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the newhora deatih from cardlac fallure consequent upon
prolonged ancxia can cceur within Ghe first twenty-four
hours of l1lirfe, If tThe infants survive thls period the
anoxia is rejlieved as bLluuvd oXygenauvion mechanisms

pecome more efriciensv, ynforvunaiely, .mprovemens is
vften temporary and after abuubt forty-elight hours rapid
descruction of bluod cells,which commences "in utero",
can result in deep jaundice, This is followed by damage
to the central nervous system (known &s kerniclerus)

wich medullary rallure and deach in the more severe cases,
Ihizs even though some inrants are in imminenv danger of
cardiac failure in the .muediate post-naval period, it is
considered bestv To atuempt exchange transfusion in order
to reduce the risk of kernictuerus,

“he development cf exchange transfusion has greatly
altered the progncesis ol haemolytic disease in she new-
ourn and Gtihe prcecedure 1s pow accepted as heing essential
in cages of any severicy, The difficulties associatced
with clood transfusion have received iucressing atsention

] wioh problewms

N recens wvesrs and its emplioyment isg nesel Wi




not oghly of cytolezy and gserolegy, Pub 0l MLCro-Deology,

vf these problems sre significancly afiected by the volume
of bluosd used in exchange bSransfusion, OConsidering that

the (nfane may be perfused wich stored bloucd of electrolyte
content prean)y differenv from cinav ol the recipient's
vicud and in quanbticvles up To three times hls vwn olowud
volume, 10 18 surprising bhac so little clinical change

is ¢bserved, Hazards such as sepsls, air embolism,portal
vqin thrombosis and perforation of the umoilical vein

have peen described buv are Iroriunavely uncommon, Clrculatory
uverloading 1ls an ever nresent danger in the profoundly
anaemic infanut and 1T may pe preclpitaved by conducving

the exchange transfusion tou repldly,., Dvecericration

and even deavh however, may occur in infants whose pre-
uperative condition glves rise to no concern, An example

of such deterioration prompted this investigation, During
the exchange transifusion of a male infant, the infant
suddenly collapsed and apneared pale and unresponsive,
aleium gluconae did net aflecv an improvementc and

adminisvrasion of glucose unly caused a terporary impBove-



-ment, The Gtransfusion was carcied To a satisfactory
conclusion in negacive valance of blced, Previous
work cn cltrauve intoxication was recajlled and it was
aecided Uo undertake a combened clinical and bio=-

chemical study of infants during exchange transfusion,
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INTRODUCT TON

THE IMPORTANCE OF CITRATE IN TRANSFUS ION OF CITRATED BLOOD

One of the factors siggested as a cause of electrolyte
disturbance during 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 liollison (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, Netelson, Lugovoy 1949, Ames,
Sylleg, Rapoport 1950) in the technique of exchange
transfusion in newborn infents have indicated that the
recommended gafe 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 ecquivalent



to a citrate infusion rate of five hundred and eighty
millig rams per kilogram of body weight ver 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 uron the intravenous
adminisgtraetion of sodium citrate slution to animals are
the result of the reduction of actively ionised calcium
in serum (Shelling & Mellow, 1928)., During an exchange
transfusion un to four grame of sodium citrate are
introduced into the circulation and it is theoretically
vosg s8ible that such an amount would remove all the free
calcium ions from plasma, thus vrofoundly altering muscle

and nerve irritibility.

THE PARTITION OF CALCIUM IN SERUM.

The distribution of calcium in serum has been
gpeculated uron for meny years and it is commonly believed
that two forme of caleium exist termed dif fusible and non-

diffusible, according to whether or not they can pass through



a dialysing membrane, and presumably through living oell-
membranes., The non-diffusible fraction is thought to be
in combination with protein, particularly 2lbumin, while
the diffueible fraction consists of ioniged calcium,
whether di ssocisted (i.e. 2etive) or not, nlus the small
amount of calcium which is bound to citrate (McLean &

Hastines, 1935),

Mc Lean end Hastings (1935) suggested that the
concentration of @actively ionised calecium in plasma depends
largely unon the degree of dissociation of the non-diffugible
caleium protein comnlex, which ionises as 2 weak electrolyte.
They calculated the disgssociation constant for this
proteinate complex. Hopkins et al (1952) alsc observed
a constant relationshin between calecium nroteinate and
caleium ion unon adding varying amounts of caleium salts
to plasma, and calculated & dissociation constant which
wee siegnificantly lower than the value obtained by McLeén
and Hagtings (1935). Evidence in favour of the presgence
of a weakly dissociated, soluble ultrafilterable complex
of calcium and citrate in plasma was reviewed by Greenberg
(193Q) and there is 1ittle doubt that such & complex
existe. The discoverv by Dickens (1940) that bone is

relatively rich in citrete is very interestineg. The



citrate ig thought to be present as a superficial deposit
on the crystal lattice of apatite by virtue of its
property of complexing with calcium, and sgince the enzymes
citrogenase and aconitase have been demonstrated in bone
tigsue, it is suggested by Dixon and Pertrins (1952) theat
deposgition of citrate in the skeleton is the result of
metabolic eetivity in bone cells. Because of the two
phage equilibrium between bone and tissue fluid it is

pos sible that citrate, which ig normally vpresent in plasma
to the extent of 1 - 6 mg, per 100 ml,, could arise from

bone,

Calcium citrate dissociates in tmwo steges. The
primary dissociation is considered to be virtually complete
while the gsecondary digsociation is feeble, In the
gecondary dissociation the equilibrium is almost entirely
in fawur of the CaCit ion. _

A, CazCityg Ca(Ca Cit), e Ca*4 2 Ca Cit'
B. GCa Cit'e Ca + cit”

It is believed that calcium citrete 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

dissociati on of the complex to be 3,22 at 22°C. The amount

of citrate ion which is normal 1y pregent in serum would



be sufficient to combine with the whole of the calcium

which exiets in the un-ionised, diffusible fraction.

The gtete of caleium in the serum of newborn infente is

not completely known. Total serum calcium concentrations
range from 7,3 to 16,9 milligrams per hundred millilitres
(Todd, 1939), while the actively ionised calcium
concentration, meesured 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 per
hundred millilitree (Smith, 1951). The discrepancy
between ionised and ultrafilterable calcium was believed
by Smith (1951) to be due to an unusuzl ratio between
serum albumin and globulin in neonatal blood, but it is
the concentration of albumin 2nd not the albumin to
globulin ratio which influences calcium ion concentration.
In fact the albumin concentration in neonatal blood is
similer 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 attemted, and this factor has been shown to be very
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important by Hopkins et al (1952).

Changes in serum caélcium during the infusion of citrate

have been observed. Brunesu & Graham (1943), Krautwald
& Dorow (1940), Wexler et al (1949) reported a decrease,
no change and an increase respectively in total serum

caleium 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 migreted into the extracellular

fluid asg citrate entered the extracellular fluid.

The intravenous injection of citrate into bi-laterally
nephrectomised doge or the injection of parathyroid
homone reaulted in a marked hypercalcaemia, but injection
of citrate into nephrectomised, thyro-varathyroidectomised
dogs did not. The role of parathymid 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 increasge in

ultrafilterable calecium, and a decrease in ionised
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(i.,e. active) calcium (Shelling & Maslow (1928), Ames

et al (1952)).

It is apparent from the foregpning evidence that
there is normelly present in serum a citrate complex
which is in combinaticn with caleium ion, The infusion
of citrate solution causes an increase in the concentration
of this complex with a consecuent 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 some mechanism possibly
involving parathyroid hormone, caleium ions are mobilised
from skeletel and intracellulsar spaces, It may be that
lowering of calcium ion concentrstion 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 causes
increased neuro-muscular irritibility with a resulting
tetany and cardiac failure, Wexler, Pincus, Natelson &

Lugovoy (1949) studied the changes in serum citrate



concentration during exchange transfusion in newborn
infants and observed marked increases, 4Ames, Symmnes
and Reppoport (1951) reported that electro-cardiograph
tracings consistent with hypocalcaemia were recorded
during exchenge transfusion, Gustafson (1951) also
observed similar changes including a persistent tremor
along the iso-electric line which disappeared after the
intravenous injection of calecium gluconate solution.
Nakagone et al (1954) attributed the phenomenon to a
citrate-induced hypocalcaemia because transfusion of
blood containing no citrate did not causge 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,
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THE METABOLISM COF C ITRATE

Citrate is oxidised via the tri-carboxylic acid
cycle which is also the common pathway for the final
oxidation of glucose (Canterow & 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 pyruviec 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 ecycle will act as a catalyst in the oxidation

of pyruvate,

Langeck (quoted by Thunberg,1953) measursd 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 rapidly removed from
the blood, presumably by metabolic mutes., It appeared
that infants suffering from erythroblastosis foetalis
were less able than normal infants to oxidise citrate,
but except in those cages where severe liver damage was
present, the serum citrate concentration after reaching
& 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
perfused 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., Upn to twenty grams of citrate
could be removed by this method but when the liver wag

poisoned with allyl formate solution, much less citrate



was oxidised, Martensson (1940) criticised this experiment
on the grounds that Sjostrom 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 appears to be
important during the exchange transfusion of citrated

blood sgince infants with obvious hepatic cell impairment
are unable to remove citrate from their blood at a rate

gsufficient to nrevent a toxic hypercitraemia.

Mollison & Cutbush (1949), 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 excreteary
canacity is concerned specifically 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

adult s,

However the liver in infants suffering from

erythroblasgtosis foetalis shows only mihor histological
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changes and rarely a mild to moderate degree of fatty
chenge is seen. Thies does not exclude the possibility

that metabolic impairment is present.

The Role of the Kidnevys.

Martensson (1940) perfused citrate solution into an
enimal whose liver had been removed and observed that
the citrate wag effectively removed 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 sucgested
that under nomal conditions the kidney wag the principal
site of citrate metabolism but such & hypothesis which
ignorese the metabolic activity of the liver cannot be

entirely accepted.

The role of the kidney in the metabolism of citrate
was also investigated by Freeman and Chang (1950),
Bilateral nephrectomy in dogs resulted in a post-operation
elevation of serum citr2te 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 ci trate concentration and only a transient increase
after the intravenous injection of citrate solution.

Thie experiment emphasizes the fact that renal excretion
of citrate is less important than the oxidation of citrate
in the renal parechyma, Renel excretion of citrate is a
factor which can be varied according to dietary intake

and it is profoundly influenced by the hydrogen ion

concentration of the glomerular filtrate (Homer Smith 1949),

The state of renal function in the newborn infant

has been reviewed by Smith (1951)., Measurement of urea
cleerance, creatihine and inulin clearance, diodone
clearance and p - animohirpurate clearance all indicate
that renal function in the newborn infant is immature
compared to the normal adult., Glomerular development

is more advanced than tubular development at full term
but because of epithelial cells covering the glomerulus,
glomerular filtration rate is low, Even so circulabtion
ig predominantly glomerulasr armd as proximal tubular

ticssue develops more post-glomerular blood is presented
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for clearance,

It is important to realise that the evaluat ion of
renal function in the rewborn infent is difficult.
Accurate specimen collection is a major problem and the
complex relation exi sting between hormonal, respiratory,
nervous, circulatory and alimentery functions must
influence any of the functional tests employed. The
volume of urine exereted during the first twenty four
hours of post-natal life is only abtout twenty millilitres.
Thue if the kidneys participate in the removal of citrate
during exchange transfusion, their role must be almost

entirely metabolic,

In conclusion, citrate infused during the transfusion

of citrated blood is rapidly removed from the plasma,
oxidation oc curing via the tri-carboxylic acid cycle,
The oxidative procecss may be accelerated by the
simultaneous infusion of glucose and citrate since they
have & common metabolic pathway. Liver and kidneys are
involved in the oxidation of citrate. Normal newborn
infants are apparently able to oxidise citrate almost as
ouickly as it ig infused but infants suffering from

erythroblastosie foetalis are deficient in this respect.
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The inability of these infants to oxidise citrate as
rapidly as nomal infants may be related to the mild
degree of liver dysfunction associated with ervthroblastosis

foetalis,

THE IMPORTANCE OF POTASSIUM IN TRANSFUSION OF CITRATED

Another factor which has been suggested as a cause
of electmlyte disturbance, during exchange transfusion
is that of potassium intoxication (Miller, McCord, Joos,
Clausen 1954)., What influences the response of an
individual to a given degree of hyperpotagsaemia is not
fully understood but it is derendant upon a delicate
equilibrium between sodium, potassium, cal cium, magnesium
amd hydrogen ions in the extracellular fluid. A decrease
in the concentration of calcium or magnesium or an
increasge 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 denonstrated 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 experimental hypocalcaemia, and in fact, Govan &
Weiseth (1948) relieved cardiac failure caused by

hynerpotassaemia by the intravenous administretion of

caleium gluconate solution,

Winkler, Hoff ard Smith (1938) attempted to correlate
serum rotassium 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 was 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,

THE INFLUENCE OF POTASSIUM ION UPON CARDIAC MUSCLE
DURING THE TRANSFUSION OF CITRATED BLOOD.

During storage of blood for transfusion, probably
becausge of cessation of intracellular metabolic processes,
potassium ion diffuses into plasma, Loutit, Mollison &
Young (1943) investigated this phenomenon and observed
sigmificant increases in the plasma potassium concentration,

Mollison (1951) is of the ovinion that the amount of
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potassium ion injection during an exchenge transfusion

is well within the limits of safety., He quotes the
example of a newborn infant weighing 3.25 kilogfams who,
during an exchange transfusion, gained 20 milligrams per
kilogram of body weight in a period of forty minutes,

The nlasma 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
notassium concentration of the donor blood was 55 mg.

per 100 ml.

Miller, McCord, Joos & 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
a8 toxic hyperprotassaemia; one of these cages presented
marked cardisc changes when the plasma potassium
concentration was 36 mg. @er 100 ml,, while the donor
blood had a plasma potassium concentration of 72 mg. ver
100 ml. Miller et al (1954) concluded that most full
term infants are able to maintain their serum potassium

below 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 signes disappeared after the intravenous
injection of caleium gluconate solution. It is probable
that the injection of calcium ion restored electrolytic

equilibrium and thus normal myocardial irritibility.

RELEVANT ASPECTS OF THE "METABOLISM" OF BODY POTASSIUM.

When a solution of a suitable potassium salt is
administered by intravenous mute it is rapidly removed
from the nlasma, FEichelberger (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 amears 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 Potagssium Ion between Intracellular and

Extracel lular 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 equilibrium
between intracellular and extracellular electrolytes.

