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Abstract

Over the last decade there has been a general improvement in results of 

coronary artery bypass graft surgery. This procedure is being offered 

to a greater number of patients each year. It has been known for some 

time that subtle neuropsychological changes can occur after cardiac 

surgery.

The aetiology of these neuropsychological changes is thought to be 

diffuse cerebral damage caused by multiple microemboli entering the 

circulation during cardiopulmonary bypass.

There is evidence from animal experiments and further evidence from 

clinical stroke literature that hyperglycaemia during an ischaemic 

cerebral insult may exacerbate that injury. We set out to test the 

hypothesis that hyperglycaemia during cardiopulmonary bypass may be 

harmful.

70 patients undergoing elective coronary revascularisation were 

prospectively randomised into either of two bypass primes, 5% 

dextrose or Hartmann's solution. The groups were comparable. 

Neuropsychological assessment was performed before surgery and eight 

weeks after surgery. Glucose and lactate levels were measured in 

arterial blood and cerebral effluent blood. During bypass glucose 

concentrations rose to a mean of 26 mmol/1 in the 5% dextrose group 

and 6 mmol/1 in the Hartmann's group.

There were no deaths in either group, there were two clinically evident 

neurological events, both occurring in the hyperglycaemic group. We 

found an overall deterioration in neuropsychological performance in



Abstract (cont)

both groups at post operative testing compared with pre operative 

testing. Detailed analysis of the results showed little differences 

between the groups. When score changes between tests were assessed it 

was found that in all but one version of the tests more patients in the 

hyperglycaemic group deteriorated than did the normoglycaemic 

controls. Analysis of variance however showed no conclusive 

relationship between prime and neuropsychological outcome. Learning 

ability was possibly reduced in the hyperglycaemic group after surgery. 

Hyperglycaemia may be a detrimental factor in the development of post 

cardiac surgical intellectual dysfunction.
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INTRODUCTION

1. Statement of hypothesis

There is general agreement that some form of cerebral dysfunction 

occurs after cardiopulmonary bypass. In this thesis the evidence for the 

fact that it occurs will be reviewed. The possible aetiologies wiU be 

explored and the current evidence for these discussed.

Several studies have demonstrated the extent of the clinical problem but 

attention is now moving to interventional strategies to attempt to 

prevent these changes taking place. Some of these strategies will be 

described.

Evidence will be presented from animal literature and clinical findings 

in patients suffering from stroke, that hyperglycaemia at the time of a 

deleterious cerebral event can potentially exacerbate both the structural 

and functional damage that ensues. The possible biochemical basis of 

this process wiU be reviewed in terms of cerebral metabolism.

It seems probable that the cerebral consequences of CPB are at least 

partly if not completely due to an ischaemic event at the microvascular 

level.

The prime used in cardiopulmonary bypass allows changes to be made 

in the biochemical substrate presented to the brain during cardiac 

surgery. Using a prospective randomised trial comparing two primes 

one of which presents a normoglycaemic and one a hyperglycaemic 

environment to the brain, I have attempted to investigate the hypothesis 

that hyperglyaemia during cardiopulmonary bypass might be 

detrimental to the brain as shown by neuropsychological testing.
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2. H istorical perspective of ex tra  corporeal c ircu lation .

It is difficult to say who was first to use extracorporeal circulation or 

cardiopulmonary bypass. The ideas for extracorporeal gas exchange 

were apparent as far back as 1885 (Frey et al, 1885). But the 

development of usable extracorporeal pumps and oxygenators had to 

wait for available technology to catch up with the imaginations of the 

people wishing to use it. The availability of plastic piping, heparin, 

oxygenators and generally modem surgical and anaesthetic techniques 

were necessary before successful bypass could be used.

The first recorded case where cardiopulmonary bypass was used was in 

1951 when a six year old child had an ostium primum atrial septal 

defect repaired during a period of 40 minutes of cardiopulmonary 

bypass. Unfortunately the patient died (Dennis et al, 1951). There 

followed two more cases of partial cardiopulmonary bypass both of 

which survived in 1951 and 1952. But it was not until 1953 that Gibbon 

reported the first successful use of bypass to treat an intra cardiac lesion 

(Gibbon, 1954). This was a another case of atrial septal defect that 

had been corrected during 26 minutes of bypass on a 26 year old female 

patient. This early success flattered to deceive and the following four 

patients perished.

At much the same time in London, Melrose was experimenting in 

clinical bypass at the Hammersmith Hospital and reported their first 

successful patient in 1955. The technology available for bypass 

equipment was limited and Lillehei and associates embarked on a series 

of operations utilising physiological bypass rather than artificial 

oxygenators. The principle of Lillehei’s system was to use another 

subject (usually the mother of the patient) as the oxygenator. The two 

circulations being linked up in parallel. Sometimes an additional pump
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was used (W arden et al, 1954) (Lilliheî et al, 1955). This 

series of operations was of historical interest as it demonstrated that 

complex congenital cardiac anomalies could be dealt with effectively by 

surgery. The technique proved to be unsatisfactory and after the death 

of some of the healthy supporting subjects the technique was abandoned. 

The first series of operations utilising bypass was performed at the 

Mayo Clinic in 1955 by Kirklin and colleagues (K irklin et al, 1955). 

Since that time the basic principle of the CPB circuit has not changed. 

Venous blood is taken from either the right atrium or selectively from 

the cavae to an oxygenator, a heat exchanger and via a reservoir 

through a pump and is passed back into the patient via a major arterial 

vessel usually the aorta or occasionally the common femoral artery. 

Roller pumps have been the mainstay of blood perfusion, they are 

simple and are easy to use. Impeller type or centrifugal pumps have 

been used but as they are expensive and cannot be re-used with ease, 

their use is not widespread.

It is in the oxygenation of blood that most variation in mechanical 

components is seen. Historically there have been three main types of 

oxygenator. The Melrose rotating disc, the bubble and the membrane 

oxygenator. The rotating disc device is now of historical interest only, 

the apparatus consisted of a bath of heparinised blood in a chamber of 

oxygen. A series of discs that were partially immersed in the blood and 

also exposed to the oxygen would rotate and the thin blood film that 

covered the rotating disc would be exposed to the oxygen. This method 

of gas exchange was considered clumsy and required a large priming 

volume which in the early days of cardiac surgery was usually blood. 

These oxygenators were detrimental to blood as the rotating discs would 

cause severe haemolysis and denaturing of blood proteins. The bubble 

and membrane oxygenator are the two types of device in current use.
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They vary in details of design and construction. The bubble type is 

simply a chamber of blood through which oxygen and carbon dioxide 

can be passed. This oxygenates the haemoglobin in venous blood. The 

bubbles cause foam to be produced in the blood and all these devices 

have methods to defoam the blood.

The membrane oxygenator concept means that the blood is kept 

physically separate from the gas, they are separated by a partially 

permeable membrane. There are different types of membrane 

oxygenator varying in the conformation of the membrane. During this 

study a bubble oxygenator was used for aU bypasses.
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3. Evidence that brain damage occurs after cardiac surgery

The range of neurological damage seen after cardiopulmonary bypass is 

wide, the problem has been extensively documented. This evidence is 

discussed below for:-

-Overt neurological damage.

-Subtle neuropsycholoical deterioration.

Introduction

Cardiac surgery has become widely available in the United Kingdom 

over the last 20 years, the risks in terms of both mortality and 

morbidity from this type of surgery have fallen sharply during that 

time. Advances in operative and anaesthetic techniques, myocardial 

preservation and improvements in extracorporeal circulation have been 

largely responsible for this reduction in mortality. Severe cerebral 

damage leading to death can and does occur after cardiac surgery and 

has been known in a small number of cases since the earliest cardiac 

operations. More recently there has been attention drawn to the more 

subtle cerebral changes that may not be immediately obvious to either 

the patient or the clinician. These changes are only detected by careful 

and detailed neurological and psychological examination.

Overt cerebral damage after cardiac surgerv

1. Fatal cerebral iniurv

Death directly attributable to cerebral damage is reassuringly rare, 

however when data on this subject was last published it was found to 

occur in up to 2% of cardiac surgical operations (Sotaniem i, 1980).
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In a study from the Cleveland Clinic death attributable to major stroke 

only occurred in 3 of 418 (0.7%) of operations (B ruer et al, 1981). 

In a large United Kingdom study from Newcastle the incidence was one 

patient from 312 cases (0.3%) (Shaw et al, 1987). Post mortem 

studies in patients that have died as a result of major cerebral events 

show the fuU spectrum of cerebrovascular disease. Single areas of 

ischaemia and infarction, areas of intracerebral haemorrhage, multiple 

areas of small infarcts, neuronal loss and evidence of massive air 

embolism have all been identified.

2. Stroke

Clinical evidence fo r  stroke after cardiac surgery 

Neurological complications have been noted after cardiac surgery since 

the earliest operations in the 1950s. Bjork reported deaths from 

cerebral damage occurring after total circulatory arrest for the repair 

of congenital cardiac defects in children. He concluded that this 

technique was unsafe for the repair of these anomalies with the 

technology of the time (Bjork, H ulquist, 1960).

Since that time there have been many studies looking at the incidence of 

post cardiac surgical stroke, these are detailed below. The definition of 

stroke is not always made clear in the literature but there is general 

agreement that it implies a focal nervous system deficit of intraoperative 

onset that lasts more than 24 hours. Interestingly studies that report 

prospectively suggest a much higher incidence than the retrospective 

studies.

Retrospective studies.

Lee in 1979 found only a 0.7% incidence of focal neurological 

abnormality in 943 patients that had undergone coronary
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revascularisation (Lee et al, 1979). Gonzales-Scarano reported a 

similarly low incidence of stroke in the 1427 patients that they studied 

(1.3%) (G onzales-Scarano, H urtig , 1981). Martin found that 8 out 

of 253 (3.2%) patients had developed either intra operative or early 

post operative neurological deficits after coronary surgery (M artin, 

H ashim oto, 1982). Bojars large retrospective study of 3206 patients 

in 1983 found that the incidence of stroke was 0.1% (32 patients). 

(Bojar et al, 1983). Figures from the Glasgow formal surgical audit 

studying 2490 cases over a five year period showed a stroke rate of 

1.08% for coronary artery operations and 3% for open cardiac 

procedures (Taggert et al, 1987).

Prospective studies.

It became increasingly clear that these retrospective studies did not give 

a true picture of the neurological outcome after cardiac surgery. 

Sotaniemi realized that there was a discrepancy between the reported 

retrospective data and what was being observed in clinical practice. He 

prospectively studied 100 patients that were undergoing valvular cardiac 

operations. The author, a neurologist, examined each patient 

personally at 10 days, 2 months, 5 months, 8 months and one year after 

surgery. The case notes were also examined by a non-neurologist 

retrospectively with no reference to his findings. The latter 

examination of the records was considered to represent retrospective 

information that would be similar to the type of information gathers in 

previous series. The results were interesting in that the non-neurologist 

examination of the case notes showed a prevalence of 6% (4% of 

survivors) of neurological deficits at 10 days and none (0%) thereafter. 

This contrasted with a deficit rate of 35% (37% of survivors) at 10 days 

and 5% at one year in the same group of patients from the detailed
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neurological examination. This study questioned the assumption that 

was prevalent at the time that there was an ever decreasing incidence of 

cerebral abnormality after cardiac surgery (Sotaniem i, 1983).

3. Changes in level of consciousness

Modem cardiac surgical practice usually results in early awakening 

from anaesthesia and early weaning from ventilatory support. Failure 

of the patient to awaken in the expected time after the cessation of 

anaesthesia can cause concern. This complication can vary from mild 

drowsiness and irritability to profound irreversible coma. Patient 

differences in the way that general anaesthetic drugs are metabolized 

and cleared can make diagnosis difficult in some of these cases. The 

problem of reduced levels of consciousness after surgery varies from 

one study to another and in the prognostic importance that i t  carries.

An early report from Javid in 1969 who studied 100 patients 

undergoing cardiac surgery found that 13 patients showed some 

depression of consciousness prior to death (Javid et al, 1969).

The retrospective study of Bojar's which found a very low incidence of 

stroke also found a very low incidence of depressed consciousness. Ten 

of 3206 (0.3%) (Bojar et al, 1983) In Shaw's study 3.2% of the 312 

patients failed to return to normal levels of consciousness within the 

first day of surgery but all made full recovery by the twelfth post 

operative day (Shaw et al, 1985). Although rare, delayed recovery 

of consciousness can be a poor prognostic sign. Minor depression of 

consciousness that resolves quickly may show good recovery but more 

severe signs carry an increased risk of either death or permanent 

neurological deficit. The eventual outcome is similar to that of other 

causes of non traumatic coma (Levy et al, 1981). Good recovery or 

at least recovery to only moderate disability is achieved in only 7% of
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patients who have major depression of consciousness in the early post 

operative period (Shaw, 1989).

4. Peripheral nerve injuries

Peripheral nerve injuries are by no means unique to cardiac surgery. 

The placement of an unconscious patient on a relatively hard operating 

table with associated props and strapping to secure the patient to the 

table even with great care and attention can lead to damage to 

vulnerable nerves such as the ulnar and lateral peroneal nerve. There 

are some specific peripheral nerve injuries associated with cardiac 

surgery.

a, Brachial plexus.

Injury to the lower tmnk or the medial cord of the brachial plexus is 

not specific to cardiac surgery but to median sternotomy (Treasure et 

al, 1980). Traction on these nerves when the two edges of the 

sternum are retracted apart is considered to be a factor (Kirsch et al, 

1971). It has also been suggested that fractures of the first rib that 

may not be detectable on routine radiography (Baisden et al, 1984).

b, Phrenic nerve injury

The presence of cardioplegic solutions in the pericardial cavity during 

cardiac surgery can lead to a neuropraxia of either or both of the 

phrenic nerves. This is a benign complication that would go undetected 

but for an elevated hemi diaphragm. In children this complication is 

more dangerous and can lead to respiratory failure (Mickell et al, 

1978). The advent of more widespread internal mammary artery 

grafting with the resultant increase in dissection in and around the 

superior mediastinum may increase the frequency of this complication.
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5. Spinal cord iniurv

This complication is rare after routine cardiac surgery via a median 

sternotomy. Operations on the descending thoracic aorta carry a high 

risk due to interruption of the segmental arterial supply to the spinal 

cord. Gonzales-Scarano in his study of 1427 patients only reported one 

case (G onzales-Scarano, H urtig , 1981), there are several studies 

where there is no mention of this lesion reported in any patients.

Surgery to the descending aortic arch perhaps involving the use of 

either full or partial cardiopulmonary bypass can also be complicated by 

spinal cord injury.

6. Disturbances of vision

Areas of retinal infarction that manifest themselves clinically as "cotton 

wool spots" occurred in 17% of Shaw's study, of these, half of these 

patients had symptomatic visual disturbances. Elegant studies from the 

Hammersmith hospital using fluorescein angiography have shown that 

all patients undergoing cardiopulmonary bypass undergo retinal 

microvascular occlusion, studies after the cessation of bypass have 

shown that these areas of hypoperfusion can resolve and may not be 

clinically significant (Blauth et al, 1986, 1988). This work will be 

reviewed in more detail in a later chapter. Visual disturbances may 

emanate from cortical blindness and not be caused by local vascular 

occlusions. Ross Russell studied four such patients who all had similar 

symptoms in that they had a period of cortical blindness followed by a 

period of visual disorientation and sometimes hallucinations, this was 

followed by the restoration of sight in about six weeks (Ross Russell, 

B harusha , 1978).
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N europsychological changes th a t occur a fte r  card iac  surgery

From the above evidence it became increasingly clear that cerebral 

damage after cardiac surgery was a regular clinical phenomenon even if 

it was sought out. As mortality rates dropped and cardiac surgery was 

being offered to an increasingly wide spectrum of conditions, attention 

began to be paid to these potentially debilitating unwanted side effects of 

surgery. Major stroke, fatality and long term neurological disablement 

remained rare as stated in the previous section. However there are the 

more subtle neurological and psychological cerebral changes that occur 

which are only evident when careful neuropsychological tests are 

performed.

Clinical evidence for neuropsvcfiological dvsfunction after cardiac 

surgery

In one of the most important an early studies Savageau looked at 227 

patients from four hospitals in a prospective study of post cardiac 

surgical cerebral dysfunction. All patients were having cardiac surgery 

of varying types and there were no non-cardiac surgical controls.

