced the onse or cardiac 

faiikre could not be ascertained since electrolyte imbalance 

was not consïdered to ae the cause of dea6h. 
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Summary of b.Luchemical changes in dunorual cases 

Apure Vi illustrates serum electroi to changes 

during exchange transfusion in the abnormal cases, 

`_,leanly, there is no particular patuern which can be 

asseciaued with the ciinica1 picture of d:i.sbai cyanosis 

(F,2,) . Sys tons appeared earl;; in ;he exchange and a 

when serum citrate vans be6,.11n; ng to rise and serum 

calcium ion was bebinning to ia.il. macula I nfan us had a 

pre- uransiusion hyperpotasaaemia which persisted chrough- 

cut Transfusion. Retching (B,H,J,) was associated with 

a h ;1per.potassaemia, a rising serum citrate Level and a 

serum calcium Ion which. was by no means unduly low when 

compare with other apparently normal transfusions. 

Smock in case B appeared before any marked change in 

ei;her serum ciiraue cr calcium ion, but a severe 

hyperpo ,,assaemia was present at the time of clinical 

evidence of shock. Case F presented only a mild 

hyperpotassaemia. Signs of shock appeared towards the 

end of the trans usi_on in case Ir. At this time, the 

serum citrate level had suddenly increased to 250 mg. 

per ;Lou mi. but semi potassium was wiuhin the normal 

range. Serum calcium ion level was apparently uninfluenced 

Uy the sudden change in citrate, re:ma.ining ds it had done 
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throughout the -transfusion at about 2 mgm. per loo mi. 

Gardiac failure appeared in case j at a point 

.Ln the transfusion when the serum electrolytes were 

ueginning to return towards the norxnaj. The citrate 

level had rallen substantially, total calcium had 

reached a peak of 15 mgm, per iou mi, caicium ion 

had risen óy 1.0 mgm. per lu0 mi. and serum potassium 

had fallen by 5 mgm. per ',Lou mi, to a level of 50 mg,m. 

per luu mi. 

Acute non -fatal coiiapse in case R occurred 

offer 50u mi. of blued had been exchanged, and the 

nearest sample of blood to this incident, taken at 

40u mi., Indicated a profound hyperpotassaemia 

although the serum citrate level was falling and the 

serum calcium ion was relatively stable at 2 mgm, per 

100 mi. t is significant that the bottle of donor 

aloud had been changed, after 400 mi. of blood from 

the first buutle had been transfused, and the plasma 

potassium concentrations in these bottles were 52.8 

mg. per luu ml, and 85.4 mg, per luu mi. 

Finally in the fatal case (1) serum citrate 

had reached by far the highest level in he series. 
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Yet death cook place when the citrate level was 

beginning to decrease. Serum calcium ion concen_ 

tration was not measurable nor had it been for some 

time berore death. At the time of death, serum 

potassium had reached a peak value of 36 mg, per loo 

mi, Thus, there existed a profound hypocalcaemia 

and hyperpotassaemia, 

'Llhe only constant feature of the abnormal 

cases is the hyperpotassaemia which was severe in the 

cases of cardia failure, acute non -fatal collapse and 

death, There is some suggestion of potassium Intoxic- 

ation in these cases but unfortunately three a rarentïy 

normal infants (D,G,L,) exhioit;ed hyperpotassaemia of 

similar magnitude, 

In conclusion It is believed that none of the 

clinical ,.nciden us was due entirely to electrolytic 

imbalance, since similar biuchemical changes were 

com_: on to ail the infants of the series, Serum elec- 

trolytes reflect the total electrolyte pattern to some 

degree, but clinical abnormality need nut necessarily 

be the result of a sudden change in plasma electrolytes, 

Rather it is the result of prolonged exposure of the 

intraceiluler envircanate'nt to a gradually changing extrac- 

eliular environment'. Considered from this point of view, 
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a study of serum a iec t.rolyftes throughout a .raps fus i on 

is more impòrtant that the assessment; of elec t.ziolytes 

at any particular ins Gant in a transfusion. Critical 

evaluation or the results of this investigation has 

failed to show a coriela'ion uetween electrolytic 

inbalance and clinical abnormality during transfusion 

out there is no doubt. that ail inranGs undergoing 

exchange ï.ransrusion are exposed to an abnormal 

o;.uchemical state over a prolonged period. 
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uFNErtAL DISCUSSION 