For example potassium ion moves into extracellular fluid
when excesgive quantities of water and sodium ion are
logst from the body. Potassium migration appears to be
influenced by different phases of the metabolism of
carbohydrate - glycozenolysis 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 Adrenal Hormones.

The distribution of sodium, potassium, chloride and

water between intracellular amd extracellular fluids is
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modified by adreno-cortical hormones, Steroids of the

17 - hydroxy - ll - oXy - corticosterone series &appear
to enhance the effect of anterior pituitary hormone in
antagonising the oxidation of glucosge, thereby increasing
glycogen stores, and this is associated with increase in

intracellular potassium ih liver cells.

The mineralo-corticoids consists of steroids not
possesgsing an oxygen atom at C-11 and those belonging
to the "amorphous fraction"™. They avpear to alter cell
wall permeability and also to act upon the distal tubules
causing increased re-absorption of sodium and water and
decreased re-absorntion (or increased tubular secretion)

of potassium,

The stimulus for the renal excretion of potasgium
is obscure but it is vos sible that intracellular
potasgium 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 concen tration reaches a critical

concentration (Tarail & Elkington, 1949).
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Evidence suggests that the adrenal cortex is
functional in the newborn infant and that adreno-cortical
homones from maternal and foetal sources are circulating
in the blood. (Farouhar 1953). This being the case
efficient homeostatic mechanisms exist to cove with the

infusi on of exegsive amounts of potassium,

Ag 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, ZFrom
here it migrates to the intracellular fluid of muscle
cells and red blood corpuscles, where a distribution of
cations occurs to re-establish electrolytic ecuilibrium,
This process involves the extrusion of intracellular
sodium ion., Renal excretion of potassium, involving
adreno-cortical homones, may then proceed at a rate at
which the immature kidney can excrete, but renal excretion
of excess potagsium in the prevention of a toxic
hyperpotassaemia cannot be an impor tant homeostatic
mechanism during the immediate post-natal transfusion

veriod.
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Diagrammatic arrangement of eputpment for exchange transfusion.
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PLAN OF WORK,

In the belief that analysis of serum taken at regular
intervals during exchange transfusion would reflect the
ability of the newborn infant suffering from erythroblastosis
foetalis to maintain a normal serum electrolyte picture,
electrolyte balance, particularly in reference to calcium

amd potassium iong, 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 hypothesgis that during the transfusion
of citrated blood, serum citrate concentration rises to
a level where serum ionised calcium concentration is
denressed, owing to the fomation of a weakly ionised,
physiologically inactive, ultrafilterable complex,
This hypocalcaemia may or may not be associated with a
hyoerpotassaemia but if such a phenomenon occurs in the
presence of imuminent cardiac failure due to anoxia, an
electmolyte disturbance of any magnitude might precipitate

cardiac failure.
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CLINICAL METHODS

TECHNIQE OF EZCHANGE TRANSHUSL UN.

At the time of birth the umbilical cord was clamped
some inches from the infant and the attached portion was
surmounded with gause swabs moistened with sterile
galine in order to prevent desiccation pending the
results of haemoglobin estimation, nucleated red cell

count, serum bilirubin estimation, and Coomb's test.

If it was decided to proceed to &n 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 avpnlication 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 heparinised saline (5,000 I,U, per pint) and
the end of the polythene tubing which was to be inserted
was cut to fom as short a bewsl as practicable, With
the umbilical crd held downwards and towards the

operator's left, the yolythene tubing was inserted into



Ductus avteriosus.

9 T

Umbilieus!

Fig (i
O ——

Cardio-vascular system in the newborn infant (clagrammatic).




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 wag a ready return of

the infant's blood., If the blood did not flow back
freely, careful adjustment of the catheter was necessary.
Thi=s entailed moving it by a number of cent-imetres or
gimply a millimetre or two or even by retaining it in

the gsame vnosition but rotating it through 900 to 180°.
There wag no eagy explanation for the remarkable

dif ferenceg in the ease of obtaining blood with a minimum
of change in the nosition of the catheter. In fortunate
cases the catheter passed from the portal sinus into

the inferior vena cava via the ductus venosus (figure II)
but in some cases the catheter apparently passed into

the portal circulation where it wasg increasingly difficult
to obtain blonod., It was by no means the case that when
the correct position for the catheter tip was found

blood continueé to flow back readi ly during the course
of the transfusion, and manipulation was recuired from

time to time.

A catgut ligature was tied tightly around the tdythene

tube and another around the stumo of the umbilical cord,



and the tw ligatures were clivped together with a pair
nf artery forcens - in this way the position of the
catheter did not change amwreciably with movement of

the infant or back pressure of blood,

The exchange transfusion was carried out by alternate
withdrawal of ten millilitres of blood from the infant
and replacement with ten millilitres of donor blood.
It ie anvarent that the longer the length of polythene
tube extending from the apnaratus to the infant then the
greater the dead spzce and The less efficient the exchange.

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

4t intervals of one hundred millilitres of blood
wi thdrawn the whole apparatus was flushed with hevarinised
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 ner cent caleium gluconate
wag injected intravenouslyv,

The total volume of blood exchanced wag calculated
roughly ag being about three times the infant's exrected
blood volume, that is, about one hundred and twenty

millilitres per pound of body weight. Stress has been



- 26 -

nlaced in the literature on methods of cal enlating the
volume of blood required =and the bonueg of blood which
may be el ven during the exchange to correct the infant's
eneemia, It must be remembered t hat exchange transfusion
is a method of removing sensitiged cells and antibody
rather then of correcting the anaemia for in the severely
afiected cases there ie no doubt that an &abrupt rise in
hsemoglobin concentration throwe an extra and pogsibly

fatal burden on the heart,

A careful cliniecsl record of progress was keont
during the trensfusion. This included recording the
volume of the blood withdrewn and replaced, heart rate,
and occurrence of cyanngisg, twitching or crying. The
exchange wasg carried out slowly and if the infant was
not tolerating the procedure, the apvaratus was flushed
with heparinised s2line and the infant was rested for
fifteen or twentv minutes. As menv as three or four
rest neriode were necessary for readjustment in some

hadly affected bsbies.

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

The vein and the other around the arteries,



Vitamin K and svstemic streptomycin were given and
the infant nursed naked in the incubator room for twelve
hours in order that bleeding from the cord stumn could

he immediately observed,

If the infant was very restless, it was found of
value to inject half grain nhenobarbitone intramusculsarly

at any stege during the transfusion.
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COLLECTION UF BLOOD SPRCILINS IURING EACHANGE TRANSFUSION.

Two sets of tubes Wwere nrovided. One set contained
no oreservative while the other contained sodium fluoride,

50 meg. 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 & plain tube and five millilitres

in a fluoride tube, The specimens were labelled "DONOR IM.

B, Before commencement of the transfusion ten
millilitres of blood were collected from the infant
and divided ecually between a plain and a fluoride tube

ag in A,

C. In the first series of cases blood was collected
for analysis immediately before the administration of
calcium gluconate, TFor this pumose 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

svecimens collected in this way were labelled "1OQ" to

"800" at intervals of one hundred correspond ing U0 the



volume of blood removed,

D. A second series of cases Were studied in order
to determine the effect of calcium glucrmmate, In these
cages two hundred millilitres of blood were exchanged
from the infant, The gluconate was injected and the
withdrawal of 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
wag repeated for each two hundred millilitre volume of

blood withdrawn,

B, When bottles of donor blood were changed ,
procedures & and B were repeated and the specimens

rlaced in tubes labelled "DONOR II" and "CHANGE-OVER",

F. In the event of any abnormal incident during
the transfusion a specimen of blood was coll ected

immed iately,

During specimen coll ection, cntamination of blood
samples with the contents of the mlythene catheter wasg
avoided by the foll owing procedure:-

A few millilitres of the infant's blood Were sucked

into the syringe and rejected into the waste bucket, By
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thie orocedure 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

analysis.
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ANALYTICAL METHODS

Standard lMethods

Sodium: Reference - Varley H. Practical Clinical
Biochemisgtry 1954, 1st edition, p. 338.

Dilution of Serum 1/500.

Potassium: Reference - as far sodium. Dilution of

serum 1/50,

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

Biochem 4. 135, 46 (1923).

Total Protein: Reference - King E.J, Micro-analysis in

Medical Biochemistry, 1951. 2nd edition

D.45,

Total Caleium

METHOD A.

Principle.

Calecium 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 svecially
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made centrifuge tube (described by the authors). Serum
wag dried at 100°C and ashed overnight at 500°C in a
muffle furnace., This procedure removed citrate ion

which might have interfered with the oxalate precipitation.

The ashed material was dis solved in 0,2 ml of
distilled water, and the hydrogen ion concentration was
ad justed to pH 5 usging LDH universal indicator and N/50
HCl and NaOH, 0.2 ml of saturated amnmonium oxalate
o lution was added and the tube rotated to mix the
contents,

After standing overnight, the tube was centrifuged
at 2000 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 oxslate wag added and the tube wag again éotated
to wash the precipitate. After centrifuging the
suvernatant fluid was asoirated as before.

The calcium oxalate precipitate was dried at 110°C
and oxidised in a muffle-furnsace at 4750 to 525°C for
thir ty minutes. When cool, 0.1 ml of hot 10% boric acid
wag 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 s lution (see below) was placed
in the tube and the carbonate was titrated with N/50
sulphuric acid from a Conway micro-burette.

A hlank congisting of 0,1 ml of 10%sboric acid and
0,25 ml of indicator solution wag titrated to the same
end point, During the titration, the contents of the
tubee were mixed by bubbling air thrmugh the solution,

1 ml of N/50 sulnhuric acid is ecquivalent to 200
mg, of caleiunm,

The indicator consisted of five parts of 1% alcoholic
bromo-cresol green and one part of 1% alcohnlic-methyl
red, For uee, gix drops of this mixfure were diluted to
five millilitres with digtilled water. This indicator
wag also used for the ammonia titration in the estimation
of serum vroteins,

Reference.
Sobel A.E,, 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., DMurexide was used as the
indicator.
This method was used only as & check on method A,

Referem ce,

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

Exper. Biol & Med, 81, 353 (1952).
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Citric Acid,

TNIRODUCTION.

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)
end hes since been modified (Ostberg 1934, Hagelstain,
1045), The method depends upon the measurement of the
time necessary to decolorise methvlene blue solution in
the presence of a citric dehydrogenase system, The
method is subject to interference from sabstances other
then ci tric acid, it requires elaborate technique, is
time-consuming and thus unsuitable for determinations
on large numbers of blood samvles.

The second procedure depends upon the oxidation
of citric acid with an acid solution of permangaste and
its subsequent bromination to yield pentabromacetone.
The pentabromacetone ig then determined either by its
colorimetric reaction with a solution of sodium sulvnhide
(Pucher et al, 1936), or with sodium iodide (Taussky &
Shorr, 1947), potassium iodide (Wolcott & Boyer, 1948),
thiorea (Natelson et al, 1948) or pyridine in alkaline
solution (Ettinger, 1952.). Oxidation of citric acid

with an acid solution of pemeanganate is a sensitive
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resction which ig influenced hy changes in hydrogen ion
concentration and the rate of addition of permanganate
(Kog. 1945). Weil-Malherbe and Bone (1949) overcame
this difficulty by employing an acid solution of ammonium
vanadate as ean oxidising agent, Bromination of the
acetone is also a sensitive reaction and it is essential
thet excess bromine be removed since it interferes with
colour development, Thiosulphate and ferrous sulphate
have been used for this vurpose (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 Gistilled into an alkaline solution of
galyeylaldehyde to form a red coloured complex, the
potassium salt of acetone di-salicylaldehyde (Krog, 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 wag distilled without prover precautions to
prevent losses and allowance was not made for the thermo-

and photo-sengitive proverties of acetone di-saliicylaldehyde.
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Thin and Robertsen (1952) overcame the distillation
nroblem by allowing acetone to distil into alkaline
salycylaldehyde solution in a Conway micro-diffusion
unit, while Bahner (1952), using the same prine¢iple,
distilled acetone in a thermal gradient micro-diffusion
unit. Acetone was distilled at 100°C end collected in
an alkaline solution of salicylaldehyde maintained at

0
a temperature below 50 °C.

EAPBRIMENTAL.

Bvaluation of the Pentapnromacetone Methods.

In order to assess the merits of 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 pnrinciple are sunmmarised in
Table I and Greph.A, It is concluded that the sodium
sulvhide and thiorea reactions give low extinction
coefficients and ghow a susceptibility to the develoument
of turbidity in the final coloured solution, necessitating
the use of a correction factor. The pyridine rezction
is also unsuitable because of the toxic nature of the

solvent, whilst the sodium iod ide reaction is affected by
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stmosoheric oxidation of the iodide to iodine. The
modifications proposed by Weil-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,

exmressed in terms of extinction coefficients.

E 4.45m;1| E 450 T £ s5s30m | £ seoy :

1 em, 1 cm, L iem; | 1l em,

= ey
!Citric Acid
| pg-ner 0,1 ml,|

Na 8§ | thiourea | nyridine | NaI
| | 'I
10 | 0.048 | 0,042 | 0,080 | 0.180
20 0.140 0.125 | 0,170 | 0.380
40 0,278 a.eme | osme | oz
60 v 0,330 | 0,369 : 0,550 0,950
80 0,540 | 0,540 | 0,780 - |
100 * 0,750 | 0,780 | 0,970 "
& i . |

Zvaluation of the Acefone Di-salicylaldehyde liethod s.

Krog's Method proved to be too time-consuming in

practice,

The method of Thin & Ronbertson (1952), which wsas

used origi nally for the estimation of acetone bndies in

blood, was assessed in the followine way. One millilitre
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Rczcovery of acetone. Method. of Thin & Robertson.
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of each of a number of acetone solutions, containing ten
to one hundred micrograms per millilitre, was vnlaced in
the outer chamber of 2 series of Conway units. One
millilitre of alkaline salieylaldehyde solution (3% in
3N KOH) wes placed in th e inner chamher, Acetone ﬁas
liberated by the addition of 0,5 millilitres of 9N
sulphuric acid to the outer chamber, and diffusion and
colour develorment were allowed to proceed for seventeen
hours, in the dark, at 37°C., The acetone di-salicyrldehyde
solutione were transferred quantitatively to ten
millilitre volumetric flasks, made un to the mark with
alkaline gelicylaldehyde enlution and extinction
coefficients determined at 490 millimierons in a Unicam
Model SF600 spectrorhotometer,

In order to determine the degree of recovery of
acetone, one millilitre of each acetone solution was
rlaced in a series of ten millilitre volumetriec flasks,
together with one millilitre of alkaline salicylaldehyde
solution. These were placed in the s=ame environment =28
the Conwey units, and the volume was 2d justed to the
mark wi th 3N KOH solution vprior to the determination of
extinetion coefficients, Table II and Graph B summérise

the result. It is apparent that muantitative recoveries
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nT acetone are unrelieble at concentrations below sixty
microgramg ner millilitre,

Table II. Recovery of acetone ueing the method of Thin

el

& Bobertson.