Using four neuropsychological tests this group found that 70% of 

patients did not show any deterioration at 9 days after surgery but 30% 

showed deterioration of more than one standard deviation from their 

pre-operative scores. They performed a two way analysis of variance 

on a number of perioperative factors and found that these reductions in 

performance correlated with increased operation time, bypass time, 

cross clamp time, total blood loss over 2,000 mis, insertion of intra 

aortic balloon and difficult anaesthetic intubation (Savageau et al, 

1982). This paper was followed by a further paper looking at the 

same group of patients at a period of six months after surgery. When
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the same tests were applied to the patients at six month follow up, only 

5% of those who had detectable deterioration at nine days had a 

persistent problem (Savageau et al, 1982). These studies are 

interesting and were the first to attempt to tackle the problem of careful 

prospective neuropsychological assessment. These studies probably put 

too much emphasis on too few tests. Âberg from Upsala studied 94 

patients who again were having a selection of cardiac operations. The 

psychometric tests were performed pre-operatively, and later when the 

patients were ambulant post-operatively (mean 7 days). These 

consisted of tests of verbal comprehension, visuo-spatial ability and 

perceptual speed. This study found that there was a mean reduction in 

performance across the whole group but did not specify what 

percentage of patients deteriorated. Again a correlation was noted with 

perfusion time (Âberg et al, 1984). A prospective study from 

Newcastle involving 312 patients having only coronary artery surgery 

was published in 1986. Shaw conducted a battery of 10 standard tests of 

intellectual function. She found that 79% of the cohort showed some 

impairment of some aspect of cognitive function on the seventh post 

operative day (Shaw et al, 1986). This study was followed up by the 

same authors at six months after surgery. By this time the numbers had 

dropped to 259 patients ( 304 patients from the original 312 patients 

were still alive but 45 patients were either unwilling or able to return 

for follow up assessment. 57% of the patients still showed deterioration 

in at least one test score at six months. Again these patients were in the 

main unaware of any symptoms pertaining to their intellectual state and 

of those unemployed at six months, in only one case was intellectual 

impairment preventing a return to work (Shaw et al, 1987). This 

study as with all the previous studies failed to use a control group of 

patients that were undergoing non-cardiac but major surgery.
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Hammeke from Milwaukee studied 46 patients having coronary artery 

bypass surgery and compared them to 14 patients undergoing major 

peripheral vascular surgery and 26 surgical control patients. This study 

found that 24% of patients showed deterioration of more than one 

standard deviation from their pre-operative scores in more than three of 

the tests performed. This contrasted to 7% in the peripheral vascular 

surgery group and no change at all in the control group. A small subset 

of the CAB G group were then assessed at six months and four of the 

five patients that had shown deterioration had improved. (Ham m eke, 

Hastings, 1988). Smith at The Middlesex Hospital in London studied 

prospectively two groups of patients, 55 having routine coronary artery 

bypass grafting procedures and 20 having either major vascular or 

thoracic operations. Neuropsychological deficits were common in both 

groups at eight days after surgery. At eight days 65% of the patients in 

the CAB G group had some form of demonstrable deficit but this was no 

worse than the control group with 57 % of them showing similar 

changes (p=0.9 Fischer's exact test). When reviewed at eight weeks 

both groups had improved but a third of both groups had moderate 

neuropsychological deficits. This study highlighted the importance of a 

comparison group in any study of this nature,it also demonstrated that 

cerebral morbidity in not a phenomenon unique to cardiac surgery 

(Smith et al, 1986). In an extension of this study when more patients 

had been studied Treasure noted that at eight weeks there were 

significant improvements in the CAB G patients that was not reproduced 

in the control group. It is of interest that the comparison group was 

not strictly matched to the study group and the patients were "older, 

sicker and generally more vulnerable" than the study group. Both of 

these studies again noted that risk factors for cerebral deficit in the 

coronary artery groups included advancing age and longer bypass times
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(T reasure et al, 1989). Nevin and Pepper at St Georges Hospital, 

London in a study of 65 patients undergoing coronary artery bypass 

grafting found an overall neuropsychological deficit in 55% of patients 

at seven days post surgery. This finding was incidentally found during 

a study to compare two methods of monitoring and maintaining of 

arterial carbon dioxide levels during surgery (Nevin et al 1987). 

Few studies have followed up the cohort of patients in the medium or 

long term. Shaw in her six month follow up of the patients that 

returned for further assessment found a 57% persistent deficit as 

detailed in a previous section (Shaw et al, 1987). Venn followed up 

the Middlesex cohort of patients at one year post surgery and found that 

38% of patients showed deficit at eight weeks (70% Cl, 31%-45%) but 

there was no further improvements at one year when he found a 35% 

persistent deficit. (70% Cl, 28%-42%) (Venn et al, 1987). Further 

studies are currently in progress assessing the same group at three years 

after surgery .
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4 . Causes of neurological and neuropsychological deficit 
after cardiac surgery

The possible aetiological factors involved are discussed below. This

includes

-The role of patient variables such as advancing age or 

cerebrovascular disease 

-Emboli, either particulate or microscopic 

-Variations of cerebral blood flow

-The effect of acid/base maintenance during cardiopulmonary 

bypass

Introduction

Extracorporeal circulation has become the normal method by which 

most adult cardiac surgery is possible. This technique was first 

reported by Kirklin in a series of eight patients operated on at the Mayo 

Clinic in 1955. There is however considerable argument as to whom 

the invention of the technique should be credited. In the pioneering 

days problems with the oxygenators, pumps and tubing made 

cardiopulmonary bypass a very hazardous procedure. Although there 

were great strides made in the production of safer equipment, death 

caused by massive thromboembolism to the brain was not uncommon. 

The use of sophisticated systems incorporating filters, antifoamers and 

inert plastics have greatly reduced the risks associated with 

cardiopulmonary bypass.

There are several aspects to consider in respect of neurological and 

neuropsychological dysfunction after cardiopulmonary bypass. There 

are the predisposing patient related factors the perioperative factors and 

most importantly those factors related to the cardiopulmonary bypass 

itself.
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Pre-operative factors

The age of the patient has the most frequently reported association with 

post-operative poor neuropsychological outcome. Savageau found that 

patients over the age of 60 were more liable to cerebral deficits 

(Savageau et al, 1982). Newman found that patients with deficits 

were significantly older that those without (Newman et al, 1987). 

When more severe neurological abnormalities are studied the same is 

found, the elderly again are the most at risk (B ranthw aite, 1972). 

Shaw's two studies from Newcastle however failed to show any 

correlation with advancing age (Shaw et al, 1986, 1987).

It has been suggested that pre-operative cerebrovascular disease could 

have an influence on cerebral outcome. The combination of low 

perfusion pressures and corotid stenoses could combine to produce 

cerebral hypoperfusion and subsequent ischaemia. Harrison performed 

digital subtraction angiography on patients undergoing coronary 

surgery and failed to find any association between cerebrovascular 

disease and postoperative neuropschological outcome (H arrison et al, 

1989).

Other factors

Shaw found impaired left ventricular function and prolonged stay in the 

Intensive Care Ward to be an important associated factor (Shaw et al, 

1986). Whilst Lee found that the duration of symptoms and general 

illness prior to operation was important (Lee et al, 1971).

Perioperative factors

1. Cerebral morbiditv associated with major surgerv

There is reason to believe that any patient undergoing any major

surgery is at risk of some form of temporary cerebral deficit. The use
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of powerful central nervous system depressants as premedication and 

general anaesthetic drugs with long half-lives would be expected to 

cause some reduction in intellectual performance. Hammeke in his 

study used a group of patients undergoing peripheral vascular surgery 

as controls for the cardiac surgical patients. That study foimd a 7% 

incidence of neuropsychological deficit in the non-cardiac surgical 

patients (Hammeke, Hastings, 1988). Smith in his series again 

used peripheral vascular and major thoracic cases as controls for 

patients having cardiac surgery. He found an incidence of 57% of 

intellectual deficit in this control group (Smith et al, 1986).

Factors associated with cardiopulmonarv bvpass

1. Massive particulate or gaseous embolism.

Massive particulate embolism principally consisting of thrombus is of 

historical interest only. Brierley in an early post mortem study of 

patients that had died after cardiac surgery noted thrombus formation in 

the cerebral vessels of some of the patients (Brierley, 1963). In 

current surgical practice massive air embolism can only occur in closed 

cardiac coronary surgery if the perfusionist allows the reservoir level to 

get too low in the cardiopulmonary bypass pump. Many perfusionists 

now make use of low level alarms and other such safety devices 

(M iller et al, 1982). During cardiac procedures when the cavities of 

the heart are opened, that is most cardiac operations except coronary 

artery bypass grafting, some air enters the circulation. The 

significance of this is uncertain. Although strenuous efforts are made



2 8

by surgeons to exclude this air, bubbles can be detected in the systemic 

circulation either by trans oesophageal ultrasound or middle cerebral 

artery Doppler flow probes (Beckman et al, 1980), (Deverall et 

al, 1988), (Pugsley, 1989), (Griffin et al, 1989, 1991).

2. Microemboli

There is good evidence that microembolism occurs throughout 

cardiopulmonary bypass. The questions that need to be asked are, what 

is the nature of these emboli, how large are they, how many are there 

and what effect do they have on the brain?

Nature o f microemboli detectable during cardiopulmonary bypass 

There are several putative agents for these microemboli, gaseous 

microbubbles, platelet aggregates, denatured protein and fibrin 

coagulates and it has even been suggested that the lining of the tubes 

used in the cardiopulmonary bypass equipment can provide a source for 

emboli. It is possible that all of the above agents may contribute. 

Evidence fo r  microembolisation

The most convincing evidence comes from the work done by Blauth 

working at the Hammersmith Hospital in London. In some elegant 

studies of the retina this group have demonstrated occlusions of the 

retinal microcirculation. These studies are a development of work done 

by Isla Williams when she noted intra-vascular changes in the retinal 

circulation during cardiopulmonary bypass which she then compared 

with histopathological finding in animals and humans who had died after 

cardiac surgery. It was found that there were two types of emboli, 

platelet aggregates and particles of silica anti-foam (Williams, 1971), 

(Williams et al, 1975). Blauth adapted the by now well established 

technique of retinal fluorescein angiography to clinical use during



2 9

cardiopulmonary bypass. He found that there was evidence of 

microembolic occlusions in the retinal vessels. These features were 

indistinguishable from those seen in vitro when caused experimentally 

by either glass beads or platelet aggregates. Histopathological studies in 

dog retinae confirmed the presence of platelet fibrin aggregates after 

cardiopulmonary bypass. Blauth also speculates that it would be 

reasonable to suggest that a proportion of these microemboli are 

microbubbles introduced into the circulation by bubble gas oxygenators. 

This hypothesis will be expanded upon later. Blauth noted that 

microembolic lesions occurred in 100% of the retinae of patients 

undergoing coronary artery bypass surgery when a bubble oxygenator 

was used (Blauth et al, 1986, 1988, 1989).

The means by which the bubble oxygenator functions is to pass oxygen 

through blood then to remove the excess bubbles by a combination of 

anti foaming agents and a coarse filter. There is evidence that these 

measures do not entirely free the blood of all bubbles of gas. The use 

of ultrasound, particularly transcranial Doppler techniques have shown 

that microemboli do enter the cerebral circulation. When the middle 

cerebral artery is monitored for flow disturbance during bypass there 

are characteristic patterns of flow disturbance that occur when a shower 

of microemboli enter the circulation. The trans cranial Doppler cannot 

differentiate between gaseous or particulate emboli but recordings at 

times when we know that air is allowed into the circulation (eg. 

insertion of the aortic cannula) create identical recordings to the events 

heard during during bypass. Furthermore there is evidence that the 

type of oxygenator and the use of in-line arterial filters can vary the 

embolic event count, again suggesting that gaseous microemboli are 

occurring (Padayachee et al, 1987), (G riffin et al, 1989,

1991). Pearson and colleagues in Newcastle-upon-Tyne have studied
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the microembolic properties of several different type and makes of 

oxygenators. In his studies Pearson chose to use a Doppler probe that 

recorded from the the left carotid artery in contrast to this author’s 

study when I used a transcranial Doppler device for measuring flow in 

the middle cerebral artery. Pearson found that in addition to the 

embolic events that he found to occur during bypass there were other 

times when he could detect embolism. At cannulation of the aorta ( the 

volume of air entrained at this time varies with varying techniques of 

cannulation (Beckman et al, 1980), and after removal of the aortic 

cross clamp or side biting clamp (personal observation). Pearson 

further noted air embolisation after the heart had returned to effective 

action. This problem of retained intracardiac air has been extensively 

reviewed but the recent widespread availability of trans oesophageal 

echocardiography will assist in the quantification of emboli and 

potential techniques to reduce the problem (Oka et al, 1986). It was 

interesting that Pearson found that the there were no detectable 

microemboli from the Travenol Membrane oxygenators he studied. 

(Pearson et al, 1981, 1987). It is of considerable clinical interest 

that the level of the partial pressure of oxygen in the arterial blood 

coming from the oxygenator directly influences the emission of 

microemboli from bubble oxygenators. The causes for this are that to 

produce a higher Pa O2 a higher gas flow through the oxygenator is 

required and it has been demonstrated that this factor increases the 

formation of microemboli, secondly the higher the Pa O2 the more 

likely gaseous oxygen is to come out of solution with changes in 

temperature (Pearson et al, 1983, 1988). The life span of these 

oxygen bubbles is inversely proportional to the Pa O2 gradient between 

the microbubble and the blood (Butler, 1985).
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From the evidence that is shown above gaseous embolism is common in 

all types of cardiac surgery, these emboli vary in size and number from 

procedure to procedure and according to oxygenator and other bypass 

equipment.

Do micro emboli cause any harm?

We know from the above work that microemboli are occurring, their 

precise nature remains uncertain. From previously cited work on 

retinal microembolism it is known that there are occlusive events 

occurring, we can extrapolate that these events are also occurring in the 

cerebral circulation.

The use of in-line arterial filters has been shown to reduce the 

neuropsychological deficits seen after surgery. Pugsley and Treasure 

have reported the findings in their study comparing the 

neuropyschological outcome after bypass of two groups, one with and 

one without a 40ji arterial line filter. They found that the introduction 

of the filter greatly reduced the microembolic event count and found a 

significant improvement in the group with filters over the non-filter 

group in some of the tests (T reasure, 1989), (Pugsley et al, 1988).

Alterations on cerebral blood flow

In the normal conscious individual cerebral vascular autoregulation 

maintains cerebal blood flow (CBF) at a relatively constant figure. This 

being between 50 and 55 mls/lOOg of cerebral tissue being maintained 

over a wide range of mean arterial pressures. When mean arterial 

pressure (MAP) drops below 50 mmHg CBF falls proportionately with 

MAP. The upper limit of autoregulation is less well known, however 

this is of limited interest when studying cardiopulmonary bypass as 

persistent perfusion pressures of over 100 mmHg are rarely
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encountered. Optimal levels of MAP and cerebral blood flow are yet to 

be established (Gravelee, 1986). There is a potential for changes in 

this autoregulation and in some circumstances a complete failure. It is 

important to understand the two principal methods of control of blood 

gases that are used in clinical practice. The fact that the pH and arterial 

pressure of any gas in a liquid changes with temperature is fundamental 

to the understanding of this subject. The pH stat system adds CO2 to the 

gas supply of the oxygenator to compensate for the increased solubility 

of CO2 during hypothermia ie if the pH is to be kept constant at 

hypothermia more CO2 most be added. Hence if the Pa CO2 is 

measured at 37- C it would appear high, however during hypothermia it 

would be measured as normal. Likewise the pH measured at 37-C 

would be low but 7.4 if measured at hypothermic levels. The 

alternative (and now widely adopted) system does not allow for the 

addition of extra CO2 to compensate for the increased solubility at low 

temperature. Using this system pH and Pa CO2 are measured and 

maintained at 37-C and no additional CO2 is used.

The high partial pressure of oxygen seen during pH stat perfusion can 

be vasoconstricting and can narrow the autoregulation plateau. High Pa 

CO2 shifts the limit of auto regulation to a higher level (H endriksen,

1986). There have been several studies attempting to quantify CBF 

during cardiopulmonary bypass. Much of the work did not pay 

sufficient attention to the control of pH and blood gases during bypass. 

