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INTRODUCTION 

A TECHNIQUE for producing profound hypothermia by surface cooling and 
rewarming to allow open-heart surgery in infants was reported by Horiuchi e t  al. 

in 1963.1 Interest has been revived recently because of the successful modifica- 
tions of the technique by using bypass cooling and rewarming as described by 
Belsey et  al. in 1968, 2 and by combining initial surface cooling with subsequent 
bypass cooling and rewarming as described by Barratt-Boyes and his group, 
1971. 3,4 The rationale and the techniques being used for the production of pro- 
found hypothermia at The Hospital for Sick Children, Toronto, have been re- 
cently reviewed by Steward et al. 5 

We previously reported acid-base and electrolyte changes in several series o~ 
paediatrie patients undergoing open-heart surgery with normo-thermie cardio- 
pulmonary bypass. 6-8 We are now reporting on a study of the acid-base and 
plasma electrolyte changes in infants undergoing profound hypothermia by the 
technique of initial surface cooling followed by further bypass cooling and 
rewarming. A comparison is made between the changes seen when the initial 
surface cooling is terminated above 30 ~ C rather than being continued to 
26-27 ~ C. 

PATIENTS, PROCEDURES AND METHODS 

A.  Pa t i en t s  
These studies were carried out on 11 of the 25 cases included in the clinical 

review by Steward e t  al. 5 Table I represents data on the age and weight ranges 
of the patients. Seven patients (group 1) underwent initial surface cooling to a 
mean oesophageal temperature of 26.6 ~ C and 4 (group 2) to a mean oeso- 
phageal temperature of 32 ~ C. In order to standardize the overall comparisons 
only those cases in whom fresh heparinized blood was used in the oxygenator 
prime were included in the complete study (5 cases in group i and 4 cases in 
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TABLE I 
PATIENT GROUPS 

No. of Age (Months) Weight (kg) 
Group Patients Mean (Range) Mean (Range) 

1 7 19.2 (0.3-42) 6.72 (3.4-11.1) 
2 4 11.0 (3-24) 6.45 (4.0-8.3) 

group 2). However, in two additional cases data only from the initial surface 
cooling phase were included in group 1 giving a total number of seven. 

Three patients with complete studies in group 1 and two in group 2 had 
transposition of great vessels and underwent Mustard atrial baffle repair. The 
remaining two of five patients in group 1 had patch closure of the ventricular 
septal defect and one of these had also a right ventricular infundibulectomy. Of 
the remaining two patients in group 2, one had a patch closure of an atrial septa] 
defect, and the other a left mitral annuloplasty for mitral regurgitation. 

B. Procedures 
The technique of initial surface cooling, followed by bypass cooling to approxi- 

mately 16 ~ C, circulatory an'est and bypass rewarming was as described by 
Steward et  al. 5 As the patient's temperature was lowered to approximately 34 ~ C, 
5 per cent CO2 was added to the inspired gas mixture to keep the temperature- 
corrected Pco2 at approximately 40 mm Hg. Five per cent CO2 was added to the 
pump oxygenator during the periods of bypass cooling. In all seven cases of 
group 1, the initial surface cooling was carried to a mean oesophageal tempera- 
ture of 26.6 ~ C (Table II). In the four cases of group 2, the initial surface cooling 
was only carried to a mean oesophageal temperature of 31.8 o C. 

In the nine patients of groups 1 and 2 with complete studies, further bypass 
cooling resulted in a mean oesophageal temperature of 15.7 ~ C prior to circula- 
tory arrest lasting for 36 to 61 minutes (Table II). The mean duration of re- 
warming bypass was 18 minutes. 

A Temptrol~* disposable bubble oxygenator was used with the haemodilution 
techniques previously described2 -s The priming volume of the infant oxygenator 
was 800-900 nal. The volumes of diluent and blood added were calculated to pro- 
duce a standard 30 per cent dilution when the priming volume and the patient's 
blood volume were combined at the start of bypass. The diluent used was a 
magnesium-containing multiple electrolyte solution (Plasma-lyte)| with glucose 
added to make a i per cent solution, s To each unit of fresh heparinized blood 
used in the prime was added 12 mEq NaHCO.~ and 1-2 ml of 10 per cent CaCI2. 

In the post-operative period, all patients routinely received 5 per cent dextrose 
in 0.2 per cent NaC1 intravenously at a rate of approximately half the calculated 
normal maintenance volume per day. In addition, all measured blood losses were 
replaced with fresh ACD blood. All patients received 2 mEq/kg/24  h of KCI 

*Bentley Sales Inc., 180 Main St., Norwalk, Conn., 06851, U.S.A. 
~Plasma-lyte| 148 in water: Na+ 140 mEq/L; K+ 5 mEq/L; C1 98 mEq/L; Mg++ 

3 mEqlL; bicarbonate as acetate 27 mEq/L and as gluconate 23 mEq/L. Travenol Lab. Inc., 
Morton Grove, Ill. 60053, U.S.A. 
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during the first 9.4 hours postoperatively, and patients of group 9. were given 
magnesium (1 mEq/kg/24 h) for the first 24 hours. 