P —

ki atBiie | E 490 mp ' E 490mn ’ i
e ml : 1l cm, 1 em, % Recovery
| . Acetone added Acetone added
to Conway units. direct to

salicylaldehyde.

10 | 0,05 0,08 62.5
20 | 0,00 0.17 53, 0
50 0.25 0,41 61.0
60 | 0,45 0,50 00,0
80 | 0.60 0,66 01,0
100 | 0,76 0.82 0216

The Method of Bshner, using the thermsl 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.

icetone was 1iberated 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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Calibration curve using Bahners method.
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"mushroom" o the unit. Details of the technique are
described by Behner. The resultg, tabulated in Table IIT,
indicate that the method obeys Beer's Law, and on adding
acetone to blood, cquantitative recoveries are obtained.
Unfo rtunately the elaborate nature of the apparatus

makesg it inapplicable to routine analysis, A4 modified
themsal gradient micre-diffusion spparatus was therefore
degi gned to meet the needs of the present investigation.

Table III, Calibration curve using Bahner's micro-

diffusion unit.

[ ’ 1
| Acetone 490 mp |
| aug/ 0.1 ml. | 1 em.
o =
]' 3 | 0.200
| 5 [ 0,322
' 8 0.520
10 0,647 J
Serum 0,250 T
" + 5 0,570
" + 10 0,902
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A Modified Method Tor the Estimation of Citric Acid

DESCRIPTION OF APPARATUS

A distill ation unit was designed which is simpler
then the Bahner unit but which retains the principle of
di stillation in a closed unit across a temperature gradient.
It consists of a pyrex bucket of zbout 10 ml. cavacity
which is attached by a Quickfit joint (Bl9) to the limb
of a Ihunberg tube. Acetone or citric acid solution is
introduced into the bucket, amd citric acid is oxidised
by means of an acid solution of ammonium vanadate. The
acetone is then distilled into an alkaline solution of
galicylaldehyde contained in the "limb". A temperature
gradient was attained in the following way. Two 14 inch
lengthe of 11 inch diameter comper tubing were plugged
at each end with rubber bungs. Holes of 1 inch diameter
were bored along the tubes at intervals of 11 inches
between centres, The tubes were suvported in retort
stands in such a way thet the assembled micro-distillation
unit al ready described rested with the bucket in the
lower tube and the Thunberg limb in the upper tube. Tap
water wag allowed to circulate through the uvner tube

and steem heated water maintained at 85° to 100°C was
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circulated through the lower tube, The number of
estimations capable of being carried out at any one time
wag governed only by the length of the temperature
gradient bath and the number of micro-distillation units
available, Twelve was found to be a convenient number

to handle a2t one time.

KINETICS OF THE ACETONE DI-SALICYLALDEHYDE REACT IUN,

A, Reaction.
In alkaline solution acetone combines with

salieylaldehyde forming a salt of acetone di-salicylaldehyde.

O o 0, H oK KO
¢ ¢ CHC.C. CHE |
CH,.CoCH,
+
2 KOH.

B, Absorption Curme of Acetone Di-salicylaldehyde and

Salicylaldehyde.

Preparation of Alkaline Salicylaldehyde Solution.

Salicylaldehyde, obtain=d fromBDH Ltd., wes 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 liocuid. 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 guard. Except where otherwise
stated alkaline salicylaldehyde so.luticn was freshly
prepared on each occagion before use by mixing 3 ml, of
re-dietilled salicylaldehyde with 97 ml. of 3.0 N notassium
hydroxide solution.

Preparation of Acetone Solution. 5 ml. of Anslasr acetone

wag diluted to 500 ml. with carbon dioxide-free distilled
water., To standardise this solution, 5 ml., of the stock
solution wag transferred to & 250 ml., glass-stoppered
flask. 25 ml, of 1,0 N godiumhydroxide solution and

50 ml, of U,1 N iodine solution were added to the flask,
the iodine solution being introduced slowly and with
shaking., The storpered 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 with 0.1 N sodium thiosulphate,
using starch solution as indiecator, 1 ml, of Q.1 N
iodine = 0.9675 mgn, of acetone. From this stock acetone
solution, which is stable for one month, dilute working

gtandards were prepared.
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TABLE IV,

Absorption curves of alkaline salicylaldehyde and

acetone di-galicylaldehyde.

1 cm, | 1 cm,
mp Sal, AD Bal,
460 00 0,646
476 0,780 0.780
480 0,196 0,780
490 0,080 0,730
500 0,056 0,630
510 0,046 0,530
520 0,040 0,422
530 0,035 0,307
540 0,028 0.216
550 0.026 0,158
560 0,019 0.087
57 0 0,018 0,053
580 0,015 0,030
500 0,015 0,016
600 0,015 0,010
625 0,015 0,003
650 0,012 0,004
675 0,012 0,005
700 0,010 0,004
725 0. 007 0, 000
750 0, 006 0,005
s 0,006 0,004
800 0,006 0,007
850 0,006 0,004

900 0, 000 0,000
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Absorntion Curves,

1) 9.9 ml, of alkaline salicylaldehyde solution
were added to 0,1 ml, of a solution containing 2£.8
micro grams of zcetone. The reaction was carried out in
an all-glass stornered test tube and was allowed to
nro ceed for eighteen hours in the dark at room temverature.
The absorption curve was then determined in a Unicam
Srectro -photometer (Model SP6800) using one centimetre
cell &, and water as a zero blank.

2) The absorntion curve of a freshly vprepared
en lution of alkeline salicylaldehyde wag determined in
a similar mamer,

The results are tabulated in Table IV, Although
maximum absorption of acetone di-salicylaldehyde occurs
at 475 mill imicrons it appears that minimum interference
from salicylaldehyde occurs at 490 millimicrons. This
then, is the optimum wave-length for the determination

of extinction values.

C. Influence of Time and Light uopon the hcetone

Di-galicyvlaldehyde 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



rroceed for six hours at room temmer=ture in the dark,
ard at hourly intervuls during this period extinction
values were determined. The acetone di-salicylaldehyde
solution wag left in the same environment for a further
twelve houre snd “he extinetion vaiue again determined.
Regults are recorded in Table V., laximum colour is
attained in six hours, and remains stable under the above
conditions for &t Ileast eighteen hours,

Table V.

The influence of time upon the acetone di-salicylaldehyde

reaction.

ey
rme

in hourse.

490 1
E ]..om}l 0.143 | 0.265| 0.335]| 0.400| 0.465 | 0,465
. Ccm.

¢) Annther series of gdass staoppered test tubes
conteining 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 grouns. One of these groupswas kent in the dark

at room temmersture, 2 second ercup in diffuse daylight
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at room temperature, and the third groun in direct

suniight at room temperature. The results, recorded in
Table VI show that, while the colour remaine stable in
the derk, it is nrofoundly affected by direct sunlight

and, o & much smaller degree, by diffuse daylight.

The influence of light upon the acetone di-salicylaldehyde

Time in Houre. R 2 3 | & Ball g

——— e - e ——

40 - .
E SO s 0.465 [0,465| 0,463| 0,465 0.465| 0,465 |

i
|
q
|

e — — —— . -

ay |
490 m}’-(diff_ | 0,435 |0,400| 0,382 | 0,351 0.329| 0,320 |
1 cm.gayl ight) | 5

|

—_——

490 mn ? |4

- b~

D, The Influence of Concentration of Salicylaldehyde

and Fobassium Hviroxide uvpon the Acetone -

di-galicylaldehyde Reaction,

By varying the volume of salicylaldehyde and the
normal ity of potassium hydroxide solution it is possible
to determine the optimum combination of the two factors

in the preparation of alkaline salicylaldehyde solution,
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Each stoppered test tube contained ¢,9 ml, of

alkaline galicylaldehyde slution and 15.2 micrograms

nf acetone in 0,1 ml, of slution.

Blank tubes containing

alkaline salicylaldehyde solution were put uvn with each

variation of salicylaldehyde and potassium hydroxide.

Colour was allowed to develop for seventéen hours in the

dark at mom temperature.

Reference to Table VII will show the various

combinati ong used and the extinction coefficients

obtained,

Maximum difference in extinction valuesg

between salicylaldehyde and acetone di-salicylaldehyde

oceurred in a 3% solution of sal icylaldehyde using 3 N

potassium hydroxide as diluent.

Table VII

Influence of variation of the concentration of

salicylaldehyde and the normality of potassium hydroxide

unon the acetone di-salicylaldehyde reaction,

(=7 L] ml, | = 490 mu | ml, Z2o0my| ml. |~ 490mu
Salieyl.| IN.KOH 1 em, [2N.KOH 1 cm. || BN, KOHL= 1 cm,
0.1 | 9.9 B]Liﬁ;n?{?g.oeg", St m.%:oaggi 949 |0 009
0.2 |98 g0, | o8 (00 1| 9.8 |y 2858
o5 |00 oo | o7 |80 | o7 oS
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B, The Influence of Temperature upon the Acetone

Di-salicylaldehyde Reaction.

9.9 ml, of alkaline sealicylaldehyde solution were
added to 7.6 micrograms of acetone in 0,1 ml., of solution.
The stonpered tubes were nlaced in the dark for seventeen
hour s at various temperatureg, after which extinct ion
coeiTicients were determined, 4 freshly prepared solution
of alkaline gelicylaldehyie was used as a blank. Results
are recorded in Table VIII., Maximum colour develooment
sppears to be at 37°C, Bahner (1952) observed at
decomnosition of the acetone di-salicylaldehyde colouf
at higher temperatures, The fact that there is little
difference in the extent of reaction below 20°C, yet a

marked rise at 370C guzgests there may be a critical

tempe rature between 20° and 37°C at which & maximum
reaction takes place,

Table VIII

The influence of temperature upon the acetone

Di-galicylaldehyde reaction.

_ 400 m
. O N P
Temperature YC 1 om.
4 | 0,246
15 | 0,240
20 ! {)3246
i } 0,435




g &

Acctone (m Lcmg-rams)
&

(0.

GRAPH G-

Calibration curve of acetone di~salccydaldehyde

prepareal from acetone Solution.
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¥, Calibration Curve of Acetone Di-sal icylaldehyde

prep ared from Acetone Sonlution,

Acetone solutions containing 3.8, 7.6, 15.2, 22.8 and
30,4 micrograms per 0,1 ml, of solution were premared.
0,1 ml. of each solution was added to 9,9 ml. of alkaline
cal. icylaldehyde solution., The stornered test tubes
eontaining the solution were placed in the dark at room
temperature for seventeen hours. Extinction coefficients
were detemined in a spectrophotometer at a wavelength
of 490 millimicmns. Alkeiine salicylald ehyde solution
wsg used ag a zern blank, Reference to Table IX will
show that the calibration curve was linear,

Table IX

Cel ibration curve of acetone di-saslicylaldehyde

prepared from zcetone s lutions.

r Acetone 40 Q0 mu
g DoT 0.1 ml, 1 em,
| 3.8 | 0.128
746 0,246
15,2 0.480
22,8 0,718
30,4 0.950




G, Celibr#tion Curve of Acetnne Di-gsalicylsldehyde

— — - l

nrensared from Citric Acid Solutions,

Citriec acid solutions containine 1u trn 100
microzgrams ver 0,1 ml, were nrepared. 0,1 ml, of =ach
gnlut Ion wag tran eferred to the approriate member of a
geries of micro-distilletion buckets, 0,1 ml, of 9 N
sulphuric 2eid and 0,1 ml. of 2% ammonium vanadate Were
added to each bucket, and affer_assembling the miero-
dietil]l ation unit, the contents of the bucket Were
thoroughly mixed W rotation, The Thunberg 1limb contained
1 ml, of alkaline elievlzldehyde snlution. The
asgembled unit wae put in the temnrerature gradient bath
where the citric acid was oxidigsed for a period of three
hours @t a temrerature of 100°C, The technique and the
nrecautions t o be observed are described later., TUniteg
were traneferred to a dark cunrboard and remained there
overnight at room tempe rature. The acetnone di-salicylaldehyde
wag then mantitetively transferred with freshly prepared
alkaline salicvlaldehyde solution to 10 ml, volumetric
flasks and the volume wes adjusted to the mark, Ixtinction
coefficient 8 were detemined as before, The results,
recarded in Table X, indicate & linear calibration curve.

I+ will be obhgerved thet the method is sensitive to one

mierogrsm of citric acid.
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Table X

e —

Calibretion airve of acetone di-sslicylaldehyde prevared

from citric acid solutions,

‘ Citric Acid 420 mu

E_F? per 0,1 ml, 1 em,

| 10 0,080
20 0,160
21 0.170
A 0.180
40 0.318
60 0,480
80 0,635
100 | 0.800

H, Removal of Acetone Bod ies.

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,
p ~hydroxybutyric acid interfere with the reaction
unlessg they are removed prior to citric acid oxidation.
The efficiency of removal varies with the method.

Citric acid solution containing 40 micrograms ner

0.1 ml, was prepared, and 0,1 ml, was transferred to a
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series of micro-distillation buckets.

Soclutione comtaining @proximately 20 and 40
micrograme of acetone, 2 0 and 40 micrograms of aceto-
acetic acid, and 20 and 40 micrograms of P_hydroxybutyric
acid ner 0,1 ml, were prepared.

0.1 ml, of each solution was mizxed with the citric
acid solution in each bucket,

2 ml., of 10% trichloracetic acid was added to each
bucket and the V;Jlume of solution was reduced to
approximately 0.5 ml, by evaporation in a hot air oven
et 100°C,

Oxidation and distillation of residusal citric acid
were performed as described in section G,

From the recults in Table XI it will appear that
zcetone bodies are completely removed by preliminary
treatment with heat and trichloracetic acid., It is
doubtful of the part nlayed by tri-chloracetic acid in
affecting the removal of acetone bodieg, p-hydro xybutyric
acid has a much higher biling point that acetone or
aceto-acetic acid (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 IOOIOC ard 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 hlood, where tri-chloracetic acid
is necessery for protein nrecivnitation.,

Table XI

Removal of acetone bodies,

' Citric Acid Acetone Bodies E 0 U
9. ,{4&. 1l cm,
40 Nil 0,320
40 20 acetone ‘ 0.318
| 40 40 acetone 0,323
40 | 20 aceto-acetic 0.321 |
40 | 40 aceto-acetic 0.324 [
40 20 B-hyd roxy-b | o.322
40 | 40 B-hydroxy-b | 0,325
40 | 20 of each | 0,322

I. The Influence of Acid as an Oxidisine Agent,

It hes been claimed by Pozzi-Escot (1946.) that
vanadate is not sn oxidising agemt in reference to
citric acid., It merely acts as a catalyst and in fact
it is the acid which oxidises citric acid.