The possible irportance os rising levels of 

plasma citrate in the produc.,ion of symptons during 

the infusion of citrated biooa was emphasized by 

Wexler et al (1949) and Ames et ai (1951), The level 

of citrate was found to rise to a figure ten to thirty 

times greater than the pre- transfusion value. This was 

accompanied by a decrease in plasma calcium ion con- 

centration. Prolongation of the Q T interval on E U 

tracings was recorded by Ames et al (1951) . Al -hough 

the lacuer could be attributed to the depression of 
by 

calcium ion concentration /citrate, nu constant relat- 

ionship existed between the plasma citrate concentration 

and the F C c; change. r'urthermore the ( T inerval 

could return ;o normal in the presence of continued 

high levels or citrate, hese studies were made on 

convalescent infanis by Ames ec al. Plasma citrate, 

total calcium., and total protein were determined and 

plasma calcium ion concentration was assessed indirectly 

by employing the nomogram of McLean and Hastings. Several 

of the ba. ies oecame irritable during the infusion, their 

skins were nut.ed to be pale and mottled and a normal skin 

temperature was not restored by the use of blankets alone. 
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une ;infant had a severe reaction. He aecame uyspnooic 

then apnoeic, rigid and showed ootsthotonus, The period 

of apnoea lasted for two minutes and during the normal 

incident the pulse was weak and Irregular. Artificial 

repirauion and oxygen were administrated "bloody frothy 

sputum" welled up frurrl the nose and mouth, spasmodic 

respiration recommenced in six to seven minutes and 

breathing returned to normal in ten minutes. The face 

was visiLly oedematous, out two hours after the trans- 

fusion the infant appeared to be normal, The plasma 

citrate of the donor blood was a; out 450 mg. per 100 

ml, and six and a half minuties after transfusion the 

inïantis plasma level was 34 ing, per loo mi, The lauter 

compares with a pre -transfusion value of 3.4 mg, per 

100 ml. He had, therefore, sustained a tenfold increase 

in the plasma citrate out usher babies of the series 

showed greater Increases without clinical Incident, 

Other factors than alleged citrate intoxication may have 

operated, The infant was a six week old prematurely born 

male child weighing five paznds. He was convalescent 

from "atclectasis pneumonitis and mild diarrhoea ", 

He had received 40 ml, of citrated plasma in 14 ml_ notes 
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which is equivalent to 160 mi, per hour. It is also 

s raced thft the plasma used was obtained from a bottle 

which had been previously opened so that the risk of 

contamina:,ion is introduced as a factor. A further 

infant did die during the transfusion. He was Fi ven 

80 mi. of plasma in 3 hours and was found dead in bed. 

The citrate concen tra ui on of the donor bloud was 16ou 

mg. per 100 ml.and the iniant s plasma citrate level 

iml ediiately after death was 56 mg. per 10u mi. Post- 

mortem examination revealed only a dilated heart in 

a poorly nourished infant. The authors concluded that 

the two reactions were almost certainly-instances of 

acute i_owering or calcium ion concentrations in the 

plasma. They oe Leved that the absence of reactions 

in the majority ty of cases might ne explained on the 

oasis of their being forces capable of counteracting 

the calcium ion lowering effect of citrate. However 

they provide nu explanation of why these two less 

fortunate ,individuals should have peen deficient in this 

homeostatic mechanism. More recently, bunker et aí(1955) 

have shown in a series of 130 adults who received moderate 
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to large volumes of cicraued aloud that many patients 

developed hypercitaemia and theoretically calcium ion 

concentrauion in the plasma ought to have been seriously 

depressed, Yore marked elevation of plasma citral,e 

úccur2ed when transfusion was extremely rapid,prolonged 

or repeaued. =Nigher levels also occurred where the 

liver was damaged and this may be important in the 

newourn infant with. or wíbthout haemolytic disease. 