C. Sampling 
Blood was drawn from an indwelling arterial cannula into a lightly heparinized 

syringe at the following times: immediately following the induction of anaesthesia 
(i); at the end of the period of surface cooling just before cooling bypass was 
begun (SC); five minutes after start of cooling bypass (C); five minutes after 
start of rewarming bypass (Wl); at the end of rewarming bypass (W2); and 
after bypass during chest closure. Post-operative samples were drawn at four- 
hourly intervals during the first post-operative day and at eight-hourly intervals 
during the second post-operative day (specimens i to 9). The sample from the 
priming fluid was obtained from the oxygenator just before cooling bypass was 
begun. 

Urine was collected from an indwelling catheter during the operation, at four- 
hourly intervals during the first post-operative day and at eight-hourly intervals 
during the second post-operative day. 

D. Chemical methods 
Blood, plasma and urine specimens were analyzed as follows: Arterial pH, 

Pco2, and Po2 were measured immediately after the blood was drawn and 
warmed to 37 ~ C, using Radiometer microelectrodes and a PHM 27 pH meter 
with gas monitor. All reported values have been corrected back to the patient's 
oesophageal temperature at the time of sampling using the correction factor of 
Rosenthal. 9 The oesophageal temperature was found to be the most reliable index 
of the core temperature in infants3 The haematocrit was measured by standard 
techniques. Sodium and potassium concentrations in plasma and urine were de- 
termined by standard flame spectrophotometric techniques* Total calcium and 
magnesium concentrations in the plasma and urine were determined by emission 
and atomic absorption spectrophotometry, respectively? T M  Calcium ion activity 
was determined on thawed frozen plasma by the method of Radde et al) 2 Blood 
sugar concentrations were measured by standard techniques ~3,14 and plasma 
osmolality by osmometer.~ The degree of haemolysis was estimated from plasma 
haemoglobin measurements by the method of Hunter et al. TM 

RESULTS 

A. Arterial Pco2 
The Pco2 values (mean • SEM) are shown in Figure 1. At induction of 

anaesthesia, values were normal in both groups. During the period of surface 
cooling by the addition of 5 per cent CO2 to the inspired gas mixture, the mean 
Pco2 was maint~ned close to 40 mm Hg although there was a wide scatter of 
individual values. Despite the addition of 5 per cent CO2 during bypass cooling 
the mean Pco2 values decreased significantly and varied between 18 and 26 mm 

OIL Flame Spectrophotometer, model 143. 
{Model 3-L Osmometer, Advanced Instruments, Inc., Newton Highlands, Mass., U.S.A. 
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Fm~aE 1. Arterial blood Pco2 (Paco~) (mean --- SEm). i = specimen taken at induction; SC --  
s ecimen taken at the end of the period of surface cooling; C ---- specimen taken 5 min after 
stPart of cooling bypass; Wx and We ---- specimens taken 5 rain after and at the end of warming 
bypass, respectively. 

Hg in group 1 and between 22 and 41 in group 2. Early during bypass-rewarming 
the Pco2 rose but later gradually declined to nearly normal values by the end of 
bypass. The values remained within the normal range during the post-bypass 
and post-operative period whether ventilation was spontaneous or assisted. 

B. pH and Base Deficit 
The mean arterial blood pH at induction was slightly lower in group 1 than 

in group 2 (Figure 2). Although there was a trend to a slight decrease in pH 
during the period of surface cooling, values did not change significantly. Simi- 
larly, there was a slight, though not significant, increase in the mean calculated 
negative base excess values during surface cooling in both groups. Nevertheless, 
four patients did develop metabolic acidosis of a degree requiring treatment. The 
acidosis occurred during periods of hypotension resulting from cardiac manipula- 
tion and cannulation immediately prior to the start of bypass cooling. 

During bypass cooling, the pH rose in both groups but only in group 2 was 
the rise statistically significant (p < 0.01). As the slight decrease in the calcu- 
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FmtraE 2. Arterial blood pH (mean --- SEm). i "- specimen taken at induction; SC = speci- 
men taken at the end of the period of surface cooling; C = specimen taken 5 min after start 
of cooling bypass; W1 and W~ = specimens taken 5 min after and at the end of warming by- 
pass, respectively. 

fated negative base excess was insignificant in both groups, the rise in pH was 
primarily the result of the lowered Pco2 values during this period. 