Throughout all studies on cerebral blood flow Pa CO2 is shown to be 

the most potent cause of changes in flow. An increase in flow from 

1.05 to 1.07 ml per 100 grams of brain tissue per mmHg rise in Pa CO2  

(Prough et al, 1986). It seemed as if the rise in Pa CO2 uncoupled 

cerebral autoregulation. Hendriksen reported that during hypothermia 

when the metabolic demands of the brain were low that oxygen delivery
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to cerebral tissues was excessive, he termed this "luxury perfusion" 

(H endriksen et al, 1983, 1986). This was a phenomenon that was 

further demonstrated by Farrar (F a rra r  et al, 1986). Lundar 

likewise noticed an increase in cerebral blood flow during bypass that 

appeared to be pressure passive in that during steady state bypass 

cerebral perfusion paralleled perfusion pressure (L undar et al,

1985). These studies were all performed with bypass being conducted 

in a pH stat blood gas management technique. Further studies from 

Birmingham Alabama where an alpha stat regime was being used did 

not note any loss of autoregulation in cerebral blood flow (Govier et 

al, 1984). This was in a study of 67 patients and was in agreement 

with a smaller study on 10 patients by Johnson (Johnson et al, 1987). 

Venn in his study also found that there was integrity of vascular 

autoregulation during bypass but noted a blood flow to metabolic 

demand mismatch similar to that seen by Hendriksen (Venn et al, 

1988 ,1989).

There is no doubt that there are changes in cerebral blood flow during 

cardiopulmonary bypass and these may depend on individual perfusion 

practices. An important question is are these changes in CBF significant 

in terms of post-operative neuropsychological damage? Nevin studied 

that effect of reductions in Pa CO2 had on post operative neurological 

performance. Although in this study he did not directly measure 

cerebral blood flow from the above evidence it would be reasonable to 

assume that this would have been affected by the changes in Pa CO2  

levels. He found that neuropsychological and neurological deficits were 

significantly more common in the group that were hypocapnic (low 

cerebral blood flow) than in the normocapnie group. This study could 

be criticised in that the neuropsychological tests were performed only 

three days after surgery when there are other factors such as anaesthetic
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drugs which could have a significant effect on the results (Nevin et 

al, 1987). Venn in a study of 58 patients measured cerebral blood 

flow during bypass using a Xenon 133 wash out technique. He and his 

colleagues performed neurospsychological testing at eight days and eight 

weeks after testing and found that although there was a significant 

number of patients showing deficits there was no correlation between 

blood flow and the post-operative performance in the 

neuropsychological evaluations (Venn et al, 1988, 1989). From the 

above evidence it would appear that the role of alterations in cerebral 

blood flow in relationship to post cardiac surgical cerebral deterioration 

is not clear. It would make sense to suppose that any reduction in blood 

flow would predispose to poor function but if the "luxury perfusion" 

hypothesis is true then more blood is being delivered to the brain during 

hypothermic bypass than required and this relative excess of blood may 

be carrying a larger number of microemboli than the 'correct' blood 

flow would do.

The concept of the wave form of the blood flow and its relationship to 

neurological damage has not been considered in a clinical study as yet.

It has been suggested that there is a reduction in the pituitary gland's 

ability to respond to trophic stimuli and that there is a reduction in 

ACTH levels during non pulsatile perfusion. This has been termed the 

"pituitary-adrenal axis switch off" (Taylor et al, 1975, 1978). It 

has been shown by Taylor that this "pituitary-adrenal axis switch o f f  

during non pulsatile bypass is prevented by the use of pulsatile perfusion 

(Taylor et al, 1978). Whether the flow pattern of cerebral blood 

flow has any bearing on neurological deficits that are principally 

cortical in nature is questionable, it may be that the brain is susceptible 

to the unphysiological flow characteristics of non pulsatile flow.
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5. Overview  of cereb ra l m etabolism  in m an

General cerebral metabolism

Although the central nervous system (CNS) is highly specialised, it 

shares many metabolic pathways with other organs, including its ability 

to synthesise and degrade glycogen, the glycolytic pathway, the tri 

carboxylic acid cycle, the pentose phosphate pathway, gluconeogenic 

reactions, and the ability to synthesise and oxidise lipids.

The brain relies heavily on glucose for energy metabolism. Glucose is 

the major but not only source of cerebral energy. Earlier beliefs based 

on the observation that measured arterio-venous differences were 

sufficient to supply the energy requirement of the brain. The 

respiratory quotient has been measured to be close to 1 (0.92-0.99),

(Solokoff, 1977) which is compatible with the oxidation of 

carbohydrate. In addition, when circulating fuels (which include 

glucose, free fatty acids, ketone bodies and triglycerides) are decreased 

by insulin administration the coma that results can only be completely 

reversed by glucose.

Despite this heavy dependence on glucose, nervous tissue has the 

capability of oxidising the ketone bodies 3 -hydroxybutyrate and 

acetoacetate (Crem er et al 1979). These substrates are normally 

present in low concentrations in the circulation. Consumption of ketone 

bodies diminishes the demand for glucose, thereby reducing the need 

for gluconeogenesis and concomitant degradation of protein. The 

reactions that summarise cerebral glucose metabolism and energy 

production are those found in most tissue and are shown below.
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Figure 1.
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Specific cerebral metabolism 

Biosynthesis

Biosynthesis appears to occur mostly in cell bodies, structural proteins, 

polypeptides and lipids or in nerve terminals for the production of 

neurotransmitters.

Transport

Transport processes are especially active in axons and dendrites and 

include the acquisition of essential nutrients, the uptake of 

neurotransmitters, and the transport of sodium and potassium ions and
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ATPases which are responsible for the maintenance of transmembrane 

electrical potentials. Available evidence suggests that the major 

proportion of energy produced by cerebral metabolism is used for ion 

transport (M ata et al, 1980).

Importance of the blood-brain barrier

The blood brain barrier has a strong influence on the availability of 

substrates to the brain. The barrier constitutes the initial point of 

resistance to the entry of substrates into the brain. It may be the 

limiting factor for the metabolism of ketone bodies and some free fatty 

acids, for glucose during hypothermia and possibly for some amino 

acids. Lipid soluble molecules, such as the gases O2 and CO2 pass 

readily through the membranes of the blood brain barrier, lactate 

however passes through very slowly (Duffy et al, 1975).

The fate of lactate produced in the brain

In adults it is unlikely that lactate ever becomes an important fuel for 

the brain regardless of the circulation concentrations, due in part to the 

impermeability of the blood brain barrier to lactate. In the situation of 

anaerobic glycolysis seen in ischaemia the pyruvate to lactate 

equilibrium is heavily biased towards lactate. This lactate accumulation 

produces a reduction in intracellular pH. It is perhaps to prevent the 

dangerous increases in lactate content that the enzymes necessary for 

gluconeogenesis are present in the brain but the activity of most of the 

enzymes involved is relatively low (Berl et al, 1962) and lactate 

accumulates fast during anaerobic metabolism.

This lactate produced in the brain itself as a result of anaerobic cerebral 

metabolism is now thought to be an important participant in the tissue 

injury produced in cerebral ischaemic injury. (Plum F, 1983). The
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mechanism for this is uncertain but is likely in part to be related to its 

effect on calcium metabolism.

Lactate and intracellular calcium

In order to understand the relationship between the lactate and calcium 

metabolism it is necessary to review the regulation of ceUular calcium 

metabolism.

Calciiun can only fulfil its roles as a messenger and metabolic regulator 

if the intracellular concentration is maintained at a relatively constant 

figure. Calcium enters cells via specific membrane channels and since 

the extracellular concentration is much lower there is steep 

electromechanical gradient. The export of calcium gained as part of the 

depolarisation of the cell membrane can only be undertaken at the 

expense of metabolic energy. This energy can only come from 

intracellular ATP. The total cell content of calcium is about 10,000 

times that of the free intracellular calcium. In this manner virtually all 

cellular calcium is bound or sequestered. During ischaemia there is a 

dramatic fall in intracellular pH due to lactate accumulation. This 

acidosis is known to release calcium from intracellular binding and 

sequestration sites. This rise in calcium triggers adverse reactions that 

cause irreversible damage to mitochondrial and plasma membranes 

(Siesjo BK, 1988).

Lactate and Oxvgen free radical production.

Lactate has been shown to cause brain tissue injury to the brain 

independent of anoxia (Plum F, 1983). The mechanism suggested for 

this is that lactate accumulation markedly enhances oxygen free radical 

production. The release of iron, a catalyst for hydroxyl radical 

production and lipid peroxidation can be caused by anaerobic
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metabolites such as lactate. The mechanism for this is unclear but it has 

been postulated that lactate accumulation increases the levels of NADH 

(via the enzyme lactate dehydrogenase), this rise in NADH via certain 

cytochrome reactions may be responsible for production of the 

destructive superoxides (Wolin MS 1992). The deleterious effects of 

anaerobic metabolism on cerebral tissue can be summarised in the two 

diagrams shown on the following page.
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6. Neuropsychological assessment in the clinical setting

Clinical neuropsychology is the applied science concerned with the 

behavioural expression of brain dysfunction. Neuropsychological 

assessment has been developed, standardised and evaluated to the 

point that it can now can be used as a valuable tool to investigate 

quite subtle behavioural alterations such as those which may follow a 

particular form of surgery, for the case of this thesis, cardiac 

surgery.

The practice of neuropsychology grew mainly from psychology.

The need for screening and evaluation of large numbers of brain 

injured and behaviourally disturbed soldiers after the 1939-1945 war 

created the first need for a large scale neuropsychological 

programme. The rapid growth of neurosurgery increased the need 

for further knowledge of neuropsychological impairment. In the 

field of cardiac surgery neuropsychological techniques have been 

practised for several years in an attempt to quantify the cerebral 

damage inflicted on the brain during extracorporeal circulation.

More recently the progressive dementia associated with the AIDS 

complex has seen neuropsychological methods being used to assess 

the levels of deterioration in this group.

Current thinking in neuropsychology recognises that brain damage 

from whatever source is a measurable phenomenon that can be 

repeatedly tested to evaluate subject improvements or improvement 

in operative techniques.
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Neuropsychology and the concept of intelligence

It has been noticed that reductions in intelligence quotients (IQ) 

scores do not correlate with the size of brain lesions after cerebral 

injury. When a discrete brain lesion produces a number of deficits 

oyer a broad range of functions these may each be affected in 

different ways. There is an uneyenness that occurs when there is 

brain damage, some functions may be lost an early stage while others 

can remain intact for seyeral years. This is particularly the case in 

the chronic deteriorating brain conditions. There is no general 

intellectual function as suggested by the IQ tests but a series of lesser 

more specific functions that work together to produce an oyerall 

intellectual function that is perceiyed as "intelligence".

Classes of intellectual functions tested in this study

1. Receptive Functions

These deal with the entry of sensory information to the brain and its 

transfer to consciousness. Hence the yisual impulses from the retina 

that has been aroused by the colour and shape are transferred to the 

yisual cortex and then recognised as objects by the brain. There is 

an arousal process that triggers registering, analysing and integrating 

actiyities in the brain. Impairments of perception manifest 

themselyes as disorders of recognition. Hence after stroke some 

patients can see letters on a page but haye lost the ability to perceiye 

them as meaningful words. These functions are tested in the Symbol 

digit replacement test, the trial making tests and the block design test

2. M emory

The capacity for learning and memory is central to all behayiour. 

Mild to moderate memory impairment has a disorientating effect, 

seyere memory loss makes a person wholly dependent.
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Memory is tested in this study by the Rey auditory recall test and the 

non-verbal memory test.

3. Thinking

Thinking involves a host of complex cognitive functions which are 

brought together under that heading, these include computation, 

reasoning, judgement, concept formation, abstracting, ordering, 

organising, and planning. Of particular interest to those who are 

studying diffuse cerebral injury the higher intellectual functions 

involved in thinking are very sensitive to any brain injury even when 

most or all of the other functions of the brain such as memory are 

intact. Again the process of thought is not known to be allied to any 

specific neuroanatomical mechanism. There is no anatomy of the 

higher cerebral functions. This aspect of cerebral function is tested 

in this study by, the letter cancellation test, the symbol digit 

replacement tests, the trial making tests and the block design test.

4. Expressive functions

These functions are the sum of observable behaviour. They include 

speaking, writing, drawing and physical gestures. Apraxia is the 

failure or disturbance of the ability to perform complex learned acts. 

This occurs in the presence of normal neuromuscular capabilities. 

This is tested particularly by the Perdue peg board test and choice 

reaction time tests.

Neuropsvchological tests used in this studv

In summary the basis for the formulation for the tests used in this 

study are to elucidate changes in a wide variety of cerebral functions 

before and after cardiopulmonary bypass. We have chosen a group 

of tests that are arranged together in a battery. Their general aim is
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to detect any diffuse cerebral damage that might have occurred 

during the surgery. The tests are not looking for specific anatomical 

lesions. The concept of diffuse and focal brain lesions is more clear- 

cut than their manifestations, these can be overlapping and it is 

unusual to find focal cerebral injury without a degree of diffuse 

injury. The converse is however tme and is precisely what we are 

seeking to elucidate in the neuropsychological examination after 

cardiac surgery. In order that the tests can be carried out it is 

required that the subject must be co-operative with the aims of the 

study, able both to speak and understand English, and have any 

defects of hearing or visual accuity corrected prior to the 

neuropsychological testing.
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7 . Evidence th a t H yperglycaem ia is harm fu l in ischaem ic 
b ra in  dam age

Small animals

In 1938 Campbell first noticed that rats that were fed a diet low in 

calories survived hypoxia better than rats fed on a normal diet 

(Cam pbell, 1938). Somewhat later Craven reported a similar 

cerebral protection in fasted rats but concluded that weight loss and 

carbohydrate depletion were responsible for the better neurological 

outcome (Craven et al, 1950).

More recently there has been a considerable amount of work done in 

the experimental field on the relationship between glucose levels in the 

blood and the outcome after either local or global cerebral ischaemia. 

Pulsinelli completely occluded the four main vessels to the brain of rats 

causing near complete cerebral ischaemia. This manoeuvre was 

followed by restoration of blood flow some 20 minutes later. In this 

experiment there were several groups of animals; one group was made 

hyperglycaemic by the intraperitoneal injection of dextrose, a second 

had an intraperitoneal injection of normal saline and a third group 

injected with mannitol to mimic the osmotic changes that would occur 

with dextrose injection of the first group. After the ischaemic insult 

the brains of the animals were perfusion fixed with formal saline, 

having washed out blood from the cerebral circulation. The brains 

were then assessed histopathologicaUy. It was found that there was 

evidence of neuronal necrosis throughout the forebrain of the dextrose 

treated group but this was not repeated in the saline or mannitol treated 

(normoglycaemic) groups. The site of neuronal the damage that 

occurred in the dextrose group was confined to the cortex, the brain 

stem being spared (Pulsinelli et al, 1982).
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Siemkowicz and his co-workers took three groups of rats; hyper, normo 

and hypoglycaemic. These were exposed to 10 minutes of cerebral 

ischaemia caused by a pneumatic neck cuff and systemic hypotension. 

The rats were observed in the cages for 21 days for signs of abnormal 

feeding or abnormal social behaviour in addition to signs of 

neurological damage. The hyperglycaemic group all died within 12 

hours. AU of these rats developed seizures, some of which were 

spontaneous and others that could be induced by stimulation (noise or 

touch). The normoglycaemic rats exhibited signs compatible with 

cortical damage such as limping but were able to feed themselves and 

none died. The hypoglycaemic group fared worse than the 

normoglycaemic group but better than the hyperglycaemic group.

None of this group were able to feed themselves, in fact three of the six 

died of respiratory failure and loss of weight in spite of artificial 

feeding. The authors concluded that although hyperglycaemia was 

associated with a very poor outcome, hypoglycaemia was not protective, 

however the group that fared best in terms of outcome were the 

normoglycaemic rats (Siemkowicz, H asan, 1978).

Gjedde and his co-workers took a group of rats with blood dextrose 

levels over 30 mmol and subjected them to a period of 10 minutes of 

total cerebral ischaemia. They were compared to a group of rats with 

normal blood sugar levels. Cerebral ischaemia was induced by systemic 

hypotension and compression of the neck vessels by pneumatic cuff.

All the rats pretreated with dextrose were dead within 12 hours while 

all the control groups survived 14 days and 75% recovered completely 

(G jedde, Siemkowicz, 1978).