It has been demonstrated conclusively in the 

present investigation that a profound increase in 

serum citrate occurs during the infusion of citrated 

blood and it is impori,ant to consider the faces which 

influence this phenomenon. 

The acid -citrate -dextrose mixture used as an 

anti -coagulant in this country has been criticised 

and praised for many years. ''hen first instituted, 

the dangers ei' citrate were emphasized but until the 

technique of replacement transfusion and massive blood 

transfusion became common, little attention was focussed 

upon the possib,1.. ty of citrate intoxication in medical 

practice. in the infants in this series amounts of 
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citrate ranging from 738 to 3413 mgm, were infused into 

a plasma compartment of average volume less than 2u0 

ml, so that accumulation oI citrate under these 

cumstances could be dangerous, It is believed that 

citrate in stored donor blood is confined essentially 

to the plasma, Thus is the recommended ratio of volume 

of anti -coagulant to blood is strictly adhered to, then 

the plasma citrate content of the donor blood should be 

aouut 6u0 mg. per lot) ml, it will be apnreciated that 

any marked deviation from the standard techní.c_ue may 

result in significant changes in the plasma citrate. 

Ames particularly emphasized this point when describing 

an alleged case of citrate intoxication, foil_ owing the 

infusion of plasma containing 1536 mg. per lu0 ml. of 

citrate, M_th this in ±1ind,Lalker and Neligan (1954) 

recommend the use of packed cells In exchange transfusion. 

Although the plasma citrate level in the donor 

blood is the first consideration, the rate at which it 

is infused is obviously important. It is desirable that 

the rate of transfíasion be adjusted so that thehomeostatic 

mechanisms controlling citrate are able to deal with the 

citrate as fast as it is being a.nfused. Yollison (1956) 
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stipulates a maximum raise of 260 mgm. of citrate per 

kilogram of body weight per hour, but 7exier et al 

(1949) and 'y; alker et a1 (1954) freely admit to ex- 

ceedin(_; this rate Without c: i nical incident. In the 

presencseries, similar conditions prevailed. Nakasone 

e G al (1954) performed an interesting experiment in 

which citrate solutions of varying strengths were 

infiused into dogs and the response of carliac muscle 

was measured by C U tracings. They sug ;es ted that 

i was not the actual level of citrate in the perfusate 

which was the factor precipitating cardiac changes but 

rather the cumulative dose of citrate in the animal's 

body. In other words, hypocalcaemia was induced after 

t-F infusion of a critical amount of citrate whether 

this was attained over a short period by the infusion 

of a solution containing a high concentration of citrate 

or after a longer period with a solution containing less 

ci tra te. !+vr this reason the slower trie rate of urans- 

fusion the less severe the hypercitraemia which will 

develop,. L is suggested that the clinical incident 

in this series were not related to the infusion rate 

of citrate. Reference to Table xXXX11l will show that 

the safety rate was often exceeded in cases who ap7)eared 



- 129 - 

normal throughout transfusion, yet in other abnormal 

case s the iniusion raue was uelow the recommended 

safety raue, 

It should be uorne in mind that reports des- 

cribing rapid meuabolic breakdown of ci urane during 

the ;infusion of cl Crated blood are based upon obser- 

vations cf plasma citrate concentration during a 

porlo when rapid diffusion out of the plasma com- 

partment is occurving. Transfer of ci urane to other 

coc_,partmenus of body water would accoun u, at least in 

part, for the disappearance of exogenous citrate out 

of the plasma waver. The average amount of citrate 

contained in loo ml. of citr.ated donor blood is 370 

mgm. As.urning that no transfer occurred out of the 

plasma ccmpartmen u in uo inì ersti tiaiwa.ter then the 

amount of this citrate wh.cP would be retained after 

the exchange of luu ml. of blood by the technique 

described in clinical methods would be about 320 mgm. 