Between the bypass cooling-sample and the first sample during rewarming, 
encompassing the period of circulatory arrest, the arterial blood pH decreased 
significantly to mean values of 7.16 (group 1) and 7.18 (group 2). This marked 
pH change reflects an alteration in both the metabolic and respiratory compon- 
ents. The rise in Pco~ and the increased negative base excess values were both 
significant (p < 0.01). During bypass-rewarming the pH increased towards 
normal, reflecting both a decrease in Pco2 and the partial correction of the meta- 
bolic component. At chest closure, mean pH values had returned to the normal 
range. 

Post-operatively, the mean pH values rose to between 7.45 and 7.50 in both 
groups with calculated mean base excess values between +4 and +8. The post- 
operative metabolic alkalosis in both groups reflects the fact that sodium bicar- 
bonate was administered in an attempt to correct the metabolic acidosis during 
bypass rewarming in all but three of the cases. 

In Figure 3 the pH in two individual cases is contrasted. Case 53 was given 
sodium bicarbonate during bypass rewarming and the pH continued to rise to 
a range around 7.5 post-operatively. Case 55 did not receive sodium bicarbonate, 
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FIGtraE 3. Arterial blood pH of two individual patients, x = value in priming solution; i "-" 

specimen taken at induction; SC _-- specimen taken at the end of the period of surface co�9 
C = specimen taken 5 rain after start of cooling bypass; W1 and W., = specimens taken 5 min 
after and at the end of warming bypass, respectively. 

but the pH also began to rise during bypass rewarming and continued to do so 
following bypass, reaching a value of 7.4 at chest closure. The normal acid-base 
status in Case 55 was maintained during the post-operative period. 

C. Plasma Potassium 
At induction of anaesthesia, plasma potassium values were within the normal 

range in both groups. During surface cooling a highly significant decrease in 
plasma potassium concentration was seen in the patients of group 1, ranging be- 
tween 0.8 and 2.9. mEq/1 and all values in patients of this group became sub- 
normal (Figure 4). In patients of group 2, the decrease in plasma potassium 
concentration was less and not statistically significant, although in three out of 
four patients, the decrease ranged from 0.2 to 1.0 mEq/1 with a mean of 0.7 
mEq/1. The difference between the groups was highly significant (p < 0.01). 
No statistical correlation was found between the degree of potassium change and 
that of plasma pH or Pc�9 

During surface cooling ventricular fibrillation occurred in two patients of group 
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FictraE 4. Plasma potassium concentrations (mean and range). Shaded areas indicate the 
normal range. Interrupted bar = range of values in priming solution; i ---- specimen taken at 
induction; SC ---- specimen taken at the end of the period of surface cooling; C ----- specimen 
taken 5 min after start of cooling bypass; W1 and W~ = specimens taken 5 rain after and at 
the end of warming bypass, respectively. 

1, both having been digitalized pre-operatively. However, four other patients in 
group 1 and three in group 2 had been digitalized and ventricular fibrillation did 
not occur. The two infants in whom ventricular fibrillation occurred had the 
greatest decrease of 1.4 and 2.2 mEq/1 of plasma K+ during surface cooling and 
were the two cases in whom the lowest values were recorded (2.3 and 2.7 mEq/1, 
respectively). No common acid-base abnormality was noted between the two 
patients in whom ventricular fibrillation occurred during the initial surface 
cooling. 

Despite the decrease in plasma K + during surface cooling, values returned to 
normal in both groups during bypass cooling due to the high normal potassium 
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I~GUnE 5. Plasma sodium concentrations (mean and range). Shaded areas indicate the nor- 
mal range. Interrupted bar = range of values in priming solution; i = specimen taken at 
induction; SC = specimen taken at the end of the period of surface cooling; C "- specimen 
taken 5 min after start of cooling by~ass; W1 and W~ = specimens taken 5 min after and at 
the end of warming bypass, respectively. 

content in the priming solution (Figure 4). During bypass rewarming potassium 
values began to decrease and reached the low normal range by chest closure. 

Plasma K + values remained low in patients of both groups during the first 24 
post-operative hours. Half the values were in the hypokalaemic range despite the 
routine administration of potassium in the dosage of 2 mEq/kg/24 h. 

D. Plasma Na+ 
Plasma Na+ values were normal in both groups at induction and no change 

occurred during surface cooling (Figure 5). During bypass cooling, plasma Na + 
rose slightly, reflecting the higher sodium concentration in the priming solution. 
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FIctraE 6. Total calcium concentrations in plasma (mean and range). Shaded areas indicate 
the normal range. Interrupted bar = range of values in priming solution; i ---- specimen taken 
at induction; SC = specimen taken at the end of the period of-surface cooling; C = specimen 
taken 5 rain after start of cooling bypass; Wl and W~ = specimens taken 5 rain after and at 
the end of warming bypass, respectively. 