Ginsberg working with a cat model set out to look more closely at the 

cerebral effects of graded ischaemia. In this study ischaemia was 

induced by occlusion of the basilar artery, both common corotids and
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mild systemic hypotension. The animals were split into groups with and 

without periods of reperfusion. There were further subdivisions, one 

group was made hyperglycaemic by the infusion of 1.5gm/kg of 50% 

dextrose the remainder with isotonic saline. This study looked at 

cerebral reperfusion after the ischaemic insult and found that 

pretreatment with dextrose reduced the area of brain that was 

successfully reperfused. This was in association with a 29% reduction 

in global cerebral blood flow in the group with high dextrose levels. 

This group suggested the variations shown between the groups may be 

related to the changes in cerebral water content that they had found.

The inference being that the high osmotic load caused by 

hyperglycaemia may cause an increase in cerebrovascular resistance 

(G insberg et al, 1980).

Experiments in primates

Myers unexpectedly found a difference in outcome after a period of 14 

minutes of cardiac arrest in monkeys between those with 

hyperglycaemia and those normoglycaemic animals. In his model, 

monkeys were taught two visual discrimination tests before the 

experiment. After 12 -24 hours of food deprivation 10 monkeys had 

their hearts stopped by the injection of a solution of KCl. After the 

period of cardiac arrest the monkeys were reventilated and the heart 

started again by external cardiac massage. In order to maintain 

adequate hydration three of the animals were hydrated with 5% 

dextrose and three with normal saline. The survivors were then 

allowed to recover and then placed in a 'problem box' to perform the 

visual discrimination rests again. These tests were repeated until the 

animals were killed 11 to 64 days later. Two of the three monkeys that 

received dextrose developed signs of severe cerebral irritability and
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subsequent seizures. This was after good cardiovascular recovery. All 

of the animals with high blood glucose at the time of arrest were dead 

within 6 to 18 hours, hi addition to the raw survival data the authors 

made a histopathological assessment of the brain. This showed that it 

was the hemispheres rather than the brain stem which had most 

extensive injury. It was stated that the infusion of glucose just prior to 

cardiac arrest greatly diminished the brain's tolerance to ischaemia.

This inability to withstand ischaemia of the glucose pre-treated animals 

was backed up by the histopathological findings, which showed a 

different distribution of the affected neuronal damage in the glucose 

pretreated monkeys (M yers, Yam aguchi, 1976, 1977).

Further work from Myers and Yamagushi looked at the brain both 

histopathologicaUy and cytochemicaUy (Myers, 1976). The authors 

looked at ATP, lactate, pyruvate and cyclic AMP concentrations from 

frozen specimens of rats brains after 24 minutes of ischaemia. The 

monkeys were again in two groups, hyper and normoglycaemic. The 

normoglycaemic group showed no evidence of brain injury whilst the 

hyperglycaemic group developed fasciculations and myoclonic seizures, 

became decerebrate and died between 4 and 48 hours after the ischaemic 

insult. The hyperglycaemic group had markedly raised cerebral lactate 

levels. These authors suggested that the damaging effect of 

hyperglycaemia was due to an increase in the concentration of cerebral 

lactate.

These papers looked principally at global cerebral ischaemia, there is 

evidence that recovery from the more localized lesion can also be 

affected by the hyperglycaemia.

Localized but reproducible infarcts can be produced in the monkey by 

middle cerebral artery occlusion (Brint et al, 1985). In this series of 

experiments, adult monkeys underwent unilateral common carotid and
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middle cerebral artery occlusion. The animals were again divided into 

two groups, normoglycaemic and hyperglycaemic. The monkeys were 

killed at 24 hours and their brains frozen in Freon. The cerebral tissue 

was stained with haemtoxilin and eosin. The infarct size was then 

compared with the cortical volume of the normal contralateral 

hemisphere. The hyperglycaemic group showed a significantly larger 

infarct size than the control group (p< 0.05).

Contradictorv evidence

There is contradictory evidence from animal work from several 

authors that the situation may not be as clear-cut as it would at first 

seem.

In pair matched experiments, Jumigan compared neurological outcome 

between three groups of rats. Control rats and animals rendered 

hyperglycaemic by intraperitoneal injection of glucose, and control rats 

and those made diabetic by injection of alloxan. These animals were 

subjected to unilateral common carotid artery ligation for 15 minutes. 

Contrary to the experimenters' expectations the hyperglycaemic and 

diabetic rats fared better, in that they showed lower morbidity and 

mortality scores than the two control groups. An osmotic protective 

effect was put forward by the authors of this abstract but not elaborated 

upon ( Je rn igan  et al, 1984).

Interestingly when Ginsberg looked at a stroke model in an end-artery 

in rat brain he found that hyperglycaemia slightly reduced infarct 

volume. The model used was a cerebral infarction produced by a 

photochemical method. In this model the area affected is sealed from 

the surrounding tissue by the photo-coagulum and blood consequently 

substrates cannot pass into the infarcted area. This group suggested that 

what appeared at first to be at odds with previous work could be

l o s o i h -
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explained by the fact that once sealed from the rest of the brain the 

infarcted area cannot go on utilizing dextrose and produce more lactic 

acid. This is in contrast to the model of global ischaemia when there is 

virtually unlimited availability of dextrose substrate (Ginsberg et al,

1987).

It seems that there is some evidence to refute the suggestion that 

hyperglycaemia worsens the outcome after cerebral ischaemia.

However the bulk of the animal work outlined in the previous section 

supports the hypothesis that blood sugar elevation has a part to play in 

the clinical and pathophysiological outcome after an episode of cerebral 

ischaemia.

Conclusions from animal data

The above work contains good evidence that in global ischaemic 

cerebral damage that elevated blood glucose can increase the the 

likelihood of serious neuronal damage from both a functional and 

histopathological point of view. Experiments using the models that use 

a more focal ischaemic insult are somewhat less convincing.

Evidence from human studies

There is no experimental model for either partial or complete cerebral 

ischaemia in man. There are however clinical situations that may 

produce interruptions of cerebral blood flow in man; cardiac arrest, 

cerebrovascular accident or stroke and the cardiopulmonary bypass used 

during cardiac surgery.

Elevated blood glucose has been implicated both as a risk factor for 

stroke and for worse prognosis from cerebral ischaemia and 

haemorrhage. Hypoglycaemia can be associated with stroke-like 

symptoms. Syndromes that can occur with hypoglycaemia are poorly
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understood but the mechanism of action is not thought to be the same as 

in cerebral ischaemia.

Both epidemiological and post mortem studies have shown that diabetic 

patients have a higher risk of ischaemic stroke than non-diabetic patients 

(Alex et al, 1962),(G arcia et al, 1974) . This increased risk is 

attributable at least in part to the higher frequency of hypertension, 

cardiac disease and microangiopathy in diabetic patients. This is 

further shown by the Whitehall study of Civil Servants which noted 

that mortality from stroke shows (with that from ischaemic heart 

disease ) an independent, non-linear relationship with blood glucose 

(Fuller et al, 1983).

Wolf and Kannell believed that even when these factors are taken into 

account there is still an increased risk from cerebrovascular disease in 

the diabetic population (Wolf, Kannell, 1982). The animal work 

done by Pulsinelli prompted him to look at the incidence and severity of 

ischaemic stroke in patients with or without diabetes as well as the effect 

of hyperglycaemia versus normoglycaemia in non-diabetic patients with 

stroke. The group retrospectively examined the records of 107 patients 

who had been admitted with the diagnosis of ischaemic stroke. Patients 

with blood in the CSF or CAT scan evidence of haemorrhage were 

excluded from the study. By grading the neurological outcome in the 

patients either as good, fair or poor the records were scored for each 

patient. 46% of the diabetic group were judged to have a "poor" 

outcome as opposed 24% of the non-diabetics. 36% of the non-diabetics 

were thought to have a "good" outcome against only 14% in the diabetic 

patients. These differences were calculated to be statistically significant 

(p<0.05). The same was found to be true for stroke related deaths 

amongst the diabetic group. When the authors looked at admission 

blood glucose levels as an independent variable, in the absence of
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diabetes, those in the hyperglycaemic group were more likely to return 

to work than those with normal blood glucose levels. The numbers 

were small and the difference did not reach statistical significance 

(p=0.061) (Pulsinelli et al, 1983).

Levy had noted, in an analysis of predictive factors in stoke recovery, 

that hyperglycaemia on admission (along with age, the presence of an 

early visual field defect and decrease in cerebral density on first CAT 

scan) was associated with a poorer clinical outcome, (Chi Square, 

p<0.05) (Levy et al, 1982). Berger also reviewed a retrospective 

series of acute completed ischaemic strokes. The authors were 

particularly interested in cerebral oedema as judged by CAT scan.

They excluded patients with posterior fossa infarcts, infarcts of more 

than seven days standing, those with concurrent intracranial 

haemorrhages, infections or tumours. In this study the preprandial 

blood sugar levels were taken every day for 30 days after the stroke. 

The mean sugar levels were then estimated. The patients were then 

grouped into three categories, low, normal and high blood sugar levels, 

(0-4, 4-9, >10 mmol/1). All the CT scans that were performed during 

the patient's stay in hospital were collected and reviewed without 

knowledge of the patient's condition or blood sugar level. Of the 319 

patients admitted during the period of the study only 39 cases were 

deemed suitable for assessment the others being excluded by the criteria 

mentioned above. The CT scans were assessed for evidence of cerebral 

oedema. When an analysis of variance was performed it showed a 

significant trend between decreasing mean blood sugar and the 

proportion of patients that showed clinical improvement (p<0.001). 

Similarly there was an association between higher blood sugar 

concentration and CT scan evidence of cerebral oedema (shift of the 

midline or ventricular compression). When the patients were
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subdivided into diabetics or not the results did not show any difference 

in clinical outcome. Finally these authors suggested that the younger 

patients were more likely to have poor outcomes if they were in the 

higher glucose group (Berger, H akim , 1986). In a prospective 

study Cox looked at acute stroke and the relationship between blood 

sugar, glycosylated haemoglobin and clinical outcome in these patients. 

They studied 109 acute strokes of which 55 survived. Blood glucose 

levels of more than 8 mmol/1 were considered to be abnormal. A 

combination of high blood sugar and a normal level of glycosylated 

haemoglobin was taken to suggest that the hyperglycaemia was due to a 

physiological "stress” reaction. Blood glucose levels did not correlate 

with mortality. However hyperglycaemia and normal glycosylated 

haemoglobin was found to be a risk factor (p<0.02). This study was 

rather crude as the only outcome measure used was death (Cox, 

Lorains, 1986). These findings were confirmed by Helgason when 

she found that hyperglycaemia when associated with elevated 

glycosylated haemoglobin levels correlated strongly with a poor 

outcome from ischaemic stroke. Interestingly the presence of diabetes 

or sole elevation of glucose post stroke did not (Helgason, 1987).

Evidence of glucose levels being influential in recoverv from cardiac 

arrest

In an effort to find a model that would predict the likely neurological 

outcome after cardiac arrest, Longstreth and his co-workers 

constructed a model that included clinical features at neurological
o

examination and admission blood sugar and their relationship to clinical 

recovery. The outcome variable was defined as awakening only (the 

ability to follow commands or speak comprehensively). Using

multivariate analysis they found that admission blood sugar levels of
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higher than 15 mmol/1 of the admission variables had the strongest 

relationship to eventual awakening (Longstreth et al, 1983).

The same group then followed up this study and in a further series they 

found that admission blood glucose level was linearly related to overall 

eventual clinical outcome ( Longstreth et al, 1983).

The authors of the two previous studies then looked carefully at the 

outcome after cardiac arrest that had been treated by the Seattle fire 

department personnel, (who are trained in out of hospital 

cardiopulmonary resuscitation). They studied 128 patients treated by 

these paramedics for out of hospital cardiac arrest. Samples were taken 

for blood glucose estimation (these were aU measured in the same 

laboratory). Of the 128 there were 45 patients that were excluded from 

the study as they had rhythms that maintained some cardiac output such 

as sinus bradicardia or ventricular tachicardia. The results are difficult 

to interpret as some patients had more than one blood sample taken 

and the samples were not all taken at the same interval after the cardiac 

arrest. The authors found that blood glucose rose in a linear fashion 

from the time of cardiac arrest onwards and that the patients that had 

the worst clinical outcomes showed the steepest rise in blood glucose. 

The authors concluded that the rise in blood glucose was a "stress" 

response as little or no dextrose was infused into any of these patients. 

However in this study they did not find that there was any correlation 

between admission blood glucose levels and eventual wakefulness 

(L ongstre th  et al, 1986).

Conclusions from human experience

One of the difficulties with the analysis of the evidence from the stroke 

and cardiac arrest literature is the problem of deciding whether the 

elevation in blood sugar that is sometimes seen in these patients (even
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when they are non-diabetics) may be caused by the stroke or circulatory 

arrest. The stress response that can occur with any major trauma or 

physiological event can raise the blood glucose independently (Clark, 

1970). The matter of whether this rise is cause or effect can only be 

decided by studying cortisol levels. If elevated blood glucose is 

secondary to the ischaemic event or not it may still be responsible for 

any worsening of the clinical outcome that has been observed.

Overall conclusions

There is a body of both animal and clinical work which is suggesting 

that in cerebral ischaemia the level of blood glucose has some influence 

on eventual clinical recovery of cerebral function. If it is assumed that 

the cerebral changes that occur after cardiopulmonary bypass are due to 

microemboli and subsequent areas of ischaemia and poor perfusion then 

it would be reasonable to suggest that blood glucose levels at the time of 

the putative cerebral insult would be of some relevance.
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8. Choice of bypass priming fluid

Agreement on what constitutes the ideal priming fluid for 

cardiopulmonary bypass has not been reached. A review article on the 

subject as long ago as 1964 was entitled "Blood, mannitol, dextran, 

sugar, water and confusion", little has changed since! During the early 

years of cardiac surgery, bypass machines were primed with fresh 

blood, this practice has become unnecessary due to the advantages of 

haemodilution techniques and impossible from the resource viewpoint. 

Small children are the only patients who now routinely have blood 

(usually bank) in the prime.

The choice of bypass primes is currently between crystalloid, colloid or 

a mixture of the two solutions. Universal agreement now exists on the 

advantages of high volume haemodilution techniques. Conunon 

crystalloid primes used in the UK include 5% dextrose, Hartmann's 

solution, and mannitol, the most common colloid solutions used are 

fresh frozen plasma or other human plasma products, plasma protein 

fraction, high molecular weight dextrans and gelatins.

5% Dextrose

This solution is cheap and readily available, it is slightly hypotonic and 

becomes more so as it is metabolised. It leaves the patient with a large 

water load to excrete and acts as an osmotic diuretic. Diabetic patients 

can be put into hyperglycaemic hyperosmolar coma with the use of this 

prime.

Hartmann's solution

Solutions such as Hartmann's and "Plasmolyte" were introduced in an 

attempt to present patients with a solution that resembled the ionic
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composition of their own plasma. Patients are found to have a slight 

metabolic acidosis at the inception of perfusion but the lactate is 

converted to bicarbonate in the liver and the acidosis is reversed.

Mannitol

Mannitol is an inert six carbon alcohol. It acts as a very transient 

plasma expander and a potent osmotic diuretic. When prime mixtures 

are formulated mannitol is often part of the cocktail because of its 

diuretic properties.

Plasma preparations

Fresh frozen, human dried or stored plasma are by definition isotonic 

and maintain plasma oncotic pressure. They have a relatively long half- 

life in the circulation (approx 15 hours). They also have good 

buffering capacity. These solutions are expensive and until recently 

with the introduction of widespread screening carried a risk of blood 

bom disease transmission.

Dextrans

These are high molecular weight polysaccharides constmcted from 

glucose molecules. Each gram of dextran binds 20-25 mis of water. 

Disadvantages include anaphylactic reactions which have been reported 

and can occur within 10 minutes of administration.

Gelatins

These are manufactured from high molecular weight bovine collagen. 

Gelatins are excreted unchanged within a few hours. They have a half- 

life of less than two hours. The commonest gelatin used is haemaccel.
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Gelatins are pharmacologically inert and enhance diuresis, they are of 

neutral pH and have some buffering capacity

There are factors for and against each of these solutions as primes. A 

great deal of work has gone into the physiological aspects of each fluid. 

It is evident from this work that the goal for the "ideal" priming fluid is 

not to attempt to replicate the physiological properties of blood but to 

allow for the patient to be in the best condition at the end of the period 

of extracorporeal circulation which is in itself most unphysiological. 