40 micrograms of citric acid were transferred to



- Bl =

each of two micro-distillation buckets. To one unit
wes added 0,1 ml, of 9 N sulphuric acid, to the other
0.1 ml. of 9 N sulphuric acid and 0,1 ml., of 2% emmonium
vanadate solutioh, 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
rresence of vanadate was necessary before oxidation of
citric acid occurred,

Table XII

The influence of acid as an oxidiging agent .

490 mu
1l cm,

—_—

Citric acid without vanadate| 0,002 I

Citriec =2cid with vanadate 0,320

DISCUSS ION ,

From theevidence presented it appears:-

a) thet acetone bodies, even in concentrations far beyond
those of the physiological renge of serum, are
efficient 1y removed in the pre-oxidation stage.

b) the rresence of acid does not by it self cause

oxidation of citric acid.
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c) the method obeys the Beer-Lambert lsws within the
ran ge of five to a hundred microerems of citric acig,
d) the method is sencitive to a variation in concentration
of one microgram of citric acid.
e) non-volatile interferine suibstances do not come intn

contact with the alkaline selicylaldehvde reagent.

Ol CIUSION.

A mod ified method for the estimation of citric acid

Principle:

Proteins are nrecivitated by trichloracetic scid
and eentri fug tion, An aliquot of the supernatent
fluid is heated to effect concentration to a smaller
volume and to remove acetone bodies, The ecitric acid
in an aliquot of the c;oncentrate is oxidisged to acetone
by an 2c¢id solution of vanadate and the acetone distilled
into a cooled elkaline solution aof salicylaldehyde,
After colour development the extinction coefficient of
the acetone di-salicylaldehyvde thus formed igs measured
at 490 ma, Serum citric acid is detemined from a
calibration curve »nrepared at the same time and under

the same conditions as the unknowvn.



Reoagent a,

1. Trichloracetic acid :- 10% W/V

2, Bulnhuric acid :- armrox. 9@ N, Concentrated acid
diluted.nne in fair,

3, Ammonium vanadate :- 2% W/V.

4, Alwaline salicylaléehyée solution -~ 3 ml. of re-
distilled salicylaldehyde are mixed with 97 ml, of
3.0 N potassium hydroxide. Frechly prepared before
use,

5. Stock citric acid solution :~- 200 micrograms per

millilitre,

Apparatus.
Micro-distillation unite and temperatwe gradient

bath. (Fisures III and IV)

Method

1, Precipitation of proteins amd removal of acetone
bodieg, 1 ml, of serum from the pre-transfusion
gpecimen 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 a2 gradueted centrifuge tube which
ig then placed in a hot air oven at 100°C, The tubes

are left in the oven until the wo lume of Tluid is



is reduced to 0,5 ml. If the vo lume should fall

below this roint it is re-adjusted at room temperature

by the addition of distilled water.

Detemmination of citric acid concentration.
approximately 1 ml, of freshly vrepared alkaline

galicylaldehyde solution is placed in each of the

required number of Thunberg limbs by means of a

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

It ie egsential to ensure that none of the alkaline
reagent is allowed to mun down into the micro-~
distillation ucket, This danger is avoided by
introducing the tip of the pipette as far in_to the
Thunberg limb as vogesible and then suspending the
limb in such a say that the fluid drains into the
bulb of the limb,

The required number of micro-distillation buckets
is set out and into the first of them is introduced
0.25 ml, of concentrate from the pre-transfusion
spec imen .

The second and subsecuent buckets are used for
the concent rates from the specimens teken while
trans fueion was in progress, but in the case of tlese

srecimens a2 volume of 0,1 ml, of concentrate is used.
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at the same time a fur ther series of buckets for the
calibration curve is prepared from citric acid solutions
covering = range of concentrations fran O to 100 micrograms
per 0,1 ml, in steps of ten micrograms., A volume of 0,1
ml, of each concent ration is taken for ana2l ysis,

To all buckets is now added 0,1 ml, of & 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 =gsembled units are placed on the temperature
gredient bath so that the bulbe containing the alkaline
salieylaldehyde are immersed in the water flowing through
the cooling jacket, In this situation the bulbe are in
almost total darkness, Oxidation and distillation are
carried out for t hree hours by maintaining a flow of
hot water through the lower jacket,

Occasiomally, the pressure developed within the unit
during distill=tion is sufficient to blow it open. This
may be nrevented by the use of hooks amd springs or by
very lightly smeering the joint with solicone grease.

As distillation rroceeds conden sation of water



containing acetone occurs on the inner wells of the unit.

This serves to increuse the surface area of the acetone
solution =nd thus facilitates the dif fusion vrocess.

The units are ramoved from the bath and placed in a
darc cuvboard at room temperature, overnight, until
dif fusion of acetone into the alkaline salicylaldehyde
and colour development of acetone di-salicylaldehyde
are comnlete,

The individusl units are dis-sssembled and the
acetone di-galicylaldehyde 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,



THE DETERIINATION OF CALCIUM ION CONCENTRATION,

—

INTROIU CTIUN

The concentration of calcium ion in serum has been
measured by means of electrometric (Josenhs 1928,
Lebl=zne & Harnapp 1930), ultra centrifuee (Chanutin,
Ludemig & lMasket 1942), solubility product (Weir &
Haetings, 1936, Brinkman & Ven Dsm, 1920, Nordb8, 1939),
amd biological methods (McLesn & Hastings 1934), but
none of these rrocedures is entireiy satisfactory. There
has been a certzin amount of confusion eabout what is
meant by calcium ion end the term has been used ag if
it were synonymous with diffusible, dissociated or
nhyeinlogiecally active calecium., In this thesis, calcium
ion will be defined as that fraction of cslecium in =erum
to which the isolated frog heart is sensitive in tems

of contractilitv.

ELECTROMETRIC MEASUREMENTS., aAmalgem electrodes have the

disadvantage that they can only be used satisfactorily

in the vresence of gsingle cations. If more that one
cation is present in the "substrate", electrode potential
is lowered. Frotein, Mo, infiuences the apparent ionic
concentration owing to build up on the electrode surface.

Josephs (1938) overcame this difficulty by interspercing
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a dialyesing membrane between the electrodes and the
nrotein: cation s~lution so that oniy non-colloids
traversed the membrane, In the investigation of the
kinetic interactions between separate cations and protein
the method has proved invaluazble in determining the
binding ceapacity of orotein solutions, but again because
of a multiple cation system and changes in‘carbon dioxide
content, the method is not suitable for the estimation
of caleium ion in serum. ZElectrodes of the third order
(lead amalgam: le2d oxalate: calcium oxalate) have been
used by Leblznc et al (1¢30), but Joserhs (1938) found
them to be unsatisfactory because of artificial lowering
of the activity cefficient. The author found this to

be €0 in the vresent investigation. Eventually it may
be possible to vresare a pure calcium electrode but at

pregent it ie impractical because of the high reactivity

of the element.

THE ULT RACENTRIFUGHE has been used ags a means of determaining

caleium ion in serum. It, in fact, is a measure of
calcium not bound to protein. The prineciple depends uvron
removal of nrotein by ultracentrifugation and the
determination of calcium in the supernatant (Chanutin

et al, 1942). The method would not heve been suitable
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for the present investigation as it measires total
diffueible calcium which of course, includes calcium

tound to citrate as well ag active calcium ion.

ME AS UREMEN TS UF SOLUCILITY YRODUCT as 2 means of determining

calecium ion is sound in princinle. It denende uron the
fact that at a given temperature, when a solid salt is

in equilibrium with its saturated solution, the activity
of the ions of that salt in solution ies fixed, and is

not influenced by the addition of other ions. The
measurement of the eolubility ovroduects of calcium carbonate
(Heir et a1, 1936), calcium oxalate (Brinkmen et al 1920,
Stewart & Percival, 1927) end calcium pnicrolonate

(Nordb8 1¢32) have been used as a means of assessing
calcium ion concentration in serum.

A DIULOGICAL MELHUD FOB THE DETERMINATION UF CALCIUM ION

WNCENTRATIW was first uged quantitatively by Stewart

amd Percival (1927). The vrincivle depend s upon the
sensitivity of the frog heart o calcium ions in solution
and it is a measure of that frection of calecium in serum
which is physiologically active as regards frog heart
muscle, In the belief that citrate ion during exchange
transfusi on may derress 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 is known that if excess of celcium ion is present
in The periusing fluid, the frog heart contracts well,
but relaxes progreesively 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 deTiciency of calcium ion exists, the heart will stop

in diastole,

EXPERIMENTAL .

THE TECHNIE OFISOLATING THE FROG HEART,

Healthy medium sized toads of the Bufeo species
were pithed amd the heart exposed, 4 straight glass
cenmula five centimetres long, internal dismeter six
millimetres, canacity one millilitre and with a tipo
external di=smeter less than two millimetres, was
inserted into the ventricle via the left branch of the
saorta., Some difficulty was occasi onally experienced in
pagsing through the aortic valve, but in such cases the
cannula was gently manoeuvred without damaging the heart,
When in position a ligature was tied ermund the aorta to

hold the camula firmly in nlace.



The heart wae raised from the body and a second
ligature was tied around the tissues to which the heart
wae at tached, It ie imnortant to avoid damage to the
suricles, The heart was senarated from the body by
exci sing the tissue distal to the ligature.

A fine gteel hook was passed through the avex of
the heart and thie was attached t© a recarding lever,
Care was taken to ensure that the hook did not »uncture
the ventricle, The prevaration wss suspended in a moist
chamber,

Bv careful counterbalancing and eliminating as
much friction as possible, it was found that a megnified
contrsction of about eight centimetres amplitude could
be obtained with & good prenaration, OSome were only
capable of five to gix centimetires and a fair percentage
wmere di scarded =2s unsatisfactory, In many cases it was
a question of natience. One esegential point for a
successful nreparation was frequent chsnging of the
bathing fluid during the entire overation. This was
done bv means of a Pasteur nipette inserted into the

cannula,
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PREPARATION OF SOLUTIONS OF REFERENCE,

On t he assumption that the isolated frog heart is
sensitive only to calcium in the ionised fopm McLean &
Hastings (1934) directly compered biological fluids with
artificial solutions of reference and measured calcium
ion concentration in terms of myocardizl contractility.

The solutions of reference for the present
experiments were prepared by suitable dilution from
stock solutions in such & way that they were isotonic
with human serum at a pH value of 7.35 at 38°C, Thesge
solutions contained knomn amounts of all the serum
electrm lytes. It was the nrocedure to analyse the serum
obtained during exchange transfusion for the concentration
of potassium, sodium and glucose and to prevare the
reference solution accordingly. An examvle is given below.

The following stock solutions were prepéared :-

S6dium Chloride, NaCl Analar 200 Millimels per litre,
Potasegium Chloride, KCl " 154 N N =
Sndium Bicarbonate, NaHCOy " 154 " mooom
Magnesium Chloride, MglClp " 103 " g "
Cal cium Chloride, caCl, " 100 “ " "

Working solutions containing all the electrolytes

except caleium were prenared from the stock solutions.
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To cuote &n example a litre of working solution was
made up to a definite electrolyte concen tration as

follows :-

Mill ilitres of |

Degired concentration ¢
' stock solution

Salt in MI/1litre reouired ver
litre |
| NaCl | 135 | 675 |
KC1 4,5 | 29 .2
MgCl, 1.0 | 9.7
NaHCO, 27.4 178

i - | |

18

hen saturated with 5% CO, in oxygen this solution had
a pH value of 7,35.

In order tn obtain the final solutions of reference
containing calcium ion, the working solution was
transferred to a series of volumetric flasks and the
approrriate wo lume of stock calcium chloride solution
was added to each flask in order to contain ecalcium ion
within the range 0.2 to 1,5 M/litre at intervals of
0.1 MM per litre.

PRUCELURS FOR THE DETERUINATIUN OF GALCIUM ION
CONCHEN TRATION IN STERUM.

After isolating the frog heart by the technique

described mreviously, contractions were stabilised with



a2 golution of reference containing 1.2 MM of calecium per
litre,

Unce stebilised, the sengitivity of the nremaration
wag determined by exposing the heart to a full range of
solutions of reference, The techniocue used to change
the snlutions in the cannula was to emnty the cannula
with a Pasteur pipette and wash the heart out with two
volume 8 of the fresh solution of reference. Snlutions
were removed from the cannula while the heart was in
svetole,

When the sensitivity of the heart was established
the test serum was nlaced 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
cau se an increasge, the next lower concentration a decrease,
in the magnitude of contraction. All results were
che cked in duplicate.

Factors in serum most likely t o influence the heart
preparation were hynncalcaemisa, hynerkalaemia, and the
nresence of toxic or pressor substances. The first two

were measurable, Human serum soveared to be non.toxie,
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although invariably, when donor blood was added to the
cannula, the heart stooned contractineg immediately,
Thie may have been due to the high concentration of
citrate ion, The effeect of nregsor substances, assuming
they were present in the sera, was negligible,

A typical calibration curve is t2bulated below:-

{Cnn cen tration of Caleium Amplitude of Contr-fa ction -r\f
| Inn in Selutions of frog Heart in cm. when
Reference, Mu/litre. exnosed to reference solutions.

1.30 T v BB

1.20 , 8.4

1.20 8,0

1.00 7.6

0,90 7.0

).B0 6.4

0,70 5.7

0.60 4,0

0,50 Bl

0.40 2.1

0,30 1.0

0,20 0.5

i



THE INFLUEICE F_ EIECTROLYTES OTHER THAN CALCIUM ION

UrON THT FROG HEARE.