In practice, however, a pr opor ui on of his would be 

transferred to yn ters ui tiaï waver, and assuming even 

dis uribaulon throughout the exuraceiluler water,auout 

a seven -fold reduction in the theorlticdi maximum 

plasma concentration could ue expected. The actual level 
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in the plasma would depend upon the degree of transfer 

of the citrate at the ti ; e of col î ec ci on of the specimen, 

buu x mhc:,.+x1,d be within the range 46 - 320 mg. per 10o ml. 

Thus the levels recorded in this series indicate that a 

considerable portion of infused citrate migrated out 

of the plasma compartment after each hundred millilitres 

of blood exchanged. 

Increased intracellular metabolism of citrate was 

likely to occur under the stimulus of the infusion of 

ctrate. Sites of metaoolisrii have been discussed in 

the introductory section of this bheis. Suffice to 

record than t :exler observed delayed removal of citrate 

from plasma in one fatal case and as post -mortem exam- 

ination revealed gross liver damage, he postulated that 

impaired liver funcuion miLihc seriously delay citrate 

metabolism. In the fatal case of the present series, 

a similar delayed removal of citrate was .observed, yet 

post -mortem examination revealed no severe liver damage. 

.L6 IS quite possible than a mild degree ci metabolic 

a.mriaturity exists in newborn J.nrants, especially those 

suffering fromerythoblastosis foctalis. This would 

explain the resting hyperci .raemia observed in some 

cases in this series. It can only be concluded,however, 
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that, ail infants appeared to have efficient homeostatic 

mechanisms for removing infused citrate from plasma. 

is suggested as a hypothesis that ail the 

factors discussed muse operate during the infusion 

of citrated blood. Initially, the prevention of 

severe hypeccitraemia by careful adjustment of the 

donor plasma ci tra 1 e level and the rate of transfusion 

can oe controlled by the operator. Presumably, any 

infused citrate enters the plasma and from there it 

1s transferred to interstitial water and finally the 

infra cellular water, where it is metaooliseci, 

Reference to figures V11 and V111 will ;indicate the 

general pattern of serum citrate during transfusion. 

The initial, dramatic rise to 's_ level between lu0 and 

160 mgm. per luu mi. may represent a phase in which 

citrate is essentially confined to the plasma. unce 

mechanisms controlling transfer out of the plasma 

compartment become opextive it is reasonable to expect 

a fail in the plasma citrate if the rate of transfer 

exceeds 6he rate of citrate infusion in the plasma. 

This has been confirmed in the present investigation. 

. iuctuabions observed at later stages in the transfusion 

may reflect the efficiency of intracellular metabolic 

pathways. Thus a rising citrate in the presence of a 
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cons uanu ra. e or citrate infusion suggests some 

L,ipairment of function (cases =p.) . Gonversa y a 

failing serum ci raue level suggests of _'icient 

metabul.Lsm, while a fluctuating citrate level may oe 

indicative of sudden changes in the citrate intaxe 

with which the intraceilular mei.aoulyc processes are 

unable to cope. Ail except two infants fIly,, were 

able to 7meuabo.lise" a.nfu.sed citraue very efficiently. 

if cl.traie inuoxicauion was the causative facuor in 

some or all of uhe clinical incidents in this series, 

then it is diffisul t to explain 6he fact that serum 

citraue levels of a similar magnitude did nut precipitate 

incidents in the normal infants. 