Great care has been taken to enable renal function, cardiac function, 

clotting function and pulmonary function to be maintained. So far little 

attention has been focused on the biochemical environment for the brain 

during cardiopulmonary bypass.
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MATERIALS AND METHODS
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Materials and methods

1. Design of study

Ethical consent

A full study protocol was submitted to the Medical Ethics Committee at 

the Middlesex Hospital and ethical approval was obtained prior to the 

start of the trial.

Research staff

The group involved with this study comprised two Consultant 

Cardiothoracic Surgeons, a Clinical Psychologist, a Neurochemist, 

technical staff from the Department of Biochemistry and the author of 

this thesis. Additional advice and help came from the Departments of 

Neurology and Anaesthetics.

The author was responsible for the recmitment of patients, the co

ordination of staff, the intraoperative measuring of data, the collection 

and preparation of samples, the post-operative assessment of patients 

and a large proportion of the neuropsychological testing.

Patient selection

All patients undergoing coronary revascularisation at The Middlesex 

Hospital were considered for inclusion in the trial. This group consisted 

of patients under the care of the two Cardiac Surgical Consultants, Mr 

Tom Treasure and Mr Marvin Sturridge. At the time of the study 

(January-November 1989) the Hospital performed 400 open cardiac 

operations per year of which about 60% were for coronary 

revascularisation.
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Statistical considerations in study design

There are several constraints on organizing a prospective study of this 

nature. The number of patients that could be admitted to the study was 

at the outset uncertain. As previously stated all patients coming for 

coronary revascularisation were considered for inclusion in the trial. 

From previous work carried out at this hospital it was known that 30- 

40% of patients would show a change in cerebral function as 

demonstrated by careful neuropsychological testing at eight weeks after 

surgery. We had no previous knowledge of the likely magnitude of 

difference between the two subgroups of this particular study. Hence 

deciding on the number of patients required to show a difference was 

difficult to estimate. Obviously if the difference between groups was 

great this would become evident with a smaller number of patients. The 

number of patients taken into the study was the maximum that could be 

recruited in the time available.

After the results of the first 35 patients were studied the statistical 

technique of minimisation was used (Bland, A ltm an, 1989). This 

technique helps to avoid the situation when a study which may have been 

impeccably statistically administered ends up with dissimilar groups in 

its random sample. In the case of this study it would be possible that all 

the patients that were randomly assigned to a glucose prime were old 

men having multiple grafts and the younger women having single grafts 

could be assigned to the Hartmann’s prime limb. This would have the 

effect of making any conclusions from the study invalid as the two 

groups would have been dissimilar. After the first 35 patients the 

randomisation code was broken and patients were ’’minimised” and 

assigned to either of the two groups in an attempt to keep the groups 

similar in terms of age, gender and expected bypass or cross clamp 

time, number of grafts or the use of the internal mammary artery graft.
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Randomisation

70 patients were recruited prospectively. These were randomized into 

the two limbs of the study. Patients were allocated to either limb by the 

use of computer generated random numbers. These numbers indicated 

the nature of the priming fluid in the cardiopulmonary bypass circuit, 

this being either Hartmann's solution or 5% dextrose. Envelopes with 

the randomisation numbers were kept in the operating theatre to be 

opened by the Perfusionist at the start of each case in the study.

Exclusions

The following groups were excluded.

1. Patients suffering from  diabetes melitus.

The study was to be aimed at gaining some understanding of glucose 

metabolism during cardiopulmonary bypass. Diabetics have grossly 

abnormal glucose metabolism and therefore any changes detected in 

glucose metabolism during bypass would not necessarily be due to 

changes that occurred as a result of the procedure but be part of the on

going diabetic process. The diagnosis or otherwise of diabetes was 

made from the patient's history. Any patient declaring that they were 

taking any hypoglycaemic agents or who were attempting to control 

their blood sugar by diet. Glucose tolerance tests were not carried out 

in any patient in the study.

2. Patients over the age o f 75

Experience of the techniques used in this study when applied to other 

studies have demonstrated that the elderly and frail find the 

neuropsychological testing difficult and the results become difficult to 

interpret in this group. However most elderly patients that undergo
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cardiac surgery are in good general health and we did not anticipate that 

this would be a policy that would exclude many patients.

3. Patients undergoing emergency surgery

The logistics of performing detailed neuropsychological tests on patients 

with evolving myocardial infarctions or with unstable angina about to 

undergo emergency cardiac surgery make inclusion of this group of 

limited value. It is known that anxiety has a major effect on the 

performance during neuropsychological evaluation and it would seem 

unreasonable to ask patients in this group to partake in a study of this 

nature.

4. Patients with previous stroke or neurological abnormalities

The reasons for this exclusion in a study of post operative neurological 

and neuropsychological dysfunction are self evident.

Retrospective Exclusions

There were no retrospective exclusions, two patients that suffered focal 

neurological damage did not attend for eight week follow up assessment.

Recruitment

Patients were approached by the author in the days prior to their 

planned surgery. The purpose of the trial was explained in detail to the 

patients and their families if necessary and any questions answered. 

Additional information was provided in the form of an explanatory 

sheet as suggested and requested by the Ethics Committee of the 

hospital. When the patient agreed to participate in the study they were 

then asked to provide written consent.
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2. Operating theatre techniques

1. Sampling o f o f cerebral effluent blood

This was achieved by retrograde cannulation of the jugulovenous bulb. 

After the induction of general anaesthetic the patient was tilted "head- 

down” to approximately 15 .̂ The internal jugular vein was located by 

palpation of the common carotid artery pulse at a point midway between 

the mastoid process and the supra-stemal notch. At this point the 

internal jugular vein lies just lateral to the pulse. A 20 gauge soft 

catheter was then passed over a guide wire using the Seldinger 

technique. The catheter was passed upwards towards the jugular bulb 

then secured with a suture to the skin. The catheter was checked for 

patency by drawing back venous blood and was then clearly labeled as a 

"retrograde" line. This line was used exclusively for sampling and it 

was clearly marked that it was not for the administration of dmgs. At 

the end of the procedure the catheter was removed by one of the 

anaesthetic staff.

2. Sampling o f mixed arterial blood

A 14 gauge catheter was passed into the radial artery and secured to the 

patient's skin. This arterial line was used for beat to beat monitoring of 

the systemic arterial pressure. Routinely it was connected via a three 

way tap to the pressure transducer, this enabled samples to be drawn 

from the line after appropriate flushing and the discarding of dead space 

blood.
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3. Preparation o f blood samples

Ten ml samples of blood were taken from the retrograde jugular venous 

bulb via the above cannula and mixed arterial blood from radial artery 

cannula, both after the administration of systemic heparin but prior to 

the commencement of cardiopulmonary bypass. These samples were 

then repeated at 15 minute intervals throughout the period of perfusion. 

After taking the samples they were then immediately spun down in a 

high speed centrifuge for five minutes in an ante-room to the operating 

theatre. Two mis of plasma were then taken from the sample by 

laboratory pipette and placed with 1 ml of perchloric acid in numbered 

tubes. These tubes were then stored in ice in an insulated box until the 

end of the operation. The prepared samples were then stored at -60-C 

in the department of biochemistry until detailed biochemical analysis 

was able to be carried out.

4. Physiological parameters

Continuous measurements of blood pressure, temperature and perfusion 

pump flow were made, these data were stored on floppy disc via an 

interface with an Apple l i e  Europlus micro computer and backed up 

with conventional charts.

5. Operative technique

Patients were premedicated with opiates and an atropine-like drugs 

between two and four hours prior to surgery. Patients were 

anaethetised in the anaesthetic room adjacent to the operating theatre. A 

variety of agents were used by several different anaesthetists.

Internal mammary artery and long saphenous vein were prepared 

simultaneously prior to cannulation of the heart. After administration
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of heparin, cardiopulmonary bypass was established using venous 

return from the right atrium from a Ross basket with arterial return to 

the ascending aorta. After aortic cross-clamping the heart was arrested 

by perfusion of one litre of St Thomas' cardioplegia solution at 4®C into 

the aortic root.

The distal anastomoses were fashioned using continuous 7/0 prolene, 

when these had been completed the aortic cross-clamp was released and 

the heart defribrillated with a Direct Current shock of between 2 and 10 

joules applied to the epicardium across the ventricles. With the heart in 

sinus rhythm the proximal anastomoses were fashioned using continuous 

5/0 prolene. When the patient was fully warm and being ventilated 

bypass was discontinued. When the patient was haemodynamically 

stable the heart was decannulated and the heparin was reversed using 

protamine sulphate. After haemostasis was achieved the sternum was 

closed using wire, the subcutaneous layers and skin with continuous 

vicryl. The mediastinum and if necessary the pleura were drained with 

small bore plastic tubes to a closed wound drainage system.

6. Cardiopulmonary bypass technique

All patients received the same bypass. A Harvey bubble oxygenator was 

used with a Pall 40ji microfilter in the arterial line. A Stockert roller 

pump with modification to allow for pulsatile flow. Pump flow was 

2.4 litres/minute/square metre of patient surface area. Flow was 

reduced as the patient was systemically cooled. Once expected flow had 

been achieved continuous flow was modified to pulsatile perfusion for 

the remainder of the perfusion. Bypass was initiated with room 

temperature prime, subsequently the patient was cooled to 28-C until 

the start of the last distal anastomosis was fashioned when the patient 

was rewarmed to 37-C.
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3. Neuropsychological testing

Justification of tests used

For the purposes of this study the term neuropsychological is used as 

the testss are principally designed to distinguish changes in 

concentration, memory, vasiospatial co-ordination, manual dexterity, 

deductive reasoning, learning and speed of response. They are designed 

to be sensitive to diffuse cortical damage and to be relatively free of 

learning effects.

Learning effects are however difficult to exclude from any type of 

consecutive assessment. To minimise these effects of learning there is a 

choice of three different examples for each test and each time the patient 

is assessed he or she is randomised to one of the three choices. Several 

of the tests are performed with the subject operating an Apple lie 

microcomputer keyboard. The tests are performed in a quiet room.

The subject is made comfortable and relaxed and is encouraged to wear 

his or her reading glasses. In the case of the computer based tests the 

older subjects need some time to overcome their natural fear and 

distrust of the electronic equipment. The subject is therefore 

familarised with the keyboard fully and sometimes at length prior to the 

commencement of the test and there is a reasonable practice run of each 

test before the scored part is introduced.



Figure 2

Subject at computer key board

68
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D etails of tests 

M em ory and learn ing  tests

Verbal memory

The Rey Auditory Recall test is utilised for this assessment (Key A, 

1964). The subject is read a list of 15 words at approximately one 

word per second. At the end of the list the subject is asked to recall as 

many words as possible, these are marked off by the examiner and no 

regard is taken to the order of the recall. The list is repeated six times 

and the subject tries to recall the whole list on each occasion. After the 

six initial attempts to recall the first list a second list of different words 

is introduced, again the subject is asked to recall this new list. The 

subject is then asked to recall the first list again only on the last occasion 

the subject is not reminded of this list. This is a quite stressful test that 

requires considerable concentration and co-operation from both the 

examiner and the subject.

F igure 3

W ord list in te rfe ren ce  list re ten tio n  list
drum desk drum
curtain ranger curtain
bell bird bell
coffee shovel coffee
school stove school
parent mountain parent
moon glasses moon
garden towel garden
hat boat hat
farm er cloud farm er
nose X 5 lamb nose
turkey gun turkey
colour pencil colour
house church house
river fish river
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The Rey test has three functions, it is a test of memory and retention of 

memory. It is also an assessment of learning ability. As the subject 

repeats the word list the number of words recalled can be plotted as a 

learning curve. As an illustration of the learning curve that is produced 

the graph below demonstrates the mean learning curve of the whole 

group at pre-operative testing.

F igure  4

I

Pre operative learning curve for whole group
15

interference
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5

0
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Trial
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Nonverbal memory

The subject is presented with a complex visual image comprising yellow 

on green squares. See figure.below. The image is on the screen for 10 

second and then is replaced by a choice of three similar images of which 

one is the same as the test image. These new images are numbered 1,2 

and 3. The subject chooses which of the three is the correct one and 

presses the number key accordingly. The computer again times the 

response and marks it for correctness. This sequence is repeated 30 

times after a suitable practice run. An example of the base image and 

the three trial images are shown below.

Figure 5
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Test of concentration and tracking

Trail making A and B

Trail making A (TMA)

The subject sits at the desk in a quiet room. The test comprises 25 

numbers from 1 to 25 each circled and distributed around the paper. 

After a practice run the subject is timed while he joins the numbers in 

numerical ascending order without taking the pencil from the paper. 

The subject is timed for this manoeuvre (Reitan RM ,1958). A 

partially completed test is shown below.

Figure 6
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Trail making B (TMB)

This test comprises the numbers 1 to 13 and the letters A to L, again 

each number in a circle and scattered around the page. The subject is 

timed whilst he or she joins the numbers alternately in numerical and 

alphabetical order ie 1-A-2-B-3-C-4-D and so on to L-13. Again a 

partially completed test is shown below.

Figure 7

©
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Tests of a tten tion .

Letter cancellation

The subject is presented with a typed sheet of 900 letters. Amongst 

these letters are 25 letter Ps. the objective is to scan the letters and to 

find and mark all the letter Ps. The test is then marked for speed and 

accuracy (Diller L , 1974).

F igure  8

Q I J H T G B O P J G R E W S C Z D Y H G R F D E R I J H B V C  

D E R T G V C X Z W  P O I U Y T R E D F G H J K P L K M N H P  

N P O I L K J H J N B G F V C D E D S X Y T G V B F P M N H P M  

B F R E W Q W E R T Y U I O P L K J H G F D S A Z X C V B P K  

M N B G V F C D X P Z W S E D R F C V F B G H N J M K L I O P

Continues for 900 letters



75

Reaction time

Choice reaction time (CRT)

The letter keys D and K are covered with the letters A and B on the 

Apple keyboard. The patient is shown how to place the left index finger 

over A and the right over B. After an auditory warning "Blip" either 

the letter A or B comes on the screen, the patient then has to press he 

appropriate key. See figure below. The computer then records whether 

the appropriate response has been made and in what time. The time 

between the electronic "Blip" and the letter arriving on the screen is 

variable and the order of the A/B sequence is random. The sequence is 

run 40 times in a test lasting 6 minutes (Lezak, 1976).

Figure 9
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Tests of visuo-m anual coordination

The Perdue Peg board.

In this test the subject sits at a table with the standard Perdue peg board. 

The board consists of two rows of small holes and four dishes of metal 

pegs that can be placed in these holes, see figure below. The subject is 

given 30 seconds to place as many pegs in these holes as possible, first 

with the dominant hand then the non-dominant hand then finally using 

both hands to create two rows of pegs on the board.

Figure 10

PU R D U E  P E G B O A R D  
MODEL 33020

lAFAYETTE iNSÎRUMFNT CO 
mnx 1279 

l A F A V n n  INDIANA 4 7 9 0 7
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Tests of problem  solving ability and visuo-spatial ability

Symbol Digit Replacement (SDR) "

The screen is divided into a reference section at the top of the picture 

and a work section at the bottom, see figure below. Nine symbols are 

shown in the reference section to be representing the numbers one to 

nine. In the work section there are symbols with no corresponding 

numbers. The subject has to type the correct number in the empty box 

under each symbol. The process is repeated five times after two 

practice sessions (Botez M, 1984). A payoff score is used here to 

adjust speed with accuracy.

Thus calculated:-

payoff = (number correct) x (mean time) + 2(time taken x  number o f errors) 

(Pugsley WB, 1988)

Figure 11

h p  ■ r  -ii+
1 2 3 4 5 6
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Wechsler block design test

The subject is provided with four identical cubes. The faces of the 

cubes are coloured red, white or red and white, two sides of each. The 

subject is shown a simple design that can be made from the four blocks, 

the examiner then demonstrates to the subject how to perform the test. 

The subject is then shown six further designs and is timed whilst they 

are completed. See figure below. After the first six the number of 

blocks is increased to nine and the pattern of the designs becomes 

correspondingly more difficult, again the subject is timed and scored 

accordingly with a time limit of two minutes on the more complex 

designs. The raw score is then referred to tables to obtain an age 

corrected score (Wechsler D, 1955).

Figure 12

i ♦
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Data collection analysis and presentation

All results were initially recorded long-hand on prepared forms, from 

there they were transferred (usually the same day) to an Apple 

Macintosh computer. The data were stored on Excel, a commercially 

available data spreadsheet. This was modified in order to generate the 

data in a usable form. (eg. deteriorations in neuropsychological tests 

are usually shown as negative numbers). This enabled data to be 

prepared for analysis in other forms at a later date.