It wae necegg2ry tn determine to what degree the
rregence of certain subetances in serum influence the
sensitivity of the frog heart tn caleium ion. TPhese
included the cations rotassium, maesnesium, hydrocen and
sndium, and the anions citrate and vhosphate,

liclean & Hastings (1934) nointed out the imvnortance
nf adjueting glucoee and sodium in enncentration in the
golutione of reference tn o mMmximately those in human
gerum, If the ionic gtrength of the reference snlut ion
ig reduced by substituting glucose for sdium, inereaged
contraetion of the heart occurs. The procedure in this
inveeti gation was to analyse sera for rotassium, sodium,
glucose and to prepare the solutions of reference
acceording to the ficsures obtained., However in
determinineg the influence of cations uvon the frog heart,
the coneen tration of glucose wags adjusted to the mean
glucose ohsgerved during the exchange transfusicon, viz.
200 mg, ver 100 ml,

Variation of Hydrogen Ien Concentration.

Snlutiong of reference with a hvdrogen ion

concentration varyine from 7.0 to 7.8 were prepared and
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the effect of these golutions upon the sensitivity of
the frog heart was detemined. The regults, tebulated
in Teble XTIT, indicate that the amplitude of contract ion
of the frog heart is not affected by changes in hydrogen

ion concentration between »H 7.3 and 7.8

TARLE XTIT

———

The influence of variation in pH unon frog heart

contractility.

Hyd rogen ion amplitude of frog
concentreticn of heart contraction
reference solution in em,

oH.

\

P 6 7.0

r?.l ?.2

7.2 755

7.3 7.9

7.4 8,0
| 7.5 | 8.0 |
1‘ ?06 | 8.()
1 7.7 | 8.0

7.8 \ e.0

l
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Vaeriation of Magnesium Inn Concentrstion.

4 solution containing 135 MM per litre of sodium,
4,5 MM per litre of potassium, 27.4 MV per litre of I
bicarbonate, 1,2 MM per litre of calecium and 2 gm. per
litre of glucose wag geturated with a gaseous mixture of
5% COpin oxygen. lagnesium chloride wag then added to
this slution in order to obtain a range of reference
solutions wntaining 0,0 to 2,0 MM per litre of
magnesium. A frog heart wag expoged to these solutions
and the results, tabulated in Table XIV, indicate that
the seneitivity of the heart is not influenced by change
in megnesium ion concentration.

Tebl e XIV

The influence of magnegium ion upon frog heart

contractility.

Concentrati on of ! Ampl itude of

Magnegium ion in | contraction of frog |
reference solutions | heart when exposed to
in MM/litre | reference solutions

| (em.)

0.0 | 7.8
0.5 708 |
1.0 7.9 {
|
1.9 749 :

2,0 79
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Variation in Phosnhate Ion Concentration.

A solution containing 135 MM rer litre of sodium,
4.5 MM prer litre of potaggium, 27.4 MM per litre of
bicarbonate, 1.2 MM per litre of calcium, 1,0 MM per
litre of mgnesium and 2 gm per litre of glucose was
saturated with a gaseous mixture of 5% of COq in oxygen.
A series of reference solutions were prepared from the
above solution containing O 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 sengitivity of the frog heart,

Table XV

The influence of phosphate ion uvon frog heart

contractility.

Concen tration of Amplitude of
phosvohate ion in contraction of frog
reference solutions heart (in cm,) when

MM /1it re exnosed to reference
golutions.

0,0 | 7.8

0,5 2:6

1.0

1.5 7.6

2.0 - 7.6 |
| 3.0 | 7.6 |
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Variation in Prtassium Ton Concentration.

A golut ion containing 135 MM per litre of sodium,

27.4 MM per litre of bicarbonate, 1.2 MM per litre of
calecium, 1,0 MM per litre of magnesium and 2,0 gn.per
litre of glucose was saturated with 5% COy in oxyeen.

A series of reference solutions containing 2 to 10 MM
per litre of potassium Were then prepared from this
solution. The results, tabulated in Table AVI, indicate
that potagsium ion is antagonistic to calecium ion in
temms of myocardial contractility within the range used.

Table XVI

The influence of votassium ion uvnon frog heart

contractility

Concentration of Amplitude of
notassium ion in contraction of frog
reference solutions heart in em, when
MM/1itre. exnosed to reference
solutio ns
10,0 6.1
8.0 6.7
6.0 7.5
5.0 8.0
4,0 8.4
3.0 8.7

2.0 8.9
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A solution containing 27,4 MM ner litre of
bicarbonate, 1.2 MM per litre of caleium, 4,5 MM per
litre of potassium, 1.0 MM ver litre of mgnegium and
2.0 gm ver litre of flucose was saturated with 5% COp
in oxveen, A renge of reference solutions containing
godium ion within the range 130 to 150 MM per litre
were prepared from the stock soluticon. Table ZVIT,
tabulating the results, indicates that the frog heart
is sensitive to changes in sodium ion,

Table XVII

The influence of sodium ion upon frog heart contractility.

Concentration of Ampnlitude of
sodium ion in contraction of frog heart
reference solutions in cm. when exposed to
M/litre reference snlutions,
130 7.8
135 7.0
140 65,6
! 145 6.2
| 150 | 6.0

A —
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Veriation in Citrate Ton Concentration,

A solution wntaining 135 MM per litre of sodium,
27.4 MM per litre of bicarbonate, 1,2 MM per litre of
calecium, 4,5 MM per litre of potassium, 1,0 MM per litre
of magnesium and 2,0 gm per litre of glucose was
saturated with 5% COe in oxygen. Citrate ion was then
added to this solution so that a range of reference
soluti ons containing citrate ion were prepared. Reference
to Teble XVIII will show that the sensitivity of the
froe heart is influenced by the presence of citrate ion
in the reference soluticns.

Table XVIIT

The influence of citrate ion unon frog heart contractibility.

— - ——

Concent ration of Ampl itude of contraction
citrate ion in the of frog heart in cm. when
reference solutions exnosed to reference

Mi/1itre solutions,
0,00 e
0.25 6.8
0,50 4,0
1,00 3,0
2,00 2.5
3.00 2.0
4, 00 1.0
5. 00 1.0




CON cLUSTON

It hae been confirmed exnerimentally that the frog
heart is a sensitive indicator of the physiological
activity of calcium ion, and it is conclujed that
certain factors present in serum do alter the sensitivity
of the heart to caleium ion, It is essential to adjust
hydrogen ion concentration, sodium ion eoncentration and
notassium ion concentration in the s 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 MM per litre
of calcium ion, then the method has been shown to be

guantitative,
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F1G V. Eleckrolylz

changes dunng seven clinically normal bransfusions.
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LNTERRRETATION OF RESUILTS

LNTRUDUCTORY RENAREKS

in a ser.es of nineteen exchange transriusions
performed un newoorn infants suffering from erythrovblastog.s
foetalis, specimans ol blood were cullected regularly dur.ng
the transiusion, oLlood was allowed to ccmgulate and the
serum, separated suon arter clot retract.un, was stored at
uuu wntil apalys.s was possivle, An aliquot was preserved
with sodium flaoride, ~pecimens were analysed for toutal
calcium, active calcium ion, total protein, citrate, suvdium
and potagssium, The results ot the analyses are recorded
Ln Taules x1x to XxxV11ll. oI the nineveen cases invest-
ipated, analytical data has been charted in figures V
and Vl., tipure V shows the indeividual results outained
from seven normal cransiusions, whele figure V1 shows
the individu&l resulbs irom seven bransitus.ons at which
¢clinical avnormeliu.es were owserved, py reference to
the apprupriate rigures 1t will ve apparent that they
deprct only the general ftrend ol serum electrolytes
dur.ng transtus.on, .t w.ill e appreciated that s.nce
specimens were collected abt .ntervals dur.ng transiusion,
.t .8 only at these puints Tthat an assessment or electrolytes

can ve made, rluctuabion must have occurred in the per.ouds
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petween collectiun of specimens, this fluctuation

peing i1nlluenced oy movement of electrulytes in and out
vl' the plasma comparument and, ol éOurse, vy metavulic
racuurs, Nevertheless .1 thues pdht be burne :n mund cn
the evaluation ol The results, 1T 18 uelieved that the
general pattern which emeryges iroum this invesbtigation
adequately porcrays the eriect or .nifusion of cu.traved
bluod upun serum electrolytves,

PRTYERN OF CIuN.CAL SEHAVIOUR OpSER VED.

uf the nineteen infants studied one died during
transiusion, Six others showed some clinically recog-
nisaple disuvurvance av sume stage oi the procedure, The
remaining btwelve infants were normal throughout, Difrerenv
patterns ol clinical behaviour were observed and a descrip-
tion of these is essencial to the further understanding or
the investigatlion,

Two pauies produced a clinical plccture which,
probauly as a result of modificacion in technique, was
not ooserved in subsequent Grangfusions, .n poth cases
(¥, ®) dirriculty was experienced in withdrawing blood
auring the rirst hundred millilitres or bleood exchanged,

persistent efforts were made Go overcomé Tthis Dby partial
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wilcthdrawal and re-introduction of the catheter, Ih cuth
cases the cacheter Gip was advanced along the umbilical
vein for abouut 11 cm, and reneatedly encountered some
resistance which was thoughv at the tine to ve within
the portal circulavion, poth bapies developed a deep
cyanosis of vhe lower half of the budy and this con-
urasuved dramatically with the pallor of the upver half,
tncreaged venous [illing became apparent over the trunk
vet no pltling oedema of the legs was noled, A spontaneous
disappearance of the symptoms was observed artver aovoub
half an hour, This phenomenon has uveen designated
"pistal cyanocsis",

‘'hree infants (B, H, J,) suffered from repeated
revching of mucus, This 18 a pommon observauvion in
exchange transfusion and pecause of thls milder degrees
of Lt have nut been reccraed,

Three .ntants, (B, F, M) presenved a ciinical
picture to which the term "shock" has been loesely apnilied,
These infants showed some or all of the followlng features
in varying degree, After crying lustily inivially, on
resoraint chey-.ecame uhauly qulet and pale during vperatcion,
AT leasu one infanc was su pale chat the possibilicy of
internal bleea.ng was oon31dered. rhe bau.es were cool

and cheir abaumens became distenued yet the lacter was not
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due to their liver enlargemenv, They cecame "hypotonicH
ana unrespons.ve, [LiuGle change .n heart rate was observed
and chere was no increase .n venuus pressure, case B showed
Ches clinical plcbure wivhin the first hundred millilieres
of pnlucvd exchanged buc survived an emcnanxe of six hundred
millilictres,

Signs oI congesvive hearv faiiure appeared in one
cage only (J)e. He suliered from repeated retching during
the exchange of the {irst wwo hunured miililicres of
blovd, He remalned irrivable and after an exchange of
seven hunured milillitres, was ueg.nning to show evidence
of deterioracvion, Respiration became a livile disvressed
ana dyspnoea was obviuus alver elght hundred miililitres
of bluod, AT this svage the heart rate had increased
irom & resting ratce of 138 to 164 per minute, ‘‘'he venous
pressure in the portal circulation ruse from a resting
level of 7.5 em, To &% cm, ''he bapy was a llvele cyanosed,
the superficial velns became more oovious and che 1.ver
enlarged, unfortunately bhe bluod speclmen taken at thls
poinc was lost but Tthe vajues founu in the preceding one
were consisuventc wiuvh early cardiaj Iallure,

vne infant (R) coilapsed suddenly and unexpectedly
buT he furtunacely recovered, He had veen well untll 740 m,.],

of bluod had peen exchanged, He then retched and became
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apnoelc and deeply cyanosed, The heart sounds were faingc
oul hls conditlon gradually improved over a ten minute
perfiocd, His has oceen broadly termed “"acute non - fatal
collapse", Samples of this infanv's bluod were veing
faken only at cvnuervals of uwo hundred milliliivres
and the nearest specimen Co the incident was Gaken
after 4u ml, of pluod had been exchanged,

vne infant (1) dled during transiusion, His liver
and spleen were palpdly enlarged berore transiusion, and
durlng transfusion no abnormallty other than pallor was
observed unvll the infanv collepsed and died afver the
exchange of 500 mi, of vluod, Autopsy revealed the cause
of death as sub-uural haemorrhage with some intra-perit-
oneal haemorrhage, the latter being due, presumably, To
traumatlc tear of the umbil.cal ve.n,

PATIFRN O F SKRUN EIECTROIYTES

1, The group as a whole,

srom the outset of the investigatlon atuvenclon
was focussed on the relationship of four biuchemical
situacions to the clinical wehaviour of the baby, These
were the infiuence of hlgh citrate levels, of calclum lon
depression of clorave, of high serum potassium levels and
the mutually reinforcing infiluence of a high potassium and

a low calelws ion upon bthe heart, These are depicted in
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figures V11l and V11ll, .n each graph every relevanv
analytical result in the geries is included and marked
vy a symboul which denotes the clinical stave of the
patientv at the time when vhe sample was Gtaxen, In
figure V11 the co-exlsting citrate and cajlcium ion levels
are entered 2gainst each other, 1f high cltrate levels
"per se " were responsivle rur clinical abnurmality then
the gsymbols denoting abnormal behaviour should be across
the top of the graph, 1f clinical abnormallvy was the
result of high citrate levels depressing calcium ion,
however, then the abnurmal cases should be at the top

of the graph and towards the left, The upper part of
the graph doves nowv in fact, conwain the apnormal cases
nor do they 1ie predominancly to The ieft or the plcture,
The one death doeg 1le in the top left hand corner oub
ouherwise there is reasonable d.spers&l o the abnormal
symbuls among those which imply normal benaviour when
the spec.men was taken, 1n figure Vill the serum
potassium levels were plotued against the co-exlstlng
levels of calcium ion, . hyperpotassaemia were res-
ponsible then the abnurmal cases should 1le across the
top of the picoiure whereas if depression of calcium lon
were responsiple then they should 1le to the left of

the plcture, 1f the offending pivchemical upset were
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co-exlstlng hyperpotassaemia and hypocalcaemia then

the abnormal cases should lie in the Gop left hand
quadrant, Apart from the important exception thav

the only deach did in fact represent the highest serum
povassium level and the lowest calclum ion level, the
voher abnormal symbols are scaitered across the plcture
and falrly evenly dispcsed among the normal cases, From
Chese two plctures it .s possible To scave that with the
exception of the faval case there was no relationship in
ohls serlies coi caseg beuvween the co-exlsting biochemical

values and the clinical behaviouwr av the moment of vaking

1 b was apparent chat a patuern of serum electrolytes
during btransfusion emerged from thls investigation, this
patiern bteing corpon Gbo all inlants whether or not clinical
Lncidenc was cbserved, .n summary Gthere appeared to ve an
incresse in toual calcium and clibrave, a decrease in active
calcium ion, and either no change or an increase in serum

potassium, hese changes will pe discussed in devall,

2, Serum electrolyte changes in individuali cases,

(a) Variation in Goval serum calclum,

_runeau and graham (19435), Wexler ev al (1949)