The hi, h serum citraQe recúrded in this invest_ 

l.gation should have induce] severe hypocaicaemia, The 

Gheore:icaï implications are that all available calcium 

ions in the plasma of Enfants undergoing transf use on 

should be inactivated, out the results indicate that 

although si 'nificantl_y reduced, this reduction was nut 

complete except in the faval case. two explanations are 

proposed. tirs t.iy, citraue was present in the plasma in 

high concen.rauion uuu there was nu evidence to show 

vncc then the whole or part o it was present in an active 

ionic furm. In fact, an gnat ti ve molecule, possibly 
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bouncy to protein may have existed. Such complexes 

are knuvin to exist in the case of protein and .;lucose, 

and the lipopoteins, under such circumstances, only 

Ionised citrate would be available z,_,r reaction with 

calcium and othercacions. Secondly, the formation of 

calcium citraL,e is not an instantaneous reaction and 

this might explain the ap.,arent discrepancy between the 

absence of the clinical manifestations of ce .any, even 

Though subsequen c analysis of serum. showed a profound 

depression of calcium ion. During transfusion, calcium 

citrate forlauLion may have been incomplete, whereas on 

storage of the serum In the absence of en'gme action, 

reaction was allowed to reacn completion in the presence 

of excess of di tra e ion. '-: hatever the explanation, 

analysis revealed chat. complete inactiva4on of calcium. 

ion in serum did not occur. Rhere was n.o evidence to 

confirm the finding of others that significant mobilisation 

of calcium ion occurred from bone or other sources in 

response to an induced hyperci ttaemia, nor did tt appear 

tha" the injection of calcium gjuconace was e.Lective 

in elevacin,, cuicium ion in serum. on clinical grounds, 

:ti'a iker and Neji _en (1953) abandoned the use of gluconate 

and they did not observe tecamy in a series of 272 trans- 

fusions. 
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rierlitz (1943) observed active tetany in infants 

whose plasma calcium ion level had fallen below 3.5 mgm.. 

per 1(J( mi., yet even with serum calcium ion levels below 

2.0 mgrri. per lur) ml., classical tetany was not seen during 

this investigation. The absence of clinical abnormality 

is not inconsistent with a reduction in calcir:um ion as 

the factors governing neuro- muscular irritability are 

complex and the maintenance of a normal state of irritability 

may have been due to compensatory mechanisms. The exact 

means by which tetany is brou8ht about has not yet been 

elucidated, but the original work done by Ringer and Loeb 

discussed in any standard textbook or physiology, might 

elucidate the problem. They postulated a delicate equii- 

ibram between the cations of the serum, and any disturb- 

ance of this , equilibru .m such as a decrease in calcium, 

magnesium or hydrigen ions, or an increase in sodium, 

potassium or hydroxyl ions causes hTper- irritibility 

of the tissues. It has been shown that an ,increase in 

potassium and a decrease in calcium ion occurred in 

serum, thus favouring the development of neuro- muscular 

hvperir. ri tib:. li ty. 

It has been demonstrated that citrated blood is 

weakly acid in reaction and the infusion of such a medium 

would favour the production of a metabo) c acidosis. This 
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problem is at present- under investiga4ion by Walker 

(personal commur,igacion) but no results have been 

reported to date. Increase in hydrogen ion con - 

centra4ion would tend -Co compensate for the co- 

existing hypocalcaemia and hyperpotassaemia in 

terms of neuro- muscular irritab ity. }br example 

1 udge and Vislocky (1.949) observed the acidosis of 

chronic renal disease was not related to specifically 

to a change in acid -base equilibr:.um was associated 

with a decrease in intracellular potassium and a rise in 

intracellular sodium. In this investigauion perfusion 

of donor blood in:.o the infants did nut significantly 

alter er their seruca sodium level in the face of a virtual 

reniacement of the infants? blood and a donor plasma 

concentration around 40u mg. per 100 ml.Since- renal 

excretion of sodium must have been negligible during 

transfusion, difiusion or transfer of excess sodium 

out of the plasma compartment must have occurred. Is 

it re. ?.sonable to postulate cha;; at least some of L;his 

sodium entered the intracellular water, pc;s.sibly re- 

flecting that some movement of potassium into 
she 

ex,raceilular water had occurred ? 