This increase was not statistically significant. Normal plasma sodium values were 
maintained throughout operation and the early post-operative period. Mild hypo- 
natraemia developed in both groups on the second post-operative day. 

E. Calcium (Total and Ionic) 
Although total calcium levels were low in most patients in both groups at in- 

duction, ionic calcium was in the normal range for the patients' age (Figures 6 
and 7). Similarly, there was a tendency to a further decrease of total calcium 
concentrations during surface cooling, particularly in group 1, but the changes 
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FICmaE 7. Ionized calcium concentrations (mean and range). Shaded areas indicate the 
normal range. Interrupted bar -- range of values in priming solution; i ---- specimen taken at 
induction; SC = specimen taken at the end of the period of surface cooling; C -- specimen 
taken 5 min after start of cooling byl~ass; Wx and W~ -- specimens taken 5 rain after and at 
the end of warming bypass, respectively. 

were not statistically significant. Furthermore, ionic calcium remained unchanged 
and entirely within the normal range during surface cooling. 

The wide variation of both total calcium and ionic calcium concentrations in 
the priming solutions resulted from the different amounts of CaC12 added. Initi- 
ally, only 1.0 ml of 10 per cent CaCI~ was added to each unit of heparinized 
blood (four or five cases of group 1) but this was increased in the remaining 
cases to 2.0 ml. The lower values of total and ionized calcium during bypass 
cooling and rewarrning in group 1 confirm the necessity of adding 2.0 ml of CaCI~ 
per unit of blood. In spite of the low total calcium concentrations in the plasma 
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FIGURE 8. Total magnesium concentrations (mean and range). Shaded areas indicate the 
normal range. Interrupted bar -- range of values in priming solution; i = specimen taken at 
induction; SC = specimen taken at the end of the period of surface cooling; C "- specimen 
taken 5 rain after start of cooling byl)ass; Wx and W~ ---- specimens taken 5 min after and at 
the end of warming bypass, respectively. 

of patients in both groups during the post-operative period, ionized calcium levels 
were well maintained during this time. 

G. Plasma Magnesium 
Total magnesium concentrations in plasma at induction were in the low-normal 

range and did not change during surface cooling. Magnesium concentrations 
increased and were maintained in the normal range during bypass in both groups, 
as a result of the high normal concentration in the priming solution (Figure 8). 

Because of the post-operative administration of magnesium to patients in group 
9., plasma magnesium concentrations became significantly higher in this group 
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than in those of group 1. The value remained at the upper limit of normal or 
slightly above, whereas three out of four patients of group 1 developed mild 
hypomagnesaemia. 

H. Protein, sugar, osmolality, haematocrit and degree of haemolysis 
The osmolality showed the expected increase during bypass cooling and re- 

warming, reflecting the moderately high values in the priming fluid (Table III). 
Osmolality gradually decreased during the post-operative period. Forty-eight 
hours post-operatively the values for patients in group 2 were slightly increased, 
whereas the values for patients in group 1 were significantly lower than normal 
and the mean values for both differed significantly. 

The degree of haemolysis was not different between groups during surface 
cooling, bypass cooling and rewarming (Table III). It reflected the degree of 
haemolysis in the priming fluid. 

The haematoerit in the bypass cooling sample was close to the anticipated 
range of 25 per cent to 30 per cent. Values gradually rose to means of about 40 
per cent during the early post-operative period. 

Blood sugar and plasma protein values did not differ between groups 1 and 2. 
Blood sugar increased significantly during surface cooling, and again at the initi- 
ation of bypass. The levels were gradually decreasing but mean values were still 
above 250 mg per 100 ml at the time of chest closure. 

I. Urinary Flow and Cation Excretion 
Urinary flow rates and electrolyte excretion rates were similar between the 

two groups during the operative period (Table IV). Post-operatively, flow rates 
varied widely but mean values were similar between groups. Large variations 
were also seen in the post-operative sodium and potassium excretion rates. 

Because the patients in group 2 received magnesium supplements their post- 
operative magnesium excretion was higher than group 1 during the first and 
second post-operative day. Calcium excretion also differed between groups and 
was higher in group 2 than in group I between four and forty-eight hours post- 
operatively. 