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

serum calcium during exchange cransfusion, which they
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consldered To ve a physiological response %o the inrusion
of cltrave, Although this was an importanc point %o
confirm, 1t was Thought unjustifiable av the commencement
of this invesctigation and in pur stace of knowledge av
thav time, to omlt the use of calcium gluconave as a
precautlonary measure against hypocalcaemia,

10 the first series of cases studied, however,
the concentracion of total serum cajcium was determined
at intervals Lhroughoutv transfusion imwediavely prior
to the injection of gluconave soiuctlon, In this way iw
was vhought that the specimens would reflect thav level
of calc.um in serum whlch would be least influenced by
exogenous calcium, Reference to tables xIX To XXXVill
and figures V and V1 shows that, as wculd be expected,
there was a gradual rise i1n Goval serum calcium during
transfusion, Table XXX1X illusiraces the progresgive
changes afcer the replacement of each hundred miililicres

of blood,
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TABIEK XXX1X

Changes in total serum calcium during exchange transfusion,

seriea of 19 Casges

S cazzin

WIUVE (ml) OF pIv0D MEAN VALUF OF ALL RANGWE uF TOTAL CALCIUM
TXCHAN GED, TOTAL CALCIUNMS RE- OBSERVED AF[ER EXCHANGE
GunDED AFER FX- (OF FACH 100 ml,0F s5100D
CHANGE UF EACH 100
mle UF Blu(UD,

0 9450 6e4d = 13,8
100 10,95 Bed = 23,2
200 11,05 70 = 2]l.B
E‘OU 11.17 '?.0 - 15.4
400 11.41 8.9 = 15,8
500 1).+8% ; Be2 = 17.4
800 12,41 ; Oad = 17,2
700 14,01 | ' 0G0 = X7.6

|

(;All results expressed in mgmn, per luu ml.)_
in the secound gseries of cages the immediate effect of

calcium gluconace ypon total serum calcium was investigaved,
plood was collected at intervals of 200 ml, dur.ng she exchange,
imrediately after the injecvion of calclum giuconatve, ;T was the
usual procedure.to inject Iml, of lu4 soclution of calcium glucconate,
equivalent to 9 mgm, of calcium ion, after the exchangze of every
hundred mi1lil.tres of vlvod, .f this amount of cajlcium was con-
Ilned to vhe plasma, it should have been sufflcient To .ncrease
the toval serum calcium by 5 mg, per 1lo0 ml, assumlng an inrant

of average weight with a glasma Volume of 175 ml,(Hill, 1954),
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However, two lacuors were operauing simultaneously which
were bound to modify the plasma calcium, ¥Mrstly, the
-.nfant's plood was veing replaced continuously vy donor
Lluoa wivh a plasma calc.um concentracion ol abuut 7.u

mg. per luQ ml, Secundly, repld cransfer of elecuroliytes
in and out of the plasma compariment must have been taking
place, Fowever, 1f even dlstribucion of injecuved calcium
throughout the extracellular wacver had been allowed %o
occur, each 9 mgm., Would have been transferred inuo apoutb
1400 ml, of fiuld (Hill, 1954), ‘“'his would have resulted
Ln an cncreasge ,n the pre-ctransfusion plasma calcium level
0y aboutl u,.7 mgm, per 100 mi, T can be anticipated,there-
fore, that the exient of the rise in serum calc.um afier
the injection of calcium gluconate will vary, depending
upon the stave of transfer of the exogenouscalcium between
interstitial and plasma waver at the time orf collecticn of
the specimen, Taplie aXXX shows the changes in total serum
caicium in specimens collected afcer gluconate, IT 1is con-
ciuded thav the observed increase could We accounted for
by the calcium derived from the injecvted gluconate,Further -
more, on analysing the resulbs opbtained .n The first series
of cases, it is sugpesced that the gradual rise in serum
calcium as transfusions progressed could have been due to
the accumulasion of exogenous, (L.€, 1njected) calclum in

the exuracellular waver, There was no evidence that rapid
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mob.lssacion of calcium from skeletal or other budy sources

occurred during exchange transfusion,

TABIE XXXX

The infiuence of intravencus calcium gluconate upon toval
serum calclum,

Series of six cases
! volume (ml) of liean increase ol Total |lNaximum increase of
| plood Exchanged Calcium above pre-crans |Total Galcium above
| -fusion level pre-wransfusion level
200 1,36 2,00
600 2465 4400
200 9 o 6U p ¢ 9,60 X

All resulvs expressed in mg, per 100 mi,
X One observavion,

var.aclons in calcium i1on ana cirbrate

unlike the toval serum calcium level, the con-
censravicn of acvlve calcium i1on decreased during exchange
trangfusion, even in The presence of regular injecuvions of
calcium gluconacve, Table XXXX1 records Tthe changes in the
ser.es of cases, As a general rule, it appeared Thau an
inicial rajil in cajlcium ron occured during the rirsv two
hundred mi1lilitres of blood exchanged, and vhereafver,

nuv further signif.cant decreased followed, except in the
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facal case. (1),

Table XXXX1

Changes in serum calcium m concenuvracion during exchange
transfusion,

Ser.es of 19 gases,

Volume {ml) of Vean of a]l Serum Celclum | Range of Serum Calciux
rlood mxchanged [ion values after each 100 | ion ooserved after esch
ml, of plood exchanged 100 ml, of blood exch-
L. e -anged
|

0 4,4 BB 5,8

100 540 i 1.8 im 4,8

<00 R 1.2 = 5.6

300 2.4 Yool e B8

400 245 0.8 - 4,0

500 2.9 1 2% 4.0

ZE'UU 201' 3.-.0 - 402

700 2,0 lo6 - 2,9

( All results excressed in nmgm, per 1lu0 rmL.).

Conversely, serum ciftrace ievels increased dramacically
during the infusion or the first two hundred millilitres
of bluod, then fiucvuatved around these high leveis,
Taple x¥Y¥X1ll records the changzes cbserved in serum

cltrate concenuvration,
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Table XXXX1l

Changes in serum clirave dwing exchange transfusion,Series
of nincieen cases,

(ALL results expressed in mgu,per 100 mi)

3 J

— —— — e —— s

Wolume {(ml) of
pluod exchanged © 100 200 400 400 50Cc (600 700 | Maximum
case A 22 93 - 129 13¢ 102 126 | 140 140
B 2 o o 85 105 120 130 - 130
C B 50 78 ee 90 98: Lo | LEb 115
D 2l 1 95 | 126 [188 | 145 |11l 90 145
E g8 | 64 72 | 60 | 121 160 | ~- - 160
B “ 85 152 | 120 02 08 - - 1582
G 5 96 91 | 140 | lud 72 7% | 100 140
H - 76 94 | 120 | 115 o2 - - 120
i 40 o= 150 282 346 @ 319 - - 045
J 1 6< 95 79 114 | 155 75 65 | 1586
it 4 52 110 153 - - - - 153
' T, 3 59 oc Yo o llo - | = 120
M e A 104 | 225 (240 | 285 {203 | 255 | 255
N 26 |- 55 | w 45 35 - - 45
0 17 - 45 | - 185 - 131 - 1E8o
P 28 |- BBl &« | = | » |= | =] @2
Q & |= 93 | = 65 - 172 - 7R
R 12 |- (128 - 114, - | - | = | 128
S 2 |- 62| - 65! = [119 2158 | 158
Yean vaiue = | | | ) N i
each 100 ml, 12,6) 7545 96 130 129 135 126 [ 132 i
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Several conclusions have veen drawn from these results,
treat excess of citrave was found in the serum during
eegchange vransfusion, ana if, in fuacv, the formacion

of calclum cictrate were dependenv only upon chemical kinetlc
raccors, then all available calcium ion in the plasma

of these i1nfants, except for the small amount liveratea
+0 the primary dlssoclation, should have been comblned
as cajcium c.irave, Thay uvhis siuvaion did not exisc
was apparen®t from the cuiinical svave of the infanes, The
physiologica)l environment then, must be mure complez
than "in vitro" experiments would sugzest, aithough all
the calcium suoniled in the form of calclum giuconate
appeared to.be .n acuive imrediately arter injectlon

if 1t can be presumed that calcium gluconave is com-
pletely ionised, The resulbs are illiustrated .n rigure
1X, The absence ol the classical manlfescations of
hypocalcaemia during transfusion, even viough subseguenw
analysis of serum showed a profound depressicn of calclium
ion concentravion is difiicult To expialn, Since The
igrmacion of calcium citrace is imown %o De 2 slow
reacuion, 1G 1s suggested that complez formation may
have peen incoumpleve during transfusion but oo storeze
of the serun in the absence of active metabulic facicors,
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to reach cumplevion,

1T 1s claimed that the rave of transfusion is
the most importanv factor during exchange transfusion
in the developmenv of hyperciltraemia, Table ¥XXX1ll
shows that infuslon racte of citrace in This senles,
and 1t 1s appnarent that the safeuy rate recommended
oy Mollison (1951) was commonly exceeded, There did
not appear To be any correlavlion beiween the hyper-
citraemia and the citrave infusion raie and it is con-
gidered significant that hypercltraemia of equal severity
developed in buth the clinicaliy noermal and abnormal
groups, All infants showed considerable abilley to
"metabclise" infused cltrate, even in vhe pregence of
alleged hepatoceliuler immaturity,

Although the civrate infusion rate may be im-
portant, it cannot be douuted that vhe speed of trans-
fusion must influence the cardio-vasculer system, In all
of the presen. transfusions The speed of exchange was
leisureiy by inuention but in some cases 1t was prolonged
by the uechnical difiiculties encountered, A Total of

6.,3¢ llitres of blood was exchanged in the normal group

1n 1386 minuves (exciuding cases X and P) - vhis 1s an



average rave of 4,5 ml, per minute, in the
abhnormal group a tooal of 4,12 1itres of bluod
was excoanged in 968 minutes, an average rate
of 4,5 mi, per minuue, The caseg showing no
ciinical dlscurbance were, vherefore, exchanged
slightly more duickly out the fact thav, in the
abnormal group, inientional deiays followed the
occurrence of incidenvs and so increased the
duracion of the operation a licuie, must be
kepC in mind,

1 G has been postulated vhat a high
serum citrave level in the res.ing stauve is
itnaicbive of hepetocellular dysfunculon, Hyper-
ci.raemia was coumonly observed in the pre-

transfusion stave in this investigavion,
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Navelson (1948) dquoted the normal range of serum
citrace as 1.5 Gu 6,0 mg, per 100 ml., With &

mean value of 3,8 mg, per 100 ml, and in this series
the range was 1,4 to 4,0 my per Wy ml,, with a mean
value of 12,5 mg, per lu0 ml, The fatal case had a
resting serum citrate level of 4,0 mg, per 1wu mi,,
yet nbst-moriem examinasion revealed nc gross hepuo-
cellular damage, rurther-more, liver enlargement was
not a comwon feavure in any ol the other cases but thls
does nout exclude che possibil.ty of a "metapul.ic"
Immaturi ty" © exiscving, Confirmatory evidence of high
resting cisrate values has been provided by The low
level of resiing serum calcium lon ouserved in chis
geries,

variacion in serum powassium

changes observed in serum potassium during
exchange uransiusion were unprediceabie, HiLL1(1994)
guoted the normal range ol serum potassium in the
newuorn infane as 17.5 to 2,1 mgm, per 10u ml, 1N
this series the normal pre-cransfusion range was
15,5 6o 40.0 wmgm, per v mi, Tabte AXXX4ill shuws

that five infants (F,G,K,N,R,) were found To have
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pre-uvransfusion serum potagsium ievels abouve Nurma i

and 1n these insuances, either no change or a rise
accompan.ed vhe trangsfusion, @f vhose inrants who

were found Go have a normal pre-vransfuscLon serum
potagsium teveyr, five cases (B,v,1,J,L,) developed

a hvperpovassaenia during uvransfusion, All these
+nfants were uransiused wivh donor blooa cuntaining

vver 30,0 mgm, per 100 mi, of potassium in cthe pissnma,
FTxcepu i1n vhe favaj case, however, the hvperpobassaemlia
was noo rejlatable Go any particular cilinical abnormallcy
since the phenomenon was observed in both ciinicaily
normal and abnourmal Lniants, fur chermore utwo inianus
clagsified as clinicaily abnormal (H,Y,) had normal
serum potagssium ievels vhroughout transfusion, One
poine is worvhy of note, The plasma potassium jevel

of the donor bluvod used in the fata]l case was 110 mg.
per 10y ml, and ac deach co-exlsting high potassium and
Tow calcium 1on concencrations were recorded, Whevher
the high potassiuwu ievel infruenced the onset or cardiac
failtre could not be ascertained since elecuvrolyte impalance

was not considered vo pe the cause of deach,
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summary cof b.ochemical changes in abnormai cases

wlgure Vi lllustraces gerum €lecurciyte changes
during exchange uvransfusion in the abnorwmal casesg,
Clearly, there is no parcticular pasvern which can be
asscciraved with vhe clinwcal plcoure of distal cyanosis
(FsR,)s Sympions appeared early in the exchange and a¥
a uvime when serum citrate was beginncng To rise and serum
cajcium ion was beginuing to fall, oouvh infanus had a
pre-wransfusion hyperpotassaemia which persisted chrough-
cut cransfusion, Reuching (B,H,J,) was assoclaved with
a hyperpotassaemia, 2 rising serum cltrate jevel and a
serum calcium 1on which was by no means unduly low when
compared wivh obther apparentiy normal transfusions,
shock in case B appeared before any marked change 1in
eicher serum ciurave or calcium lon, but a severe
hyperpovagssaemia was present ai the time of ciinical
evidence of shock, Case T presenved only a mlld
hyperpotassaemia, Signs of shock appeared towards the
end of the transiusion in case ¥, AT This time, the
serum cisrace level had suddenly increased to 250 mg.
per 10y ml, but serum pobagsium was wiuvhin the norma)
range, Serum calcium ion leve i was apoarentiy uninfiuenced

oy the sudden change in citracve, remaining as 1¢ had done
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throughout che transfusion at about 2 mgi, per 100 mi,

Cardlac fallure apneared in case J au a poine
L0 vhe sransiusion when vhe serunm elecirolytes were
veginning Go return towards the normal, The citrate
level had rallen substantiaily, votal calcium had
reached a peak uf 15 mgm, per 100 ml, caicium ion
had risen oy 1.0 mgm, per 1u0 mi, and serum potassium
had falien by 5 mgm, per 1l0u mi, to a levei of 50 mgm,
per luUu mi,