The statistics package used for analysis was Statview + Graphics 512, 

for descriptive statistics and "Minitab" for Student's t tests, regression 

analysis and analysis of variance.
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4. Neurological assessment

Patients with neurological abnormalities or previous strokes were 

excluded from the study. All patients underwent a neurological 

examination on the day that they left intensive care. In most cases this 

was within 24 hours of surgery but in a small number of cases when 

patients had been slow to wean from ventilatory support the stay in 

Intensive Care was slightly longer. All patients were examined within 

72 hours of surgery. All examinations were carried out by the author.

Neurological examination

1. Muscle tone and power.

2. Co-ordination.

3. Sensation.

4. Reflexes
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RESULTS



8 2

Results

1. Patients, demographic and operative data

Seventy patients were entered in the study and randomised. The 

number of patients that were randomised to a 5% dextrose group was 

35, the number randomised into the Hartmann's solution prime also 35.

I was able to perform pre-operative evaluations on all 70 of the patients. 

One patient refused to return for follow up and two patients (numbers 

17 and 37) were not able to return at eight weeks as they had suffered 

strokes during the perioperative period.

1. Demographic details of the whole group.

Number 70

Operation CABG

Gender male 52 female 18 total 70

Number of grafts median 3 range 1-5 mode 4

Bypass time (minutes) median 86 range 28-150

Ischaemic time (minutes) median 45 range 11-77

Internal mammary graft 48

Long saphenous vein only 22

2. Patient details, glucose prime group

Number 35

Operation CABG

Gender male 29 female 6 total 35

Number of grafts median 3 range 1-5 mode 4

Bypass time (minutes) median 86 range 32-150

Ischaemic time (minutes) median 45 range 11-77

Internal mammary graft 27

Long saphenous vein only 8
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3. Patient details. Hartmann’s nrime eroun.

Number ® 35

Operation CABG

Gender male 23 female 12

Number of grafts median 3 range 1-5

Bypass time (minutes) median 87 range 28-150

Ischaemic time (minutes) median 47 range 11-77

Internal mammary graft 21

Long saphenous vein only 14

mode 3

Analysis of group differences and similarities 

1 .Gender

As shown above the sex ratio in the glucose group was 29 men and 6 

women, in the Hartmann’s group the ratio was 23 men and 12 women. 

Although there was an preponderance of men in both groups the sex 

distribution was similar.

2. Number of grafts.

The median number of grafts was 3 in each group with a range of 1-5 

in both groups. The modal number in each group was 3 in the 

Hartmann’s group and 4 in the glucose prime group.
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Figure 13
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3. Bypass time

The time spent with the patient connected to the extracorporeal 

circulation circuit was a median of 8 6  minutes for the glucose group 

and 87.5 minutes for the Hartmann’s group. The ranges are shown 

above.

Figure 15

DISTRIBUTION OF BYPASS TIME 
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Figure 16
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4. Cross clamp time

This time represents the time the heart is maintained in an ischaemic 

state, ie the aorta is clamped and coronary flow ceases. The median 

time for the glucose group is 45 minutes and the Hartmann's group 47 

minutes.

Figure 17
DISTRIBUTION OF CROSS CLAMP TIME 
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Figure 18
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5. Use of the Internal mammary artery

The high rate of usage of the IMA is consistent with the modem trend 

involving increased usage of this conduit. The figures are 29 out of 34 

for the glucose group and 21 out of 36 for the Hartmann's group

6 . Age

The mean age of the Hartmann's prime group was 60.13 years and the 

glucose prime group 53.9 years.

Figure 19
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Figure 20
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Figure 21
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Summary

The technique of minimisation (Bland M, Altman D, 1989) used in 

order to keep the two groups as similar as possible was only partially 

successful as the two groups are similar in terms of gender, number of
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grafts, duration of extracorporeal circulation and cardiac ischaemic 

time but dissimilar in terms of age, the Hartmann's group being slightly 

older. The randomisation code was broken in the aim of making the 

patients more equal in each group. This was achieved in the terms of 

the above factors but failed in terms of age. This is undesirable and is a 

potential weakness in the study as we know from previous experience 

that age is one of the possible factors in determining neuropsychological 

outcome after cardiac surgery. With this in mind subsequent studies 

have "minimised" from the outset in the hope that better matches would 

be produced. In terms of other important factors such as bypass time 

there is no significant differences. The results of this study are taken 

from the results from these groups.
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2. Neurology results

No patients died in this series. All patients had the neurological 

examination in the early post operative period.

Focal neurological deficit occured in three patients.

This comprised two patients with hemiplegia and one with a transient 

ulnar nerve lesion .

Stroke

One patient showed signs principally affecting the left upper limb, the 

other the whole of the right side. In the case of the second patient there 

was some debate as to when the event may have occurred, the intensive 

care nurse believed that the patient had moved all limbs when the patient 

was awake but still ventilated however at first clinical examination the 

focal signs were present. Both patients with upper motor neurone 

lesions were in the glucose prime group.

Neither patient with stroke considered themselves well enough to attend 

eight week neuropsychological testing. Both patients were seen 

subsequently in routine out-patient sessions and were fully recovered 

from their neurological symptoms.

Peripheral nerve lesion

The patient that showed signs of a left ulnar nerve lesion attended for 

eight week follow up at which both signs and symptoms of this 

peripheral nerve damage were gone. It is assumed that this lesion was 

caused by local pressure on the ulnar nerve at the time of surgery.

The incidence of neurological deficit at eight weeks was therefore less 

than 3%.
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2. Urine Output results.

The rate of urine production during bypass was recorded. It was not 

policy to use diuretics during the course of the procedure.

Urine volume during bypass

Prime volume (ml/minl Standard deviation Standard error

Glucose 4.024 3.002 0.515

Hartmann's 4.706 3.033 0.563

Comparison using a two tailed t test, p=0.37

There was no significant difference between the two groups in the 

volume of urine produced during bypass.

The volume of urine produced in the post operative phase was not 

compared as there was no control on the use of diuretics given in the 

Intensive Care Ward.
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4. Neuropsychology Results

Outline of presentation of results

1 . General introduction including abbreviations.

2 . Statistical methods.

3. Pre operative results for the whole group, test by test.

4. Statistical comparison of scores in the two groups and number of 

patients that either improved or deteriorated test by test.

5. Further analysis of the Rey tests.

6 . Analysis of variance of the variables of prime, age and duration of 

bypass.

7. Incidence of overall deficit as defined by previous workers.

1 . Abbreviations used in text for neuropsvchological tests.

LXT Letter cancellation test.

TMA , TMB Trail making test either 'A' or 'B'.

Perdue dom/Non-dom/both Perdue peg board test with reference to

which hand.

Rey 1 /2/3... Rey auditory recall test number of

attempts, first, second....

SDR Symbol digit replacement.

CRT Choice reaction time.

NVM A/B Non verbal memory a or b number

correct.

Block Block design
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2 . Statistical methods

The author has taken professional statistical advice from Dr Susan Chinn 

MA Oxon, C Stat. HMFPHM. Medical Statistician at St Thomas' Hospital 

and The United Medical and Dental Schools of Guy's and St Thomas’ 

Hospitals. The following data were derived using the commercialy 

available Mainframe statistical programme "Minitab".

Review of the data by Dr Chinn showed that the data were distributed in a 

manner suitable for parametric analysis. Descriptive statistics of the 

mean pre-operative baseline results are shown (mean, standard deviations, 

median and ranges).

Mean and standard deviations of the changes between pre operative and 

eight week testing are shown with each test in comparing the two groups. 

Comparisons between these changes in scores on each test are made using 

a two tailed Student's t test. A 95% confidence interval is also given 

around these mean changes.

3. Neuropsvcholoev Test Results

Pre-operative results for the whole group, test by test 

The two groups used for this work came from a population of consecutive 

cases undergoing coronary revascularisation. The group of 70 patients 

were all subjected to neuropsychological evaluation prior to surgery. The 

pre operative baseline scores are shown below.

Rev Auditorv Recall

In this test the numerical score represents the number of words that the 

subject was able to recall after each repetition of the word list, the 

maximum score is 15 on each attempt.
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Rev Auditorv recall Test 1 

Mean SD

5.2 1.7

Median

5

Range

1-10

Rev Auditorv recall Test 2 

Mean SD

7.5 2.1

Median

7

Range

4-12

Rev Auditorv recall Test 3 

Mean SD

8.8 2.1

Median

9

Range

4-13

Rev Auditorv recall Test 4 

Mean SD

9.9 2.5

Median

10

Range

2-15

Rev Auditorv recall Test 5 

Mean SD

10.4 2.4

Median

10

Range

3-15

Rev Auditorv recall Test 6  

Mean SD

4.6 1.1

Median

5

Range

0-9

Rev Auditorv recall Test 7 

Mean SD

8.6 2.8

Median

9

Range

2-14
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Non verbal memory (NVM)

In this test the score signifies the number of times the subject chose the 

correct pattern from the choice on offer (see methods). The maximum 

score is 15. The are two NVM tests, signifying two levels of difficulty, 

NVM(A) and the more difficult NVM(B).

NYMfAl

Mean

12.2

SD

2.5

Median

13

Range

2-15

NVMfBl

Mean

12.3

SD

2.3

Median Range

13 3-15

Trail making test (TMA and TMB)

This is a timed test and gives a score in seconds, increases in time 

signify a deterioration in performance. TMB is the more difficult test and 

therefore the time taken is usually greater than that taken for TMA.

TMA

Mean SD Median Range

34.4 13.4 31 15-78

TMB

Mean

85.8

SD

29.4

Median

83

Range

39-180
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Letter cancellation (LXT)

This test gives scores in two ways, the first the time taken to scan the 

letters and the second, how many mistakes were made. In practice the 

two are closely linked and only a payoff score is used here. The formula 

for this payoff score is shown in the methods section of the thesis.

Letter cancellation (LXT)

Mean SD Median Range

161.3 40.8 155.5 164-255

Choice reaction time (CRT)

Reaction time testing gives a score in seconds.

CRT

Mean SD Median Range

0.60 0.15 0.55 0.39-1.19

Perdue Peg Board

Scores in this test result from the placing of as many pegs in their 

appropriate positions in a board in a set period of time (30 seconds). The 

test is carried out first with the dominant hand then the non dominant and 

lastly with both hands simultaneously.

Perdue Peg Board Dominant Hand

Mean SD Median Range

13.59 1.95 14 7-18

Perdue Peg Board Non-Dominant Hand

Mean SD Median Range

13.2 1.7 13 9-17
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Perdue Peg Board Both Hands

Mean SD Median Range

11.3 1.7 12 6-16

Symbol Digit Replacement Test (SDR)

This test gives scores in two ways, the first the time taken to substitute the 

numbers for the symbols the second the accuracy of those substitutions, a 

payoff score is used here. The formula for this payoff score is shown in 

the methods section of the thesis.

SDR

Mean SD Median Range

183. 60.4 173 100-402

Wechsler Block Design Test.

This test gives a result in seconds but to obtain a score the time is related 

to age and the overall score is taken from a table provided with the 

Wechsler adult intelligence system.

Block Design

Mean SD Median Range

11.9 2.7 11 6-19
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4. Statistical comparison of scores in the two groups and number of 

patients that either improved or deteriorated test bv test between pre 

operative and eight week testing

The mean pre operative and eight week scores are shown. The mean 

changes and standard deviations in these scores are calculated. The 

glucose and Hartmann's groups are shown together. A 95% confidence 

interval is shown for these changes. A two tailed Student's t test is 

calculated for the significance of changes in group mean scores.

One of the problems in comparing group mean scores and changes in 

group mean scores is that it is difficult to demonstrate adequately the 

spread of data. By showing the numbers of patients that either improved 

or deteriorated in each test this problem is partly overcome.

Although the total number in each group is 35, not all patients took part 

in each part of each test. The two patients who suffered strokes in the 

glucose group did not attend for follow up testing. There were some 

other patients that for a variety of reasons did not co-operate with some 

parts of the post operative testing. It is for these reasons that not all 

numbers add up to 35 in each group. These numbers are shown in two 

ways. For tests in which the difference in scores is different for each 

patient e.g. letter cancellation or choice reaction time, I have employed a 

graphical display the shape of two fans. The two groups are shown 

separately on each display. The change in pre operative to eight week 

testing in each patient is shown as a line from a zero point to the change 

in score. Those whose performance improved are shown as positive and 

those that have deteriorated are shown as negative.
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In the case of tests in which several patients show the same change in 

score between testing e.g. the Rey Auditory Recall tests, I have plotted 

each patient as a separate point. The resulting graphical display 

approximates to a normal distribution around a modal value. Those that 

have improved to the right of the zero (no change) line and those that 

have deteriorated to the left. Again the two groups are shown on each 

graph.
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Memory tests

The scores signify the number of words recalled at each attempt. Rey 1 

is the first attempt and so on until Rey 7. A negative change signifies a 

deterioration in performance

Rev Auditory recall 1

G lucose
Pre op

mean score 
mean change
standard deviation of change 

H artm an n 's

5.515
Eight Weeks

4.967
-0.47
1.9

Pre op Eight Weeks
mean score 
mean change
standard deviation of change

5.028 5.444
0.43
1.75

95% Cl for difference of means (-1.789 , -0.0055)

Change between two groups on Rey 1, p=0.045 

F igure  22

Number of patients that either improved or deteriorated. Rev 1

Hartmann's

Ô A
deteriorated improved

n Glucose

7 - 6 - 5 - 4  - 3  - 2  - 1 0 1 2 3 4 5 6

Difference in score

Prime

Glucose
Hartmann's

Improved

8
17

Deteriorated No change Total

14
12

11
5

33
34



Rev Auditory recall 2
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G lucose
Pre op Eight Weeks

mean score 
mean change
standard deviation of change

7.788
-0.69
2.53

H artm an n 's
Pre op Eight Weeks

mean score 
mean change
standard deviation of change

7.306
0.11
2.1

7.361

95% Cl for difference of means (-1.933 , 0.3294)

C hange between two groups on Rey 2, p=0.16

F igure 23

Number of patients that either improved or deteriorated. Rey 2

Prime

1 1  

A A A A A A

deteriorated improved
o o o
8 8 8  o o o o  o

o 0 8 8 8 8 8 8 8 8  o-l—I—I—I—l—1—I—l—J

Hartmann's

Glucose

I l l ' l l
1 0 - 8 - 6 - 4 - 2  0 2  4 6 8 1 0

Difference in score

Improved________Deteriorated No change Total

Glucose

Hartmann’s

9

15

18

15

6

5

33

35
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G lucose
Pre op Eight Weeks

mean score 
mean change
standard deviation of change 

H artm an n 's

9.061
-0.53
2.21

Pre op

8.533

Eight Weeks
mean score 
mean change
standard deviation of change

8.694 8.278

95% Cl for difference of means

-0.37
2.03

(-1.96 , 0.8760)

C hange between two groups on Rey 3, p=0.76 

F igure 24

Number of patients that either improved or deteriorated. Rey 3

A A 23
deteriorated

Hartmann's

improved

Glucose

- 4  - 2  0

Difference in scores

Prim e

Glucose

Hartmann's

Improved

9

13

Deteriorated No change Total

14

15

10

7

33

35



Rev Auditory recall 4

G lucose
Pre op

mean score 
mean change
standard deviation of change 

H artm an n 's

10.667
-1.56
2.54

Pre op
mean score 
mean change
standard deviation of change

9.333
-0.23
2.41

103

Eight Weeks
9.167

Eight Weeks
9.056

95% Cl for difference of means (-2.53 , -0.124)

Change between two groups on Rey 4, p=0.031

F igure 25

Number of patients that either improved or deteriorated. Rev 4

ilA

| i l

deteriorated

I
O O O  _

o 0 0 8 8 8 8 $
I I '  I  '  I
1 0  - 8  *6  *4

Hartmann's

A A A A A
improved

88 Glucose

8 0 0 0
—I
1 0

Difference in score

Prime

Glucose

Hartmann's

Improved

8

12

Deteriorated No change Total

20

14

33

35
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G lucose
Pre op Eight Weeks

mean score 
mean change
standard deviation of change

11.273
-1.596
3.03

9.7

H artm an n 's
Pre op Eight Weeks

mean score 
mean change
standard deviation of change

9.667
-0.14
2.68

9.472

95% Cl for difference of means (-2.84 , -0.058)