DlSC-O'SSlON 

The changes in Pco~ and other acid-base parameters which occur during hypo- 
thermia have been extensively reviewed in the literature2 e-22 Carbon dioxide 
becomes more soluble and the protein anion concentration decreases in body 
fluids. TM The relationship between total CO2, Pco,_,, and pH as expressed by the 
Henderson-Hasselbalch equation is disturbed, as it is dependent on a constant, 
the pK, which increases by 0.005 unit with each degree centigrade decrease in 
temperature. This change in pK more than offsets the acidotic effect of the in- 
crease in dissolved CO2 during hyopthermia. Thus, in uitro, the pH rises linearly 
as the temperature falls. 

In vivo, during surface cooling, respiratory acidosis develops unless ventilation 
is assisted or controlled. TM However, with controlled ventilation in the anaesthe- 
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tized hypothermic patient, the Pco2 will fall precipitously if the minute volume 
is maintained at a level normal for normothermia. 21 At all body temperatures 
the Paco2 should probably be maintained close to 40 mm Hg by the addition of 
CO2 in the inspired gas mixture to prevent both cerebral vasoconstriction and the 
shift of the 02 dissociation curve far to the left which occurs when a low Pco~. 
and hypotherrnia are combined. 2x,=2 Thus su~cient oxygen should be available 
to meet the reduced 02 requirements. Normal or increased Pcoz levels combined 
with the effects of general anaesthesia should minimize the peripheral vasocon- 
striction which occurs during cooling, and this also should improve peripheral 
perfusion and help to reduce uneven cooling between body compartments. This 
will keep to a minimum the production of acid metabolites, an almost inevitable 
accompaniment of clinical hypothermia. TM 

We found that the pH and calculated base excess values did not change sig- 
ni~eantly during the period of surface cooling unless there had been an episode 
of hypotension during cannulation before bypass. This would agree with in  oitro 

studies in which hypothermia produced only slight pH changes in the blood if 
CO2 was added to maintain Pco2 of 40 mm Hg. 21 

The acid-base values reported during bypass cooling are obviously strongly 
affected by the composition of the oxygenator-prime so that changes which might 
have been expected purely on the basis of the further rapid cooling to 16 ~ C 
have been modified. The addition of 5 per cent CO2 to the oxygenator was insufll- 
cient to maintain normal Pco2 values in our patients during the rapid blood 
stream cooling. At least 10 per cent CO2 is probably necessary during this period. 
The increases in pH, which we observed during cooling bypass, reflect the lower 
Pcoz levels which were not associated with any significant degree of metabolic 
acidosis as indicated by the calculated negative base excess values. 

Belsey et al. have reported the development of metabolic acidosis during by- 
pass cooling. 2 This was attributed to the effects of ACD blood in the prime. In 
our series, blood losses during the Surface cooling phase were replaced by fresh 
frozen plasma; buffered fresh heparinized blood was used in the prime and for 
any replacement required during bypass. Seelye et  al. 4 using a buffered heparin- 
ized blood priming solution, have reported an unexplained "alkaline shift" during 
bypass cooling not wholly accounted for by the addition of bicarbonate or 
changes in lactic acid levels. We are unable to comment on this "unexplained 
shift" since we did not measure lactic acid levels. 

The occurrence of significant metabolic acidosis, which we observed early 
during bypass rewarming, has been well documented as being associated with 
increased levels of lactic acid released following the period of bypass cooling 
and circulatory arrest. 2,4,~~ During rewarming, we also observed a progressive 
rise in pH associated with a reduction in the metabolic component as reflected 
by a decrease in the calculated negative base excess values. Again, we are unable 
to comment on the unexplained "acid shift" during bypass rewanuing reported 
by Seelye et  al. 4 

Early in our series, we attempted to correct metabolic acidosis during rewarm- 
ing by the administration of sodium bicarbonate. With more experience, we 
added less and less sodium bicarbonate because the patients were developing 



JOHNSTON, e t  aL:  ACID-BASE AND ELECTROLYTE CHANGES 39 

post-operative metabolic alkalosis. It became apparent that with restoration of 
circulation and rewarming, spontaneous correction of the acidosis occurred. If 
myocardial contractility was adequate to maintain blood pressure and peripheral 
perfusion, post-bypass, this spontaneous correction of acidosis continued. Prob- 
ably the restoration of circulation through the rewarmed liver is of particular 
importance. 

In three patients studied later in this series who did not receive sodium bicar- 
bonate during rewarming we observed a pH close to 7.4 with base excess values 
of 0 to - 3  at chest closure. This normal acid base state was maintained during 
the post-operative period in these three patients. With this experience we now 
agree with the statement by Belsey that "it is inadvisable to attempt to correct 
the metabolic acidosis during the rewarming phase, since it only leads to un- 
necessary metabolic alkalosis. ''2 

We have previously reported on the changes in plasma cation levels in chil- 
dren undergoing normothermic cardiopulmonary bypass using the same haemo- 
dilution technique. 4,5,6 In the present study changes occurring pre-bypass resulted 
primarily from the effect of surface cooling. During bypass cooling any potential 
changes which might have resulted from the further rapid drop in temperature 
were modified or overshadowed by the effect of the cation concentrations in the 
priming solution. 