Acute non-faval coliapse in case R occurced
afver 500 ml, of blucd had been exchanged, and the
nearest sampie of blvod To chis incident, taken at
40y ml,, indicaved a profound hyperpotagssacmia
althouzh the serum cilurate level was falling and the
gerum calcium lon was reiauively gtable at 2 mgm, per
100 mi, 1GC is significant that the buuvuvie of donor
bloocd had been changed, afver 40 mi, of blood from
the first bouutle had been transfused, and Ghe plasma
potassium concencracions in these buttles were 52,8
mg. per lyu mi, and 85,4 mg. per luou ml,

Finally in the fatal case (T) serum cltrate

had reached by far the highest level in .he series,
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Yeo deach Gouk place when the citrate level was
veginnlng Co decrease, Serum calcium lon concen-
sravion was not measurable nor had it been for some
Cime berore death, Ac the time of deavh, serum
potassium had reached a peak value of 36 mg, per 100
mi, Thus, there exisved a profound hypocalcaemia
and hyperpotassaemia,

The only constanuv feature of the abnormal
cages 18 the hyperpotagsaemia which waa severe in the
cages of cardia faifure, acuBe non-fatal collapse and
deavh, There is some sug:esvion of potassium incoxic-
aclion in these cases but unfortunavely three apvarently
normal infanvs (D,G,L,) exhivited nyperpotasssemla of
gimillar magnicude,

10 conciusion 1T is believed that none of the
ciinical .ncidenvs was due entirely bGo elecuirolytic
imbalance, since simitlar biochemical changes were
com-on to &1l the infants of the serles, Serum elec-
trolytes reflecuv the votal elecirolyte pavtern to some
degree, bub clinical abnorm21ity need not necessarily
be the result of a sudaen change in plasma elecurolytes,
Rather it is Ghe result of projonged exposure of the
intracelluler eanvirenment to a gradually changing exirac-

ellular environmenu, Considered from chls point of view,
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a study of serum elecurolytes throughout a crangfusion
18 more impertant tha the assessmenuv of elecurolybtes
2t any particuiar inscani¢ in a cransfusion, oCritical
evajuauvicon or the results of this investigetion has
fai led to show a correlation vetween ejecirolytiec
invalance and ciinical abnormality during transfusion
put shere is no doube Ghat all inranvs undergolng
exchange uransiusion ife exposed Go an apnormal

piochemical sveve over & prolonged perlod,
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GENFEHAL DISCUSSION

The possible inportance os rising levels of
plesma cltrave in the producvion of symptons during
the infusion of cltraved blood was emphasized by
Wexler et al (1949) and Ames et al (1951), The level
of clvrave was found To rise to a figure ten to Tthirty
times greaver than the pre-transfusion value, This was
accompanied by a decrease in plasma calcium ion con-
centracion, Prolongation of the @ T inverval on ¥ ¢ G
tracings was recorded by Ames et al (1951). Although
the latuer could be avuributed To the depression of
calcium ion concennrauioniﬁitrate, nu conscant relat-
ionship exlscved bewween bthe plasma citrate concentration
and the ¥ C ¢ change, rurthermore the & T inverval
could rebturn Lo normal in Ghe presence of continued
high levels ol citrave, ‘hese studies were made on
convalescent infancvs by Ames et al, Plasma citrate,
total calcium, and tobal proteln were determined and
plasma calclum ifon concenctration was assessed indirectly
by employing the nomogram of lMclean and Hastings, Several
of the baLles pecame irritable during the infusion, thelr
skins were nuved to be pale and mottled and a normal skin

temperature was not restored by the use of blankeis alone,
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une infanu had a severe reacivion, He became dyspnoeic
then apnoelc, rigid and showed ooisthotonus, The period
of apnoea lasted for two minuvtes and during The n;rmal
incidenv the pulse was weak and irregular, Artificial
repiravion and oxygen were adminisvraved "blooudy frothy
gputum” welled up from the nose and mouth, spasmodic
respiracion recommenced in six to seven minutes and
oreathing returned to normal in ten minutes, The race
was visiuly oedematous, but GWo hours after the trans-
iusion che infanv appeared to be normal, The plasma
citrave of the donor bluod was alout 450 mg, per 10U

ml, and six and a2 half minuves after transfusion the
iniantts plasma level was 34 mg, per 100 mi, The lavter
compares with a pre-transfusion value of 3,4 mg., per

100 ml, He had, therefore, sustalned a teniold increase
in the plasma c.urace pub other bables of the series
showed greacer increases without cilin.cal 1ncsdent,
Uoher factors bthan alleged c.brave intoxicavion may have
cperated, The inrant was a six week vld prematurely oborn
maie child weighing rive punds, He was convalescent
trom "atclectasis pneumonitis and mild diarrhoea",

He had received 40 ml, of citratced plasma in 14 minuves
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which i1s equlvalent to 160 ml, per hour, 1T i8 a180
stated tha tThe plasma used was obtained from a botile
whnlch had been previously opened so that the risk of
contamination is introduced as a factor, A further
tnfant did dle during the ctransfusion, He was glven

80 mi, of nlasma in 3 hours and was found dead in bed,
The c.Lurave concenuvravion of the doner biocvd was 1660
mg, per 100 ml,and the iniand's plasma citrave level
immediavely after deach was 56 mg, per 100 mi, Post-
mortem examination revealed only a dilaved heart in

a poorly nourisned infanc, The authors conciuded that
the two reactions were almost certainly instances of
acute lowering or calcium ion concentrations in the
plasma, 'They ovei.eved thav the absence of reacvions

in the majorivy of cases mlght be explained on the

pasis oI their being rorces capable of counveracting

the calcium ion lowering efrect of citrave, However

shey provide no explanacion of why these Two less
Lortunace individuals should have oveen deficlenv in this
homeos tacic mechanism, More recently, sunker et al(l955)

have shown in a series of 130 adults who received moderatce
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to large volumes of citraved vlouvd that many patients
developed hypercitaemia and uheoreticaily cajclum ion
concentravion in the plasma ought o have been seriously
depressed, More marked elevacion of plasma citrave
vcecurred when transfusion was extremely rapid,prolonged
or repeaved, FHigher Jevels also occurred where the
l.ver was damaged and this may be .mportant in the
newopurn infant with or whthout haemolytic disease,

1t has been demonstraved conclusively in the
present investigation that a profound increase in
serum citrace occurs during the infusion of citraved
blood and 1t 18 imporvant veo consider the fecus which
influence this phenomencn,

The acid -cltrave -dextrose mixture used as an
antl -coagulani in this counory has been critlcised
and praised for many years, 'hen first insftltuted,
the dangers of citrave were emphasized but until The
technioue of replacementc transfusion and masgsive blood
transfusion became common, little atuencion was focussed
upon the possibilivy of cltrave intoxicavion in medical

practice, .n the infants in bhls series amounts of
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citracve ranging from 738 to 3413 mgm, were infused into
a plasma compartment of average volume less than 200
ml, so that accumulacion or citrate under these cir--
cums tances could oe dangerous, 15 is believed that
citrate in stored donur ovlood is confined essenvially
to the plasma, Thus is the recommended ratio of volume
of antl-congulant to blood is striculy adhered to, then
the plasma cltrate content of the donor blood should be
apvut U0 mg, per luu ml, .U will be apnrecirated That
any marked deviation from the standard technique may
regult in gignificant changes in the plasma citrate,
Ames parbticularly emphasizes this poinv when describing
an alleged case of c.corauve intoxicacvion, following the
infusion of plasma containing 1536 mg. per 1u0 mi, of
citrace, With this in mind,Valker and Neligan (1954%)
recommend the use of packed cells in exchange trangfusion,
Although the plasma citrate level in the doner
bluod .8 Gthe first consideration, the rate ac which 1€
is infused is ovbviously .mporbant, Iu s desirable that
the race of sransfusion be adjusted so thau thehomeesbtatic
mechanisms controlling citrave are able to deal with the

g

cibtrace as fast as 1t is being infused, Mollison (1956)



gtlpulates a maximum rave of 260 mgu. of citrate per
cllogram of body welght per hour, but Wexlier ev al
(1949) and Walker ev a] (1954) freely admlit to ex-
ceedlng Chis rate without clinical incident, in the
presencseries, similar conditions prevailed, Nakésone
ei al (1954) performed an interesting experiment in
which cltracve solutlons of varying strengths were
Lnflused inco dogs and the response of cadiasc nuscle

was measured by E C G tracings., They sugszesved that

LT was noG The acstual level of ciltrate in the'perfusate
which was the fector precipitating cardiac changes but
ravher %he cumulatvive dose of cltracve in the animalt's
pody, +.n other words, hypocslcaemlia was induced after
the infusion of a critical amount of citrase whether
this was astained over a short period Dy'the iniusion
of a solutlon conctaining a high concentration of cltrace
or after a longer perioed with a solution consainiﬁg legs
citrace, Gur thig reasonh the slower the rave of Lrans.-
fusion the less severe the hypercliraemia which will
develope. Lt 18 suggested that the clinscal .incidents
:n this series were nol relaved Go the infusion ratve

of' citrave, Reference Lo Table XXXX11l will show tThat

the safety rave was ofven exceeded in cases who apneared
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normal throughout transrusion, yes in ¢ther apnormal
czse 8 othe inlusion rave was veluw the recommended
safety rave,

1% should be vorne in mind vhac reports des-
crlbing rapid mevsbollic breasdown of ciivrave during
the inrusion of ciriraved bloed are bagsed upon obser-
vauvions of pleama ciuorauve concenvrsvion during a
period when repld diffusion out of the plasma com-
partment is occuwrr'ing, Transfer of cirurave to ovbher

compartmenss of body waver would accounv, at least in

part, for the disapnearance of exogenous clcrave oub
of Che plasma water, The average amount of cltrace
conteined in 100 wl, of citrated donur bivoa is 370
mgm, Assuming that no transfer occurred out df the
plasma ccmpartmenc inue inversticlalwater thén the
amount of Gthis citrave whicn would be retained after
the exchange of luu ml, of bluod vy the technique
described in clinical mechods would be abouv 320 mgm,
.0 practice, however, a proporuicn of vhis would be
trensferred to .ntersuvivial waver, and assumlng even
disuribuvion throughous the exuraceiluler water,avoub

a seven-fuld reducuion in the Gheoritical maximum

plasma concenuvratlion could ve expected, The actual level
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in ohe plasme wWould depend upon the degree of transfer

of vhe citrave au the ti e of collecvion of the specimen,
buv 1 should ove within the range 46 - Szo.mg. per 10u ml,
Thug bhe levels recorded in this series indicave vhat a
congiderable portion of iniused citraive migraced ouw

of The plasme cowpartment afcer each hundred millilicres

of ploud exchanged,

Increaged intracellular mevabollsm of citrace was
likely Go oceur under the stimulus of the infusion of
cLbrate, Sltes of metavolisw have been discussed in
the invtroductory seccion of vhis theds, Suffice to
recurd thav Wexjier observed delayed removal of clirate
from plasma in one fata]l case and as post-mortem exam-
Lnasion reveajed gross liver dawage, he postulaved that
cmpaired liver funcolon might serlously deiay cltrace
metaboulism, 1h the facval case cf the presenu series,

a simijiar delayed removal of citrate was observed, yet
pos G-mortem examination revealed ncg severe liver damage,
.u 18 qulte possiole that a mild degree or metabolic
.mmaturicy exists in newburn inilanbs, especlally those
suffering fromerythoblastosis foctalls, This would
explain the resting hypercltresmia obgerved in some

cases in this series, Lt can only ve concluded,however,
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thau 211 infan®s apneared to have eflcient homecostatic
mechanisms for removing infused citrasve from plasma,
Lu 18 sug-ested as a hypothesis that all the
racvors dlscussed musc uperate during the infusion
of citraved blood, .nitlally, the preveantion of
severe hypeccltraemia by careful adjustment of the
donor plasma cltrave jevel and the rave of btransiusion
can ve controiied by Ghe operavor, Presumaply, any
infused cltrave enters che plasma and from there it
Ls transferred Lo intersuvitial water and finaj.y the
inera cellujar waver, where it 1s metaoolised,
Reference to figures Vi1 and V111 will indicave the
general patuvern of serum cltrave during transrusion,
‘ne initlay, dramﬁcic rise to a level between lu0 and
160 mgm, per luu mi, may represenv a phase in which
citrave is essenuiallylconfined Gp the plasma, Unce
mechanisms conwrolling transfer cut cif the plasma
compar tmenu become opemiive 1t lg reasonable TGo expect
a fall in Ghe plasma cltrate if the rave of uransfer
exceeds uEe rave of citrave infusion in The plasma,
this has been confirmed in the presen. investigavion,
wiuctuabions observed at lauver suages in Ghe transfusion
may reflect the efilclency of intraceillular metabel.c

pachways, Thus & rising clotrave in the presemce ol a
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consiant rave ol cliratve infusion suggests some
Lupalrment of functlon (cases T,l.). Conversdy a
Tailing serum ciirave level suggests efriclens
metabolism, Whele a fluctuacing citrate leveil may oe
itndicative or sudden changes in the citrave inkake
wich which The intraceiiuviar metapulic processes are
unable To cope, All except two iniants (I1,V,), were
able to Ymetabolise" infused citrave very efriciently,
Lf citrave invoxicauvion was the causative facuor in
some or all of vhe clinical incldents in bhis series,
then it is g1ffieurs To explain the fact that serum
cltrave levels of a simlilar magnitude did not precipitate
incidents in the normal infants,

The high serum citracve recorded in this invest-
igavion should have induced severe hypocalcaemia, The
cheorecical implications are that all available calcium
ions in the plasme of infants undergeing transfusion
should be inactivated, oubt the results indicate that
although significantly reduced, Thls reductlon wes nut
compleve except in the faval case, Two explanations are
proposed, Firsciy, citrave was present in the plasma in
high concenuvravion put there was nov evidence to show
whether the whole or part of 1t was present in an acuive

ionic trurm, .n fact, an wnachbive molecule, possibly
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bouna To protein may have existed, Such complexes

are knuwn to exlst in the case of pretein and glucose,
and the llpopoteins, ynder such circumscances, oniy
iLonlsed citrate would be available Iur reaccion with
calclium and othercacions, Secondly, the formation of
calcium citrave is nut an tnstancaneous reactlon and
thlis might explain the apnarent discrepancy beuween Gthe
absence of Che clinical manifesvacions of tecany, even
vhough subsequent analysis of serum showed a profound
depression of calcium lon, During transfusion, calcium
citrave formatlion may have been incompleve, whereas on
suerage of the serum fn tThe absence of emzyme acbtion,
reaction was allowed to reach completion in the presence
of excess of ¢ltrave ion, Vhatever the explanavion,
analysis revealed chat complete inacuivaclion of calcium
ion in serum did nobt occur, There was no evidence to
confirm the finding of others that ?ignifxcant mob.lisation
of calcium ion occurred from bone or other sources in
response Lo an induced hyperclisaenmla, nor did &t appear
thav the injecuion of calcilum gluconate was erfective

in elevacting calecium ion in serum, On clinical grounds,
Walker and Neiigen (1953) abandoned the use of gluconate

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

fusions,
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Herlltz (1945) observed active tevany in infants
whose plasma caleium ion level had fallen veluw 3,5 g,
per 10y mLl,, V€U even with serws calcium ion levels below
2,0 mgm, per luo ml,, classical tetany was not seen during
thls investigation, The absence of clinical abnormali vy
is not inconsistenuv with a reduction in calckum ion as
the factors governing neuro-muscular irritabil.ty are
complex and the mainuenance of a normal svave of irritabllibty
may have been due To compensatory mechanisms, The exac§
means by which tetany is brought abou®t has not yet been
elucidaved, but the original work done by Ringer and Loeb
dlscussed in any standard textbuok ol physlology, might
elucidave the problem, '‘hey postulaved a.delicace equil-
ibridm between the cations of the serum, and any dlsturb-
ance of Tihls equilibr;;m such as a decrease in calcium,
magnesium or hydrigen ions, or an increase in sodium,
pobassium or hydroxyl ions causes brper-irritibil;uy
of vhe tissues, I0C has been showm that an increase in
potagsium and a decrease in calcium ion pccurred in
serum, thug favouring the development of neur o-muscular
hyperirritibilety,.