C hange between two groups on Rey 5, p=0.041

F igure 26

Number of patients that either improved or deteriorated. Rev 5

Prime

Hartmann's

A È
AAAAAAAAAAAAA

deteriorated ( ) improved

Glucose< >

0 (Joo o o o o o  
o o 8 8 8 8 8 8 8 0  8

n ' I ' I ■ I ' i ' I ■ I ' i ' I ■ ' 1 ■ I ' r ^ - i  

- 1 4 - 1 2 - 1 0  - 8  - 6  - 4  - 2  0 2 4 6 8 1 0

Difference in score 

Improved___________ Deteriorated No change Total

Glucose 7

Hartmann's 14

17

14

9

7

33

35
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G lucose
Pre op Eight Weeks

mean score 
mean change
standard deviation of change

4.909
-0.38
2.41

4.5

H artm an n 's
Pre op Eight Weeks

mean score 
mean change
standard deviation of change

4.417
- 0.2
2.51

4.25

95% Cl for difference of means (-0.137 , 1.027)

C hange between two groups on Rey 6 , p=0.77

F igure 27

Number of patients that either improved or deteriorated. Rev 6

- 8

i î

A l l
deteriorated

i §
0 0 8 8 8 8

T r

Hartmann's

improved
Glucose

O O 
8 8 8 8

T
- 6 4 - 2 0 2  

Difference in score

Prime

Glucose

Hartmann's

Improved

10

12

Deteriorated No change Total

20

16

33

32
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Rev Auditory recall 7 

G lucose
Pre op Eight Weeks

mean score 
mean change
standard deviation of change

10.667
-1.41
2.23

9.167

H artm an n 's
Pre op Eight Weeks

mean score 
mean change
standard deviation of change

8.806
-0.77
3.222

7.361

95% Cl for difference of means (-1.99 , 0.728)

Change between two groups on Rey 7, p=0.36

F igure 28

Numbers of patients that either improved or deteriorated. Rev 7

&
A A A A & 

A A A A A A A A

Hartmann's
AA

& A A 
A A A A A

deteriorated
o §
OO
888  o o o o <>

0 0 8 8 8 8 8f—un

improved 

Glucose

8 0 0

1 0 - 8 - 6 - 4 - 2  0 2 4

Difference in score

I ' I ' I ■ 1
1 8  1 0

Prim e

Glucose

Hartmann's

Improved

4

12

Deteriorated No change Total

24

16

33

35
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Non verbal memory A

Score indicated is the number of times the subject chose the correct

pattern. Maximum score 15

G lucose
___________________________ Pre op________________Eight Weeks
mean
mean change
standard deviation of change

12.43
0.32
2.87

12.84

H artm an n 's
Pre op Eight Weeks

mean 12.114
mean change
standard deviation of change 
95% Cl for difference of means

12.121
-0.06
2.35
(-0.913, 1.67)

Change between two groups on NVM A p=0.56 

F igure 29

Number of patients that either improved or deteriorated. NVM A

AA
deteriorated j J improved

o 8

O 8  8  8

Hartmann's

l i t  A A
0

1I! Glucose

difference in scores

Prim e

Glucose

Hartmann's

Improved

10

15

Deteriorated No change Total

10

14

8

6

27

35
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G lucose
Pre op Eight Weeks

mean
mean change
standard deviation of change

12.59
0.71
2.45

13.33

H artm an n 's
Pre op Eight Weeks

mean
mean change
standard deviation of change

12.08
0.71
2.45

12.75

95% Cl for difference of means (-1.2, 1.28)

Change between two groups on NVM A p=0.56

F igure 30

Number of patients that improved or deteriorated. NVM B

▲

tà i±
A AAA

deteriorated

8 i

Hartmann's

IJkAA A A

{ ]  improved
ax> Glucose
oooo

8
1—'—I—'—I—'—I—'— —'—|—
1 6 - 1 2  - 8  - 4  0 4 8

difference in scores

I—'—r
1 2

Prime

Glucose

Hartmann's

Improved Deteriorated No change Total

13

19

8

11

29

35
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Trail making test.

These are timed tests giving a score in seconds. Increases in time score 

signify a deterioration in performance. TMA is easier than TMB 

TM A 

G lucose
Pre op Eight Weeks

mean
mean change
standard deviation of change 

H artm an n ’s

32.5 32.97
-1.3
11.6

Pre op Eight Weeks
mean
mean change
standard deviation of change

38.59 36.242
-2.36
11.8

95% Cl for difference of means (-1.202, 1.268)

C hange between two groups on T rail m aking A, p=0.7 

F igure  31

Individual patient changes, trail making A

Glucose

-20

Hartmann’s

improved
deteriorated

Prime

Glucose

Hartmann's

Improved

18

22

Deteriorated

13

13

No change Total

2

0

33

35
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G lucose
Pre op Eight Weeks

mean
mean change
standard deviation of change

80.886
1.8
27.9

84.125

H artm an n 's
Pre op Eight Weeks

mean
mean change
standard deviation of change

90.11
- 2.1
28.6

89.464

95% Cl for difference of means (-11.02, 18.71)

Change between two groups on T rail m aking B, p=0.61

F igure 32

Individual patient changes. TMB

100 1 Glucose

I
.5

I
E

-1 0 0 "

Hartmann's

improved
deteriorated

Prim e __

Glucose

Hartmann's

Improved

16

18

Deteriorate No change Total

14

13

2

0

32

31
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Tests of attention 

Letter cancellation test.

This test is timed, negative changes show improvement in performance. 

G lucose
Pre op Eight Weeks

mean
mean change
standard deviation of change

149.9
- 2.0
25.4

151.094

H artm an n 's
Pre op Eight Weeks

mean
mean change
standard deviation of change

171.417 166.303
- 1.8
27.1

95% Cl for difference of means (-13.33, 12.85)

C hange between two groups on le tte r cancellation, p=0.97 

F igu re  33

Individual patient changes. LXT

c  1 2 5 -

I
OO

I

Glucose

■125-

- 1 7 5 -

Hartmann's

improved
deteriorated

Prim e_____

Glucose

Hartmann's

Improved

15

22

Deteriorated No change Total

15

13

3

0

33

35
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Tests of Reaction time 

Choice reaction time

The score is measured in seconds and a higher score signifies a 

deterioration.

G lucose
Pre op

mean
mean change
standard deviation of change 

H artm an n ’s

0.573
Eight Weeks
0.577

-0.007
0.137

Pre op Eight Weeks
mean
mean change
standard deviation of change

0.627 0.628
0.006
0.156

95% Cl for difference of means (-0.0854,0.059)

C hange between two groups on le tter cancellation, p=0.72 

F igure 34

Individual patient change in score. Choice reaction time

I
I
W)

Ü

0.6 “1

- 0.2 -

-0.4 -

- 0.6  -

Glucose Hartmann's

improved
deteriorated

Prime

Glucose

Hartmann’s

Improved

18

21

Deteriorated No change Total

13

14

0

0

31

35
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Tests of visuospatial co-ordination 

Perdue peg board

Score here is number of pegs that can be placed in a board in 30

seconds.
Perdue dominant hand 
G lucose

mean
mean change
standard deviation of change 

H artm an n 's

Pre op 
13.8

Eight Weeks
14.4

0.59
1.76

Pre op Eight Weeks
mean
mean change
standard deviation of change

13.389 13.78
0.09
2.43

95% Cl for difference of means (-0.535, 1.551)

C hange betw een two g roups on P erd u e  d o m in an t h an d ,

p = 0 .3 3

F igure  35

No of patients that either improved or deteriorated. Purdue dom hand

à i
Hartmann's

improveddeteriorated

Glucose

55 0
difference in scores

Prim e

Glucose

Hartmann's

Improved

18

16

Deteriorated No change Total

11

8

2

11

31

35
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Perdue non dominant hand 

G lucose
Pre op Eight Weeks

mean
mean change
standard deviation of change 

H artm an n 's

13.63 14.515
0.78
1.93

Pre op Eight Weeks
mean
mean change
standard deviation of change

12.917 12.42
-0.34
2.25

95% Cl for difference of means (-1.02, 1.086)

Change between two groups on Perdue non dom inant hand, 

p= 0.032 

F igure  36

No of patients that either improved or deteriorated. Perdue non dom 

hand

A A
deteriorated

O O

i l i I,

Hartmann's

improved

8
Glucose

T

difference in scores- 5

Prime

Glucose

Hartmann's

Improved

19

12

Deteriorated No change Total

8

10

3

12

30

34
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Perdue both hands 

G lucose
Pre op

mean
mean change
standard deviation of change 

H artm an n 's

11.697
Eight Weeks
11.545

-0.28
1.63

Pre op
mean
mean change
standard deviation of change

10.982
Eight Weeks
10.844

-0.31
2.54

95% Cl for difference of means (-1 .0 2 , 1.086)

C hange between two groups on Perdue both hands, p= 0.95

F igure  37

Number of patients that eithet improved or deteriorated. Perdue both 

hands

Hartmann s

deteriorated improved

Glucose

1 0  - 5  0 5
difference in scores

10 15

Prime

Glucose

Hartmann’s

Improved

29

33

Deteriorate No change Total

1

2

2

0

32

35
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G lucose

mean
mean change
standard deviation of change

Pre op 
11.909

0.53
2.57

Eight Weeks 
12.485

Hartmann's
Pre op Eight Weeks

mean
mean change
standard deviation of change

11.944

95% Cl for difference of means

0.52
1.73

12.587

(-1.066, 1.099)

Change between two groups on block design, p= 0.98 

Figure 38

Number of patients that either improved or deteriorated. Block design

A
A
A A 

A A A
deteriorated

O O 
O O O 
O O O O

O
O

A
A
A
A
A
A
A
O
8
O

A
A
A
i
A

A
A
A
A

Hartmann's

88 
O O

improved

Glucose
O O

O O O O O O
- 6 - 4 - 2  0 2 4

Difference in scores

Prim e

Glucose

Hartmann's

Improved

18

18

Deteriorate No change Total

9

7

3

9

30

34
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Symbol Digit Replacement 

G lucose
Pre op Eight Weeks

mean

mean change

Standard deviation of change 

H artm an n 's

167.49

157.76

15.43

Pre op 
171.88

151.99

Eight Weeks 
168.12

(-12.66, 11.89)

mean change 169.76
Standard deviation of change 18.9

95% Cl for difference of means

C hange between two groups on symbol digit replacem ent, p

0 .9 8

F igure 39

Individual patients changes. SDR

I
c  125 -

I
OO

» - 1 2 5 -

- 1 7 5 -

Glucose Hartmann's

improved
deteriorated

Prime

Glucose
Hartmann's

Improved

12
17

Deteriorated No change Total

11
9

29
35



118

Assessment of these data has been included in an effort to demonstrate 

differences between the groups that may not be seen when comparing 

changes in scores as seen in the previous section of this work. There is 

the risk of showing differences that do not really exist by the use of 

multiple significance testing. For this reason no statistical test has been 

used, I have summarised the graphical displays above by listing test by 

test the group in which there was a higher proportion that deteriorated 

than improved.

T est Group in which most deteriorated
Letter cancellation Glucose
Trail making A Glucose
Trail making B Glucose
Perdue dominant hand Glucose
Perdue non dominant hand Glucose
Perdue both hands Glucose**
Rey 1 Glucose
Rey 2 Glucose
Rey 3 Glucose
Rey 4 Glucose
Rey 5 Glucose
Rey 6 Glucose
Rey 7 Glucose
Symbol digit replacement Glucose
Choice reaction time Glucose
Non verbal memory A Hartmann’s
Non verbal memory B Glucose
Block design Glucose

** Perdue both hands showed a general improvement in both groups.
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5. Further analysis of data from the Rey Auditory Recall 

test.

The Rey test is a sensitive indicator of verbal memory and as can be 

seen from the above figures there is perhaps a tendency for a larger 

number of the glucose group to fare worse than those in the Hartmann's 

group.

In addition to being a test of memory the Rey Auditory Recall test can 

be used as a test of learning ability.

When this function of the test is reviewed further differences between 

the two groups begin to emerge. In the course of the test the subject is 

asked to memorise repeatedly a list of words and the success in 

repeating these words produces a learning curve. This learning curve is 

disrupted by the introduction of an interference list prior to the subject 

repeating the original list without prompting. Trial seven (after the 

introduction of the interference) list is an indicator of retention of 

memory. (See methods section for further details).

At eight week testing the two groups show some interesting differences. 

See figures 40 and 41.
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Figure 40

Learning curve Rev Auditory Recall:
1 5 -, Hartmann's group

Interference
10 -

I S  pre-op
* 8 weeks

74 61 2 3 50

trial

Here the in the Hartmann's solution group the pre operative and eight 

week values overlap throughout the whole range of the test. This 

pattern is not seen in the learning curve of the glucose prime group as 

seen below.

Figure 41
Learning curve Rey Auditory Recall:

15 Glucose group

Interference

Si

il pre op 
*— 8 weeks

3 6 70 1 2 4 5
trial

As can be seen learning ability appears to be impaired, and memory 

retention ability reduced in this group. Possible explanations for this 

are discussed at a later stage in this work.
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6 . Analysis of variance of the variables of prim e, age and  

du ra tio n  of bypass.

Three factors are considered; prime, age and bypass time.

The data were examined using analysis of variance of the group changes 

between pre operative and eight week testing using the "Minitab” 

mainframe statistical programme. The analysis of these data was 

performed by Dr Susan Chinn, Chartered Statistician.

Each neuropsychological test is shown with analysis of variance for 

prime, age and duration of bypass.

aud ito ry  recall, 1

Variable Significance

Prime p=0 . 2 2 1

Age p=0.114

Duration of bypass p=0.276

aud ito ry  recall, 2

Variable Significance

Prime p=0.030

Age p=0 . 0 1 1

Duration of bypass p=0.290

aud ito ry  recall, 3

Variable Significance

Prime p=0.417

Age p=0.140

Duration of bypass p=0.972
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Rey aud ito ry  recall, 4

Variable Significance

Prime p=0.039

Age p=0.757

Duration of bypass p=0.707

Rey aud ito ry  recall, 5

Variable Significance

Prime p=0.007

Age p=0.049

Duration of bypass p=0.286

Rey aud ito ry  recall, 6

Variable Significance

Prime p=0.567

Age p=0.652

Duration of bypass p=0.091

Rey aud ito ry  recall, 7

Variable Significance

Prime p=0.233

Age p=0.419

Duration of bypass p=0.504

Non verbal m em ory A

Variable Significance

Prime p=0.805

Age p=0.555

Duration of bypass p=0.261
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Non verbal m em ory B

Variable Significance

Prime p=0.562

Age p=0.117

Duration of bypass p=0.477

T ra il M aking A

Variable Significance

Prime p=0.515

Age p=0.262

Duration of bypass p=0.067

T ra il M aking B

Variable Significance

Prime p=0.384

Age p=0.316

Duration of bypass p=0.709

L e tte r  cancellation

Variable Significance

Prime p=0.614

Age p=0.432

Duration of bypass p=0.518

Choice reaction  tim e

Variable Significance

Prime p=0.676

Age p=0.987

Duration of bypass p=0.138
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Perdue peg board , dom inant hand

Variable

Prime p=0.463

Age p=0.555

Duration of bypass p=0.530

Perdue peg board , non-dom inant hand

Variable Significance

Prime p=0.125

Age p=0.141

Duration of bypass p=0.614

Perdue peg board , both hands

Variable Significance

Prime p=0.994

Age p=0.974

Duration of bypass p=0.461

Symbol digit rep lacem ent

Variable Significance

Prime p=0.515

Age p=0.590

Duration of bypass p=0.106

Block design

Variable Significance

Prime p=0.804

Age p=0.494

Duration of bypass p=0.739
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7. Incidence of overall deficit as defined bv previous workers.

Significant deficit in any particular test defined as any patient showing 

deterioration at eight weeks of one standard deviation or more derived 

from the mean preoperative score of the whole group when compared 

to a patient's own preoperative score in each test. This is shown in the 

whole group and the two sub groups below.

Figure 42
Number of tests showing significant 

20 -1 deficits: whole group

a.

ii

15 -

10 -

5 - Stroke patients

m
0 1 2 3 4 5 6 7 8 9 1 01 1 1 21 31 41 5 

number of tests showing deficit

Figure 43

a.