Reports in the literature on the effect of hypothermia on plasma potassium 
levels are confusing, due mainly to the variations in cooling and rewarming tech- 
niques and whether shivering occurred, or not. In earlier reports 18,19 as well as 
in a recent textbook of anaesthesia, ~ the plasma K+ concentration was said to 
rise during surface cooling; but in more recent studies hypokalemia has been 
reported. 2~ We also found a highly significant decline in plasma K+ levels 
when surface cooling was carried down to 26 ~ to 27 ~ C. 

The mechanism producing the decline in plasma K + is not fully understood. 
It seems clear now that it is not dependent primarily on changes of blood pH or 
Pco2 or to a net loss of body potassium and that the change is reversible on re- 
warming.2O. ~r 

During hypothermia inhibition of the cellular cation pump resulting in the 
movement of electrolytes down concentration gradients and reduction in cellular 
uptake and metabolism of glucose have been reported. 28,~9 However, both these 
effects should cause hyper- rather than hypokalaemia. More recent reports indi- 
cate a possible relationship between hypokalaemia, low plasma insulin levels, and 
the abolition of the insulin response to a glucose load during hypothermia. 25,8~ 

The exact nature of the adrenal cortical and medullary responses to hypother- 
mia and their influence on plasma potassium levels have not yet been clari- 
fied. 28,88~e However, there seems little doubt that adrenal secretory changes 
may be the predominant mechanism since Munday demonstrated as early as 
1958 that hypothermic hypokalaemia did not occur in adrenalectomized animals. 27 

Although the evidence is certainly not conclusive in a small series of patients 
such as ours, we have been impressed by an apparent relationship between the 
degree of hypokalaemia developed during surface cooling and the occurrence of 
ventricular fibrillation. The two cases in which ventricular fibrillation occurred 
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had been digitalized and were those having the greatest change in potassium and 
the lowest potassium concentrations. 

It has been recommended that potassium be administered during the surface 
cooling phase to manage cardiac arrhythmias. 25 In our experience, the onset of 
ventricular fibrillation has been sudden, without preceding arrhythmias and, as 
reported by Steward et al., other arrhythmias, when they did occur, have not 
been a problem in management and were not followed by ventricular fibrillation. 5 
Because of the possible relationship between hypothermic hypoka]aemia and 
ventricular fibrillation, we now initiate bypass cooling before the temperature 
reaches 30 ~ C, especially in patients who are digitalized. 

We observed a slight decrease in plasma K + during bypass rewarming but 
subnormal values were not reached until chest closure. Potassium levels remained 
low during the first 24 hours postoperatively, despite routine administration of 
potassium in a dose of 2 mEq/kg/24  h. Thus the dose should be increased to 
3-4 mEq/kg /24  h depending on renal function and plasma K + concentrations. 

Increases in plasma total calcium have been reported by Dundee and Clark TM 

and by Little 19 during surface cooling, while more recent reports indicate either 
no change sr or a slight decrease of this cation. 2~ In our series we found no change 
in the physiologically active plasma fraction, ionized calcium, even though there 
was a slight but not significant decrease in total calcium during surface cooling. 

When ionic calcium is maintained in the normal range during bypass by suit- 
able addition of CaC12 to the priming solutions, as in the present series, the 
chances of postoperative ionic hypocalcaemia are considerably lessened. This is 
shown by a comparison with our first reported series of patients with normother- 
mic cardiopulmona13~ bypass using heparinized blood without the addition of 
calcium. B The post-operative administration of calcium salts to correct total hypo- 
calcaemia (Figure 6) may even be clinically inappropriate, as a result elevation 
of ionic calcium levels in the presence of hypokalaemia might be deleterious. 

Although a correction factor is necessary when pH is measured at 37 ~ in blood 
taken from hypothermic patients, ~ it has been shown that albumin-binding of 
calcium and thus the Ca2+/total Ca ratio is completely temperature-indepen- 
dent 8s and thus no correction factor is necessary. 