1t has been demonstraved vhat cltraved blood is

weakly acid in reacuvion and the infusion of such a medium

would favour the producsvion of a metabolic acldosis, This
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problem is at present under investigavion by Walker
(personal commurleation) but no results have been
repcrced To dave, increase in hydrogen ion con-
cenvravion would tend Go compensave for the co-
existing hypocalcaemia and hyperpotassaemia in

terms of neuro-muscular irritabil.ty, For example
Mudge and Vislocky (1949) observed the acidosis of
chronic renal disease was not rejatved Uo specifically
to a change in acid-base equilibrium cuv was associaved
wich & decrease in inbtracellular pouassium and a rise in
ipntracellular sodium. 1n this investigavlion perfusion
of donor biouvd inuvo the infants did not signiflcantly
ajter their serum sodium level in the face of a virtual
reniacement of the infants' bluod and a donor plasma
concentration around 400 mg, per 100 ml.Since rewal
excrecion of sodium must have been negligible during
nransfuéion, difrusion or transfer of excess sodium

out of the plasma compartment must have cmcurred, Ts

1t recgonable Go postulate that at least some of Gthis
sodium entered the iptracellular water, possibly re-
rlecuing that some movement of potassium into Uhe
exuraceilular waver had pccurred ¢

The leakage of potassium from red blood cells



durlng scorage 1s a well known phencmenon (De @gowin

et al 1940) and che significance of this was emphasized by
VMollison (1951), Toxic levels of potassium in bluvod piasma
are assoclaved with cardiac arrest and in fact, injecuion
of potassium civrave soluvion invo the coronary circu-
lation has been used experimenuvaliy to produce electlve
tenmporary cardiac arrest (Melrose ev al,, 1955), in the
adult the ctransfusion or one or two pints of blood dees nowv
greatly afiect The reciplentts plasma potassium con-
centraclion put TGhe sltuatlon is different during exchange
transfusion.in & newoourn infant where one pine ol bluod

18 eguivajient to apbout twise che infant's blood volume,
viller ec a1l (lyb4) swvudied the infiuence of transfusion
upon secrum pouassium concencracion in eighy infants,

une inrant wiuvh a pre-ovransfusion serum povassium level

of 31,8 mgm, per 100 mi, was vrangfused with donor bloud
convaining 72,5 mgm, per 100 ml, povassium in the plasma,
He devejcped clinical signs of hyperpovassaenla which were
by elecurocardiographlic changes and au Ithis peine
1is serum potassium level was 55,7 mgm. per 100 mi, How-
ever a3 no ciassical signs of hoperpobtassaemia developed
in any of she osher Lavies svudied, They could not be
cerbain that the high serum povassiwa concentravion

induged in wwo of the pasients and presenc in a third
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were necessarily narmful To these infancs., They statce
That vchey ubserved wiwo deavhs during exchange trans-
Irusion ouv in neither was potagsium intoxicacion con-
gidered as a likely cause, As in the case of Willer,
sudaen unexnlained death in two inrants prowmpied The
+nvestigavlon carrlied out by Campbell (1955), He
found vhat donor pilasma potassium levels of 40,0 mgm,
per 100 ml,were not uncomuon even in vlucd stored for
less than seven deays, Afuver a carefyl situdy he con-
cluded chav "hyperpotassaemia  is not infrequent in
the course of an exchange transfusion for haemolytic
disease ol the newborn, and that the levels reached
arc pouventially levhal, No proof could be provided,
however, to show Ghat the deaths in hls series of cases
were the result of hyperpotasssemla, Acvempts on his
part vo reduce the severity of The hyperpotassaemia
with insulin were fairly successiul,

gerum potassium levels reccorded in this in-
vestigasion indicated that 607 of infants developed
a hyperpotasseemia, either belore or during oransfusion,
out these changes were common, €vén in che asympto-

matic infanbs, Rise in plasma potassium level during
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exchange transfusion is influenced by the intaxe of
potagsium in Ghe donor plasma, the efriciency of che
renal mechanlsm vo excreve excess pobtagssium and che
eif'iciency of incracelluler "metabolic” sites in
removing potassium from the plasma, 1t was apparenw
in this investigatlion that the development of hvper-
potasgsaemla was closely reilated to the infusion of donor
bloecd, The incidence of hyperpotagssaemia was high when
the donor plasma pobtassium level exceeded 30,0 mgm, per
100 miL, As in the case of clurave thouzh, The high serum
potassium levels were not relatable, survrisingly, to the
rate of transfusion of donor blood, Thus the develcpment
of hyperpotassaemie may be the result of accumulatlon of
potassium, racher than the potassium concencvration of the
perfusate,

in the adult, renal excretion of potassium ils a
mostT Lmporiant homeostavic mechanism preventing potassium
ntoxication but since renal immaturity i1s an accepced
phenomenon in the newborn, thelr abiLlity Co excrete excess
potassium is doubtful, in fact, the normal urine outvpub
in the first twentyfour hours is about 20 ml, sO that the
maintenance of & normal serum level during transfusion
must depend upon mechanisms other than renal, Oone of

these musc be Gne transfep of povassium from vhe plasma



Tto other compartments of body waver, Simple dis-
tripbuvion wicvhin the exiraceiiuler waver will result
in a sevenlold decrease in the concentracvion of any
exogenous potassium which is confined initially to

the plasma, The serum pobtassium concentracion'per
se'does not necessarily reflect the svate of celluler
potassium, and 1% is noov justifiaple to automacically
agsociace a high serum potassium level with a coxic
accumulacvion ol potassium in budy water, in face

Tara 1 and Elkington (1949) have shown that a cellular
deficiency ol potassium may exist in the presence of high
serum potassium levels, Alchough this would expliain the
apsence of potassium incoxication in The cases in chis
invesuvigavion wich high serum potassium levels, 1T ls
difriculuc to imagine an inrantgsuflering ‘rom erythrob-
lastosis foevalis, These iniants are exposed Uo a

14

severe haemolyuic process which commences "in ucero" and i¢
is possible that in the absence of renal honecgstavlc mech-
anism, these infants are 1n a state of positcive potagsiunm
balance, ‘‘his faco tends to be confirmed by vhe high
incidence of rescing hyperpobassaemia,

Txperiments (Josephs €c al, 1939, Fenn, 1939,

Houssav ev &l 1939, Eicheloerger, 1941) have shown thac



sag inuwravenous injecolon of soluvie povassium salts
results in the accumulavion of posassium within the
liver cells and this process is enhanced by the
simul sanecus iniusion of glucose solution, Presumably,
potaggium envers the intracelluler space of whe hepavic
cells during hepavic glycogenesis, This is suggescved
as a worxging hypothesis in The presen. invesuvigazuion,
'he 1liver 1ls only & tempurary siuve but lu serves as @&
means of preventing potassium incoxication in che
apsence oi renal regulaving mechanisms, The 1iberauiun
ol pouvasaium during glycogenolysis inevitably occurs
buu Ghis process occurs av a rave which allows adequatce
renal excresion ol potassium by the rapidiy deveioplng
renal Gissue,

‘he pbiochemicai abnormality ovserved in Thls
invescigation was dhe co-exisuing hyperpovassaemia
ana hypocalacula, ‘'he danger of simuitanecously rising
ﬁotassium and falling caicium Lon levels in ©The bleod
was described by Guest (1952). Provecuion of dogs agalmso
normally lechal ccncenvrations of potassium may be
provided by the inuravenous injecuion ol calcium,
(Winkier eo al, 1999) « wodificavion of the efiecwus
ol pocasaium invoxicavion in chitdren by the admine

igsravion of calciur salts was riaimed by Movan and
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Melgeon (Lv4d), Lavenu vetany in a group or adults wich
co-exlsving hypopovassaemia and hypecalcaemia was ren-
dered manifesc by the sjiow inoravenous iniusion of pot-
asgsium g21%8 even though vhe final plasma potassiuw
level did nout exceed the usual norme)l range, (¥ngei

ev aj 1949). Nune ol these facts were conilirmed in

this invescigation, There 1s some suggesulon that tThe
hperpovassaemia may have precipitaced heart sighs in
the cases of acuve non-fataji collapse, cardiac failure
and death but complevely asympiomauic infants presenved
a hyperpouassaemia of sipilar megnicude, The evidence 1s
strony is favour of profound electrolytic ilmbulance 1n
the faval case, alvhough the actual cause ol deach was
tound to be haemorrhage,

Iy appears that there is no associavion petween
the clinical disvurbance observed during exchange urans-
tusion and she changes which undoubuvedly occur in piasme
elecirolytes, The various factors which might be respon-
siule ror clinical deteriorasion are outgide uvhe gcope
of uvhis thesis buv tvhese have been discussed in a paper
by Farquhar and Smith (in press), Brierly they sugrest
that operation is be.ng carried ouu upon an Lmm@iul'e

subject whose card.ac vivaiicy may be .upaired and whosge
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cardiovagscujar sysitem is undergoing major physiological
read justment, There is, therefore, every reason rLor
conducving excheange srensfusions siowly and gently,
Cooling of The iniant musv be prevented and vhere is
some evidence that the injecvion of cold bluod way
zlve rise Go & scave ol shock and possibiy cardiac
discurbance, Murchermore, excessive manipujaition of
the umollical vein during transfusion and interference
wivhin the portal circulavion may provoke reuching,
shocik ana possivly some reflex gpasm o vhe greac
veins, ‘'hese facuors are considered %o be more
cuportany in precipltacing che clinical incidents
cbserved .n chis investigasion than the elecurolyulc
imbalance which was induced by the ctransfusion of

blood,



The evidencepresenved 1n this 1nvesuigauion‘
suggests thauv two Tfactors are invuived 1n the
ejectroiytic imbalance which occurs during exchange
transfusion, TFirsvly, hypocalcaemia following the
tnfusion of high concentracions of cltrase in the
donor blroud, and secondly, hrperpobtassaemia which
L8 influenced oy the infusion of-donur plasma con-
taining high concentracvions of potassium,

Transfusion of citraved donor blood invariably
caused a profound increase in the plasma cltrave
level, yeu a2ll Ghe infants in ©hls serles aisplayed
an amazing ap.lu.ty to remove infused citrave from
their nlasma, The facuurs governing citrave met-
abolism and the efiect of transfer of cltrate oub
of the plasma comparbtment have been dlscussed and
the relative imporuance of each has been critically
examined,

'he severity of the hypercitraemia should have
been sufriicient theorecically to inactivate all the
calcium ions in the plasma, yeb aithough significantly

reduced, only in one instance, Uhe faval case, was




calecium l1on activity not messurable, Explanacions
nave been presented to account for the apvarent
discrepancy petween the absence of the ciinical
manifegtacions of hypocalcaemia during ctransfusion
and the c¢bserved deprression of ecalclium ion in the
servm specimens collected for analysis,

The absence of clinical abnormalicy is not
inceonsistent with a reducvlon in calcium ion in the
serum, There .9 no evidence To suggest that cltrave
during oransfusion is circulacing in an fonic form,
Farthermore the factors govern.ng neuro-miscular
Lrritabpulity are complex, anu The maintenance of a
norma)l scave of irritapil.ey in the face of a re-
duced cajicium ion concentracion mav ve du€ Lo CUl-
pensatory mechanisms.

The injection of calclum gluconate soluvion
had nou efiect upoh serum calcium ion concentracion,
The results tend to confirm vhe opinion of ouvher
worwers thau calciuwm gluconave is of nu value 1in

mainuaining calcium ion concenvration in the seruvm
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during exchange transfusion,

The incidence of hrperpotassaemia is high in
newborn infants sufiering from erysnroblassosis
foetalls and Shey are in potential danger of dev-
€loping nyperpotassaemia during exchange transfusion,
Thls 1s .nfiuenced uy the potassium content of the
donor plasma,

The state of pobassium in the body and the
mechanisms respons.ble Ior maintaining plasma pobt-
assium within normal linits have veen discussed,
11U 1lg suggested that the intravenous infusion of
Zlvcose in the doncr blood is efiective in laying
down potassium during hepatic glycogenesis,

An ausempt haes been made tec determine if a
correlacion existed beuween clinical inclident during
exchange transfusion and the 1lnduced electrolytic
imbalance, There appeared %o be no correlaticn,
Tlectrolvtic imbalance of similar magnitude existed
in infants irvespective of chelr ciinical conditlion,

The only ratal case of The series showed The most



profound changes in serum elecirolytes,

In Ghe evaluation of the possible causes of
clinical detericrasion during exchange transfusion,
LG 1s emphasized chat severe elecurolytic imbalance
apnarenvly exists wlthout clinical incident, 1t may
ne théb the incidence of symptoms is dependant® upon
the degree of severity of the imbalance, butu There was
nu evidence to suggest this Go be tne case, 1t Ls rec-
cznised that the infents undergolng transfusion were
critically 111, and various racuors other than elec-
trolvtic imbalance are believed to be tne cauge of

ciinical alsturbances,
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