The leakage of potassium from red blood cep 
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during storage is a well known phenomenon (De Gowih 

e c al 19',10) and the significance or this was emphasized by 

i:'ollis on (1951) . 'Toxic levels of potassium in blood plasma 

are associated with cardiac arrest and in fact, injection 

of potassium citraue solution into the coronary circu- 

lation has been used experimentally to produce elective 

temporary cardiac arrest (Melrose et al., 1955) . In the 

adult the transfusion or one or two pints of bloou does not 

greatly afrect the recipient's plasma potass um con- 

centration out the situation is different during exchange 

cra .7sfusion..in a newoorn infant where one Dint or blood 

is equivalent to about twicre the infant's blood volume. 

;;=i ller et ai (1b4) studied the influence of transfusion 

upon serum potassium concentration in eight infants, 

Une Infant with a pre- ransfusion serum potassium level 

of 31.5 mgm, per 100 ml, was transfused with donor blood 

concaininb 72.o m_: per lino mi. potassium in the plasma. 

He developed c.Ci.n.Loal signs of hyperpotassaemia which were 

c,nfircred by elec+:rocardiogr .p'aic changes and au -5-is point 

his serum potassium eve1 was 3b.7 mgro. per 100 mi. 'Plow_ 

ever as no classical signs of h- rperpotassaemia developed 

i.n any of ;h.e other üaoies studied, they could not be 

certain that the high serum potassium concentration 

induced in two of the patients and present in a third 
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sere necessarily harmful to these infants. They state 

that they observed two deaths during exchange trans- 

fusion but in neither was potassium intoxication con- 

sidered as a likely cause. As in the case of 

sudden unexplained death in two in rants prompted the 

,:.nvestiigation carried out by Campbell (1955) . He 

found that donor plasma potassium levels of 40.0 mgm. 

per 100 mi.were not uncom: on even in ulcod stored fov 

less than seven days. After a carefgl study he con- 

cluded chat "hyperpotassaemia is not infrequent in 

the course of an exchange transfusion for haemolytic 

disease or the newborn, and that the levels reached 

are potentially lethal% ';o prc,,f could be pruvided, 

however, to show th -aL the deaths in his series of cases 

were tree result of hyperpotassaemia. Attempts on his 

part to reduce the severity of the hyperpotassaemia 

with insulin were fairly successful. 

Serum potassium levels recorded in this in- 

vestigation indicated that 60 of infants developed 

a hyperpotassaemia, ether before or during transfusion, 

uut these changes were common, ever in the asymp to- 

matic infants. Rise in plasma potassium level during 
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exchange transfusion is influenced by the x.ncaKe of 

potassium in the donor plasma, the efficiency of the 

renai mechanism to excrete excess potassium and she 

e.t'iciency of intracelluler "metabolic'` sites in 

removing p0- i:as.iium from the plasma. it was apnarent 

.Ln this investigauion that the development of h- , -per- 

potassaemia was closely related to the infusion of donor 

blood, The incidence of hyperpotassaemia was high when 

the donor plasma potasAum level exceeded 30.0 mgm. per 

100 mi. As in the case of citrate thou_,h, the high serum 

potassium levels were not relatable, sarpr1 singly, to the 

rate of transfusion of donor blood. Thus the development 

of hyperpotassaemia may be the result of accumulation of 

potassi_u , rather than the potassium concentration of the 

perfusate. 