The reported changes in plasma magnesium concentrations during surface 
cooling are also inconsistent. Hypothermic hypermagnesaemia has been observed 
in experimental animals a9,4~ This finding could be attributed to a decrease in 
glomerular filtration rate .1 or to cessation of active and a smaller decrease in 
passive magnesium fluxes. 29 However, we did not observe such changes during 
surface cooling. Plasma magnesium concentrations during bypass cooling and 
rewarming were similar to those we observed in an earlier series of patients, s 

Postoperatively, magnesium levels were at the lower limit of normal or slightly 
subnormal. Following the observation of hypomagnesaemia in association with 
neurological problems in one patient, not included in the present study, ~ the 
routine post-operative administration of magnesium (1 mEq/kg/2,4 h for 1 day) 
was initiated in all patients in group 2. This therapy led to increased plasma 
levels and urinary excretion of magnesium. Since renal reabsorption of magnesium 
and calcium occurs through a common mechanism, 42,43 the higher urinary mag- 
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nesium excretion rates were probably responsible for the higher urinary calcium 
excretion in group 2 compared to group 1. The lower total calcium concentra- 
tions in plasma in group 2 during the end of the first and the second post-opera- 
tive day may have been a consequence of the greater urinary losses of calcium. 

We have no explanation for the somewhat decreased plasma magnesium and 
total calcium concentrations in the induction specimens. Although diuretic 
therapy was used in some of the infants studied in the present series, the mean 
plasma potassium concentrations were not low and total calcium and magne- 
sium should not have been affected. Our normal values for plasma total calcium 
in infants (0--~ years of age )  are in the same range  as those of older children 
and adults (unpublished observations). Although Putman 44 reported high ionic 
calcium concentrations in a group of older children with chronic heart disease, 
this was not the finding in the infants investigated in this study. 

CONCLUSIONS AND RECOMMENDATIONS 

The technique of profound hypothermia would appear to have a place in treat- 
ing a selected group of infants requiring corrective cardiac surgery at a very 
young age. As a result of the present study we suggest the following modifica- 
tions of our reported technique: 5 

1, Because of significant decreases in plasma potassium concentration in group 
1 during the initial surface cooling and the possible relationship to ventricu- 
lar fibrillation in digitalized patients, we recommend that bypass cooling 
should be initiated before the oesophageal temperature reaches 30 ~ C. 

2. The addition of 2.0 ml of 10 per cent CaC12 per unit of heparinized blood 
used in the oxygenator prime or as replacement during bypass, is required 
to maintain normal calcium ion activity. 

3, At least 10 per cent CO2 is required to maintain PaCO2 of 40 mm Hg during 
cooling bypass. 

4. The addition of NaHCO3 to correct the metabolic acidosis during bypass 
rewarming is usually unnecessary as it will result in post-operative metabolic 
alkalosis. 

5. The post-operative dosage of potassium in these infants should be increased 
to 3-4 mEq/kg/2A h for one to two days depending on the adequacy of 
renal function and plasma potassium concentrations. 

6. Magnesium should be administered post-operatively in a dosage of 1 mEq/  
kg/24 h for 24 hours. 

SUMMARY 

Acid-base and electrolyte changes are reported in 11 infants undergoing pro- 
found hypothermia for cardiac surgery by the technique of initial surface cooling 
followed by further bypass cooling and rewarming. Seven patients (group 1) 
underwent initial surface cooling to a mean oesophageal temperature of 26.6 ~ C and 
four (group 2) to a mean oesophageal temperature of 32 ~ C. 

During initial surface cooling, Pco2 was maintained close to 40 mm Hg by 
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the addition of CO2 to the inspired gas mixture and there were no significant 
mean changes in pH or calculated base excess values in either group. The most 
significant electrolyte change Was the decrease in plasma K+ in group 1. The 
possible relationship between the decrease in plasma K + and the incidence of 
ventricular fibrillation was discussed. Although a slight but not statistically signifi- 
cant decrease in plasma total calcium was observed, the physiologically active 
ionic calcium level remained completely within the normal range. There were no 
changes in plasma Na+ or magnesium during surface cooling in either group. 

During bypass cooling any potential changes which might have resulted from 
the further drop in temperature were modified or overshadowed by the effects of 
the composition of the priming solution. Five per cent CO2 was found to be in- 
sufficient to maintain Pco2 levels during cooling bypass and at least 10 per cent 
CO2 is now recommended. 

Administration of NaHCO3 to correct the metabolic acidosis observed early 
during bypass rewarming resulted in post-operative metabolic alkalosis. Correc- 
tion of the acidosis was found to occur spontaneously by the time of chest 
closure, hence treatment is usually unnecessary. 

Calcium ion activity is maintained during bypass and in the post-operative 
period by the addition of 2 ml of 10 per cent CaC12 to each unit of heparinized 
blood used in the prime or as replacement during bypass. 

Plasma K + concentrations were normal during bypass cooling and early re- 
warming but decreased to low normal values by the time of chest closure. They 
remained low in both groups during the first 24 post-operative hours, half the 
values being in the h)rpokalaemic range despite the administration of potassium 
(9, mEq/kg/P.d h). The post-operative dosage of potassium in these infants 
should be increased to 3--4 mEq/kg/24 h for 1 or 2 days depending on adequacy of 
renal function and plasma potassium levels. 

The plasma magnesium concentrations were maintained in the normal range 
during bypass in both groups. Nevertheless, the patients in group 1 were hypo- 
magnesaemic postoperatively. 

A magnesium supplement administered postoperatively to the patients of group 
2 in a dose of 1 mEq/kg/24 h was sufficient to maintain plasma magnesium levels 
in the high normal range. 

l~uM~ 

Nous avons fait r&ude des changements acide-base et dlectrolytiques chez 11 
enfants soumis ~t une hypothermie profonde pour chirurgie cardiaque et, cela, 
avec la technique du refroidissement pdriphdrique d'abord et, ensuite, d'un autre 
refroidissement par la circulation extracorporelle et puis, le rdchauffement. Sept 
malades (groupe 1) ont subi un refroidissement prriphdrique de ddpart jusqu'~ 
une temprrature eesophagienne moyenne de 26.6 ~ C et quatre autres malades 
(groupe 2) h une tempdrature oesophagienne moyenne de 32 ~ C. 

Durant la phase initiale de refroidissement pdriphrrique, nous avons maintenu 
la Pco2 pros de 40 mmHg en ajoutant du CO2 ~ l'air inspir6 et nous n'avons pas 
o bserv6 de changement du pH ni de l'exc~s de base dans run et rautre des 
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groupes. Le changement le plus marqu6 a 6t6 celui de la diminution du potas- 
sium plasmatique dans le groupe 1. Nous avons discut6 le lien 6ventuel entre 
cette diminution du potassium plasmatique et la frtquence de la fibrillation ven- 
triculaire. Bien que nous ayons observ6 une 16gbre mais statistiquement non 
significative diminution du calcium total plasmatique, le taux de calcium ionis6 
et physiologiquement actif est demeur6 dans les limites de la normale. 

Le taux du sodium et du magntsium plasmatiques est demeur6 inchang6 du- 
rant le refroidissement ptr iphtr ique dans les deux groupes. 

Durant le refroidissement de la circulation extracorporelle, tous les  change- 
ments ~ventuels qui auraient pu r~sulter d'une chute additionnelle de tempera- 
ture ~taient modifies ou masques par les effets de la solution d'amorce. Nous 
avons observ6 que 5 pour cent de CO2 n'&ait pas sufl~sant pour maintenir le taux 
de CO2 durant le refroidissement par la circulation extracorporelle et, mainte- 
nant, nous recommandons au moins 10 pour cent. 

L'administration de bicarbonate de sodium pour corriger l'acidose remarqu~e 
pr~cocement durant la circulation extracorporelle r~chauffante a entraln~ une 
alcalose m~tabolique au cours des suites optratoires. Nous avons not6 que raci- 
dose se corrige spontan~ment durant la fermeture du thorax; le traitement de- 
vient alors superflu. 

L'~quilibre de l'ion calcium est surveill~ durant la circulation extraeorporelle 
et au cours des suites op~ratoires; nous aioutons deux ml de CaC12 ~ 10 pour cent 
chaque unit~ de sang h~parin~ utilis~e pour ramorce ou pour le traitement durant 
la circulation extraeorporelle. 

Les concentrations de potassium plasmatique sont demeur~es normales durant 
la circulation extracorporelle de refroidissement et au d tbut  de r~chauffement, 
mais elles ont diminu~ ~ des donn~es normales basses au moment de la fermeture 
du thorax. Elles sont demeur~es basses, pour les deux groupes, durant les pre- 
mieres 24 heures post op~ratoires; la moiti~ d'entre elles ~tant de rordre de rhypo 
kal~mie malgr~ l'administration de potassium (2 mEq/Kg/24  hres). Nous con- 
seillons d'augmenter le taux de potassium post-op~ratoire chez ces enfants ~ 3-4 
mEq/Kg/24  h durant 1-9. iours selon le fonctionnement ad~quat des reins et les 
taux de potassium plasmatique. 

Nous avons maintenu l'~quilibre des taux de magnesium plasmatique pros de 
la normale durant la circulation extracorporelle dans les deux groupes. N~an- 
moins, au cours des suites op~ratoires, les malades du groupe 1 ~taient hypo- 
magn~siumh~miques. 

Au cours des suites op~ratoires des malades du groupe 9~, nous avons donn~ un 
supplement de magnesium ~ la dose de 1 mEq/kg/24 hres et cela a ~t~ sufl~sant 
pour maintenir les taux de magaa~sium plasmatique dans la partie haute de la 
normale. 
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