_n the adult, renal excretion of potassium is a 

most irrpor:.ant homeostatic mechanism preventing potassium 

intoxication bkt since renal immaturity is an accepted 

phenomenon in the newborn, their ability to excrete excess 

potass- um is doubtful, n tact, the normal urine output 

in the first twentyfour hours is about 20 mi. so that the 

maintenance of a normal serum level during transfusion 

must depend upon mechanisms other than renal. One of 

these mus u be the transfnn of potassium from the plasma 
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to other compartments of body water, Simple Le dis-. 

tribuuion within the excracell.uler water will resulu 

in a sevenrold decrease in the concentration of any 

exogenous potassium which is confined initially to 

the plasma. The serum potassium conceniraion'per 

se "does not necessarily reflect the state of cellular 

potassium, and it is not justifiaule to autumati.cally 

associate a high serum potassium level with a toxic 

accumulation of potassium in body water. in fact 

Tara 21 and Elkin ton (1949) have shown that a cellular 

úeficiency of potassium may exist in the presence of high 

serum potassium levels. Although this would explain the 

absence of potassium intoxication in the cases in this 

investigation with high serum potassium levels, it is 

difficult to imagine Zn inr'anttsuff'ering from erythrob- 

lastos;ls foe salis. These infants are exposed to a 

severe haemolytic process which commences "in utero" and iu 

is possible that in the absence or renal homeostatic mech- 

anism, these infants are in a state of positive potassium 

valance. This fact tends to be confirmed by the high 

incidence o resting hyperpotassaemia. 

Experiments (Josephs et al, 1939, Fenn, 1939, 

Houssay eu al 1939, EicheIber, er, 1941) have shL n that 
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intravenous injection of soluble potassium salts 

results in the accumulation of potassium within the 

liver cells and this process is enhanced by the 

simultaneous infusion of glucose solution. Presumably, 

potassium enters the inuracelIuler space of the hepatic 

cells during hepatic giycogenesis. This is suggested 

as a worKing hypothesis in the presenu investigation. 

The liver is only a teirp,Jrary slue but is serves as a 

means of preventing potassium intoxication in the 

absence of renal regulating mechanisms. The liberation 

of potasiaín during glycogenolysis inevitably occurs 

out this process occurs at a ramie which allows adequate 

renal excretion of potassium by the rapidly developing 

renal tissue. 

the biochemical abnormality ooserved in this 

investigation was the co- existing h- perpouassaemia 

and hypocalat. 1a. The danger of simultaneously rising 

potassium and falling calcium ion levels in the blood 

was described by Guest (19b2), Protec ti.on of dogs agaiis t 

normally lethal concentrations of potassium may be 

provided by the intravenous injection of calcium. 

(qí.nkier e4 al, 1969). iodification of the effects 

or potassium intoxication in children 
by the admin- 

istration of ca.lclu- salts was claimed by 
Govan and 
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co- existing hypopouassaemia and hypecalcaemia was ren- 

dered manifest by the slow intravenous infusion of pot,- 

assium salts even though uhe final plasma potassium 

level did nut exceed the usual normal range, (Engel 

eu al 1949), dune of these facts were coni'irmed in 

this inves Glgation, There is some suggestion that the 

h:jperpouassaemia may have precipitaued heart signs in 

the cases of acuue non -fatai collapse, cardiac failure 

and death but ccmnletely asympGomauic infants presenued 

a hyperpouassaemia of similar magnitude, The evidence is 

str.on : 
is favour of profound electrolytic imbalance in 

the fauai case, although the actual cause or deauh was 

round to be haemorrhage. 

1 u appears that there is no associauion oetween 

the clinical disturbance observed during exchange trans- 

fusion and the changes which undoubtedly occur in plasma 

electrolytes. The various factors which might be respon- 

siule i'or clinical deterioration are outside the scope 

of his thesis bu.0 these have been discussed in a paper 

by Farquhar and Smith (in press), Brierly they sug 
est 

that operation .Ls being carried ouu upon an immature 

subject whose card..ac vivalicy may be impaired and whose 
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cardiovascular system is undergoing major ohysiolo__icai 

readjustment. There is, therefore, every reason ror 

conducting exchange transfusions slowly ana gently. 

Cooling of the infant must be prevented and there is 

some evidence that the injection of cold blood may 

Live rise to a state of shock and possibly cardiac 

disturbance. 3urchermore, excessive manipulauion of 

the umuilical vein during transfusion and interference 

within the portal circulation may provoke retching, 

shock ana possibly so,ie reflex spasm of .the great 

veins, '2hese factors are considered to be more 

.L::.portant in precipitating the clinical incidents 

observed n this investigation than the electrolytic 

imbalance which was induced by the transfusion of 

blood. 
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C U lÿ C L u S i u PT 

The eviden apresen ied in this inves tigauion 

sugges ï.s thau two factors are invulved in the 

electrolytic imbalance which occurs during exchange 

transfusion. Frs ily , hypocalcaemia following the 

Infusion of high concentrations of citrate in the 

donor blr od, and secondly, h7perpotassaemia which 

is influenced uy the infusion of donor plasma con- 

taining high concentrations of potassium. 

Transfusion of citraued donor blood invariably 

caused a profound increase in the plasma citrate 

level, yeu all the infants in this series uisplayed 

an amazing aoil.Lty to remove 'infused citrate from 

their plasma. The facuurs governing citrate met- 

abolism and the effect of transfer of citrate out 

of the plasma compartment have been discussed and 

the relative irrpor Lance of each has been critically 

examined. 

The severity of the hypercitraemia should have 

peen suficient theoretically to ; nactivate all the 

calcium Ions in the ijiasma, yet although significantly 

reduced, only in one instance, the fatal case, was 
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calcium ion activity not measurable. Explanations 

have been presented to account for the apparent 

discrepancy oetween the absence of the clinical 

manifestations of hypocaicaemia during transfusion 

ano the observed depression of calcium ion in the 

serum specimens collected for analysis. 

The absence of clinical abnormality is not 

inconsistent with a reduction in calcium ion in the 

serum. There is no evidence to suggest that citrate 

during transfusion is circulating in an ionic form. 

Furthermore the factors governing neuro- muscular 

Lrfitab.LLLty are complex, and the maintenance of a 

normal state of irritability in the face of a re- 

duced calcium ion concentration may oe due to com- 

pensatory mechanisms. 

The Injection of calcium gluconate solution 

had no effect upon serum calcium ion concentration. 

The results tend to confirm the opinion of other 

workers that calcium gluconate Is of no value in 

maintaining calcium ion concentration in the serum 
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During exchange transfusion. 

The incidence of h7perpotassaenia is hi Eh in 

newborn Infants suffering from eryt'hroblastosis 

foetalis and they are in potential danger of dev- 

eloping hyperpotassaemia during. exchange transfusion. 

This is influenced by the potassium content of the 

donor plasma. 

The state of potassium in the body ana the 

mechanisms responsib,Le i'or maintaining plasma pot- 

assium within normal limits have been discussed, 

It is suggested that the intravenous infusion of 

glucose in the donor blucci .gis effective in laying 

down potassium during hepac.x.c glycogenesis. 

An attempt has been made to determine if a 

correlation existed between clinical incident during 

exchange transfusion and the induced electrolytic 

imbalance, There appearer to be no correlation, 

Electrolytic imbalance of similar magnitude existed 

in infants irrespective of their cìan_cai. condition. 

The only natal ,case of the series showed the most 
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profound changes in serum electrolytes. 

In the evaluation of the possible causes ut 

clinical deterioration during exchange transfusion, 

is is emphasized 'Ghat- severe electrolytic imbalance 

apparently exists without clinical incident, It may 

ue that the incidence of symptoms is dependant upon 

the degree of severity of the imbalance, but there was 

no evidence to suggest this-to be the case. 1t is rec- 

ognised that the ;.nfants undergoing transfusion were 

critically ii, and various tacuors other than elec- 

trolytic imbalance are believed to be the cause of 

clinical uisturbances. 
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