1 1

10  -  

8 

6 

4 

2

Number of tests showing significant deficits: 
Glucose group

stroke patients

, r., .. ,---- ,---- ,---- 1---- 1 r - n

0 1 2 3 4 5 6 7 8 9 1 01 11 21 31 41 51 6 

number o f tests showing deficit
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Figure 44

10

8
c

•d 6cdCL
<4-1o

4

1 1 2

0

Number of tests showing significant deficits: 
Hartmann's group

r  ‘I "  I " I ' I ■ I I I I "  I I I

0 1 2 3 4 5 6 7 8 9 1 01 11 2131 41 51 6 

number o f tests showing deficit

Overall deficit

Any patient showing one of the deteriorations above in two or more of 

the tests at eight weeks is considered to have a significant overall deficit. 

NB significant deterioration on any one of the three Perdue peg board 

tests and any one of the seven Rey tests is taken as a single deficit, 

therefore patients that have deteriorated on one or more of the seven 

Rey tests count as only one deterioration. This is in order not to put 

undue emphasis on any one test.

The group as a whole showed a 25/70 (35.7%) significant deficit rate at 

eight weeks.

In the Glucose group it was 13/35 (37.1%)

In the Hartmann's group it was slightly lower at 12/35 (34.2%)
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ASSESSMENT OF RESULTS AND
DISCUSSION
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Assessment of results and discussion

This study is the most recent to come from an active group of researchers 

into the problem of cerebral impairment after cardiopulmonary bypass. 

The earlier work from Shaw, Âberg and Smith concentrated on defining 

the extent of the problem. Their data was presented in the face of 

considerable scepticism from some part of the cardiac surgical 

establishment. There is no doubt that the "very interesting but not seen in 

my experience" style of argument still persists from those who have not 

looked for neuropsychological changes. There is the point of view that 

patients with severe coronary artery disease require surgery on grounds of 

a combination of symptoms and prognosis and a clinically imperceptible 

deterioration in cerebral function is an acceptable price to pay. It is 

increasingly the case that improvements in operative mortality from 

coronary revascularisation procedures are unlikely to change in the near 

future. Indeed the reverse is occurring due the widening of the population 

of patients that are being accepted for surgery particularly in respect of 

increasing age. The incidence of major stroke after coronary surgery is 

likewise static and may increase for the same reasons that mortality is 

increasing. It is our duty to our patients to provide the best service 

available and cardiac surgeons should be willing to take seriously work 

aimed at problems that may have been considered unimportant in the past.

The incidence of post cardiac surgical cerebral dysfunction has been found 

to be between 30% and 40% in several studies, this particular study found 

an overall incidence of 35% which would concur with the previously 

published data. It is of importance that none of the patients in the 

previously published studies received a glucose containing bypass prime. 

Cerebral dysfunction would appear to remain at one year after surgery



129

(Venn G, 1989). Coronary surgery is offered to an increasing number 

of patients many of whom have a realistic opportunity of either returning 

to work or enjoying full and active retirement, with this in mind an 

incidence of 35% cerebral dysfunction is unacceptable.

Background to the studv

The theoretical reasons for pursuing this study are outlined in an earlier 

part of this work. It was felt that there was sufficient evidence from 

animal literature and human stroke literature to expect that hyperglycaemia 

may have an influence on the neuropsychological and neurological changes 

that are seen after cardiopulmonary bypass.

There is evidence that the aetiological factor that is most likely to be 

associated with cerebral damage is multiple microemboli. These 

microemboli lead to multiple minor areas of diffuse cerebral ischaemia. 

The microemboli are thought to enter the circulation from the bypass 

equipment and around vascular cannulation sites. The nature of the 

neuropsychological lesions detected would suggest that these microemboli 

result in a minor but widespread and diffuse cortical deterioration.

There has been a re-emergence of cardiac surgery performed with 

normothermic or warm cardiopulmonary bypass. Hyperglycaemia is often 

encountered in these patients and it has been suggested that this may have 

an influence on post bypass neurological dysfunction. This is commented 

upon in anecdotal discussion but is poorly documented (M artin  TD et al, 

1994. G uyton RA, 1993).

Why it is that hyperglycaemia may augment cerebral dysfunction after 

cardiopulmonary bypass is unclear. Some possible answers to this question 

perhaps lie in the metabolic changes that occur in and around these tiny 

embolic vascular occlusions mentioned above. These occlusions are
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thought to occur in there cerebral circulation during bypass but so far have 

only been demonstrated reliably in the vasculature of the eye.

The amount of lactic acid accumulated in any cell during ischaemia is 

determined by the pre-ischaemic stores available and the amount of oxygen 

available within the cell. Lactic acid is a potent intracellular poison within 

the brain, (see section on cerebral metabolism). In severe incomplete 

ischaemia where the supply of metabolic substrate is maintained, there is 

continuation of some metabolism resulting in a considerable increase in 

lactate levels. In complete ischemia, ‘'the presence of hyperglycaemia 

does not produce such a profound lactic acidosis as metabolism is so 

reduced. The suggestion being that when substrates (glucose) remain 

available then lactate will build up in the presence of the incomplete 

ischaemia more so than in the presence of complete ischaemia. From this it 

might be possible to deduce that the cerebral injuries that occur after 

cardiopulmonary bypass which may well be due to incomplete ischaemia 

may be exacerbated by the imbalance of available oxygen and glucose. In 

the hyperglycaemic state in the ischaemic areas of the brain there is a 

relative increase in the amount of glucose available compared with that of 

oxygen. This imbalance allows for a situation where there is a rise in 

intracellular lactate concentration with resultant intracellular damage.

Possible interventions to reduce cerebral morbiditv 

This extent of the problem has been well documented and attention is now 

being directed at interventions during bypass to reduce cerebral damage 

during cardiac surgery. As discussed in the introductory section of this 

thesis these interventions have taken the form of modification to bypass 

hardware. The use of membrane oxygenators and arterial line filters have 

shown considerable promise (Blauth C 1988, Pugsley W, 1990). The 

use of so-called neuroprotective drugs is currently being evaluated. High
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dose barbiturates are now accepted practice as part of cerebral protection 

during hypothermic circulatory arrest in the adults but the evidence for its 

effectiveness is poor. The Merck Sharpe and Dome agent MK 801 has 

shown potential in animal studies and in major stroke in clinical studies. 

The potential has not so far been shown in the cardiac surgery setting, 

probably because the drug would seem to be more effective in focal 

cerebral damage rather than the diffuse non-specific damage seen after 

cardiopulmonary bypass. The work in reported in this thesis is the first 

directed at a possible intervention in the process of cerebral dysfunction by 

manipulation of the cerebral substrate load.

A 5% dextrose prime had been used at the Middlesex for many years in the 

knowledge that it represented an acceptable physiological prime and in the 

belief that it would promote an osmotic diuresis during bypass thereby 

clearing the water load given to the patient with the pump prime. There 

was no obvious clinical evidence that this glucose prime was in any way 

inferior from the point of neurological damage than Hartmann's solution, 

the other prime being used in the hospital . For these reasons we felt that 

it was ethically acceptable to take the opportunity to randomise patients into 

either prime regardless of and blind to surgeon.

Discussion of results

Focal neurological deficit

Three patients suffered focal deficits. Two in the glucose limb of the study 

having demonstrable upper motor neurone lesions represented by 

hemiparesis. One patient suffered an ulnar nerve lesion. This incidence of 

stroke and peripheral nerve lesion is within the range generally quoted in 

the literature for this type of surgery (Shaw P, 1987). Interestingly the 

two patients that suffered strokes were in the Glucose prime group. This
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we believe to be a chance finding. The number of patients that would have 

needed to have had strokes in one group to the exclusion of the other in a 

cohort of this size would need to be at least six to have been statistically 

significant according to calculation by Fisher's Exact test.

Neuropsychological deficit

The neuropsychological tests used in this study are now well accepted and 

well tried. The 70 patients in this study were the last of approximately 350 

patients that had undergone neuropsychological testing at the Middlesex.

All of these previous patients had undergone testing on at least three 

separate occasions. In view of this long-standing validation the methods of 

neuropsychological testing were not changed for this study.

Demographic variables

Those in the glucose group were slightly older than those in the Hartmann's 

group. Analysis of variance showed that age was an independent predictor 

of deterioration in neuropsychological testing in only two tests, Rey 

auditory recall attempt 2 (p=0.0011) and Rey auditory recall attempt 5 

(p=0.049). In view of the fact that these were both in the same test sub

group and one (Rey 5) only just reached significance it would be difficult 

to justify age as a significant factor in this series based on these data. It is 

of interest that this study failed to show any relationship between age and 

performance as previous researchers have implicated increasing age and 

bypass time in prediction of neuropsychological impairment (Smith PLC, 

1986).

Duration of bypass was not found to be significant in any tests.
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Neuropsychological deterioration 

Overall general deficit

The incidence of post operative neuropsychological deficit after surgery 

depends on how deficit is defined. This study has used a definition of 

overall deficit that is identical to previous workers in this area of interest at 

the Middlesex and Hammersmith hospitals. The definition is comparable to 

those used by others in the field.(Savageau J  1985). An incidence of 

35% overall deficit in the whole group was found. There was no 

difference between the groups, the deficit rate of the Hartmann's group 

being 34% and the Glucose group being 37%, these two figures are 

obviously not statistically different (p>0.5, Fisher's Exact test).

Relationship o f prime and cerebral substrate loading.

The null hypothesis for this study was that "there was no difference in 

terms of post cardiac surgical cerebral dysfunction between a 

hyperglycaemic glucose and normoglycaemic Hartmann's prime". As can 

be seen from the neuropsychological test data, mean scores changes 

between pre operative and eight week testing were small for both groups. 

Using Student's t test to examine the significance of these changes in scores 

it was found that in only four tests was there a significant change. The 

patients in the glucose prime group showed significant deteriorations that 

were not seen in the Hartmann's group in Rey 1 (p=0.045), Rey 4(p=0.031) 

and Rey 5 (p=0.041). Interestingly the converse was true for the Perdue 

peg board test with the non-dominant hand when the glucose prime patients 

showed overall improvement.(p=0.032).

If we study the neuropsychological test results in detail we find in terms of 

the number of patients showing deteriorations, score differences and raw 

scores there is rarely any significant difference between the two groups.
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However, when the proportion of patients in either group that deteriorate 

between preoperative and eight week testing is studied there is a larger 

proportion of patients that fare worse in the glucose group than the 

Hartmann's group. There is only one exception which is the Perdue both 

hands test which shows an enormous generalised improvement between 

tests. There does not appear to be any obvious reason for this one 

exception.

Analysis of variance did not show any conclusive relationship between 

bypass prime and neuropsychological deterioration. Statistical advice has 

been taken to ascertain the number of patients that would be required to 

show a difference between the groups. At the level of difference shown 

(i.e. virtually none) the number is impossible to calculate. If one turns to 

the evidence from further analysis of the Rey auditory recall test in terms 

of the differences in learning curves between the two groups (figures 40 

and 41), it is clear that there is a deterioration in learning ability in this test 

shown at eight week testing in the glucose group. The Hartmann's group 

show no such deterioration.

From the figures shown there is some evidence that there are reductions in 

intellectual performance of the glucose group over that of the Hartmann's 

group it is possible that hyperglycaemia could be detrimental during 

cardiopulmonary bypass.

Biochemistrv

Glucose

There was a highly significant difference between the two groups in the 

blood levels of glucose and lactate. This followed the administration in the 

bypass prime of large volumes of either glucose or lactate. The level of
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hyperglycaemia seen was surprising to most of the clinical team. Glucose 

levels nearing 30mMol/l in many cases in the glucose prime group. This 

degree of hyperglycaemia would normally be a cause for concern in any 

other clinical setting. Patients suffering from diabetes were excluded from 

the study so it can be assumed that this glucose load was cleared from the 

circulation quickly after bypass. This is seen in the later stages of the 

period of perfusion as glucose levels begin to fall.

Patients were fasted prior to reaching the operating theatre, therefore in 

the non-diabetic individuals the plasma glucose levels are in the expected 

fasting range (2-10 mMolA), this was the case in this study. It is known 

that the induction of anaesthesia and subsequent trauma of surgery causes 

changes in this glucose level. In this study the size and nature of this 

change is dependent on the nature of the priming fluid used in the 

cardiopulmonary bypass circuit. If a glucose containing prime is used 

there then follows what is effectively a modified glucose tolerance test. It 

has been known that CPB is associated with impairment of glucose 

tolerance for some time (Allison, 1971), (Hill et al, 1974). Post CPB 

pancreatic injury has been reported as evidenced by elevation of both 

serum and urinary amylase (Moores et al, 1977). But this does not 

represent the whole cause of this impairment of glucose tolerance. There 

is the well known increase of plasma glucose seen during and after all 

forms of major surgery as part of the whole body stress response. During 

cardiac surgery this occurs in the pre bypass phase of the operation and is 

well documented (Yokota et al, 1977). Once CPB is established there is 

evidence that insulin levels are either depressed or unable to increase 

enough to deal immediately with a glucose load imposed on the patient with 

a dextrose containing CPB prime. In an elegant study from Newcastle- 

upon-Tyne when patients were assigned to a variety of priming solutions 

McKnight and Elliott found that plasma insulin levels fell significantly with
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the onset of CPB (p<0.05) from the pre operative values in the groups who 

had received a non glucose containing prime. In those that had some 

glucose in the prime there was a rise in plasma insulin which only achieved 

significance in the group with 25 g/1 in the prime. Even in this group the 

rise in insulin levels was insufficient to retum plasma glucose levels to 

normal before the end of the perfusion period. Insulin levels remained 

below that seen with fasting throughout the hypothermic phase of the 

operation. At the onset of rewarming of the patient there was a retum of 

insulin levels to what would have been expected. This would suggest that 

the changes and failure of insulin to deal adequately with a glucose load are 

at least in part due to hypothermia rather than any haemodynamic feature 

of CPB (M cKnight et al, 1985). It has been demonstrated that blood 

glucose levels are elevated during cardiac surgery in children. This is 

thought to be caused by suppression of insulin secretion and increased 

levels of adrenaline, noradrenaline and glucocorticiods (Anand KJ,

1985, 1987). There is evidence that alteration in anaesthetic technique 

can have an effect on this stress response. Deep opioid anaesthesia and 

analgesia can blunt the stress response to cardiac surgery. This is well 

documented in children (Anand K J, 1986) but not so in adults.

How Beta blockade interacts with this is uncertain. The suggestion that the 

haemodynamic alterations have little part to play in glucose tolerance 

comes from a comparison of glucose tolerance responses seen during CPB 

between pulsatile and non-pulsatile flow. No differences in either plasma 

insulin or glucose tolerance between the two groups. It was concluded that 

the impairment which they had also noted was secondary to hypothermia 

rather than any change in organ function caused by the haemodynamic 

changes associated with pulsatile perfusion (Landym ore et al, 1981). 

This is further demonstrated in a study which showed that there is a 

profound depression of insulin secretion in children who were cooled to
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less than 30-C for cardiac surgery (Baum et al, 1968). There is some 

evidence that the heparin needed to prevent mass coagulation of blood 

during extra corporeal circulation may reduce circulating insulin levels. It 

has been observed that the injection of heparin had a direct inhibitory 

effect on the pancreatic Beta ceUs and causes an immediate reduction in 

circulating insulin levels (Orsz et al, 1972). This finding is partly 

reinforced by a study that did not notice any reduction in insulin levels 

with the administration of insulin but noted a significant increase when the 

insulin was "reversed” by the administration of protamine sulphate at the 

termination of CPB. These findings were not noted by the Newcastle- 

upon-Tyne group however.

When the priming solution does not contain glucose there is a sustained and 

steady rise in plasma glucose concentration due to a rise in the circulating 

plasma levels of several gluconeogenic hormones. No attempt was made in 

this study to assess circulating levels of cortico and medullary steroids or 

insulin as these have been studied in the past. Our finding concur with 

other work in that there is a stress response to surgery that results in 

gluconeogenesis in the starved state.

Lactate

It has been shown in this and other studies that there is a steady rise in 

lactate concentration during the period of extra corporeal circulation. This 

is possibly due to relatively poor tissue perfusion particularly in muscular 

tissues caused by hypothermia and low systemic arterial pressures 

combining to reduce tissue perfusion in these vascular beds. The 

Newcastle-upon-Tyne group found that in the patients given a non-lactate 

prime there was a significant rise of between 1.63-1.82 mMol/L over the 

course of CPB. The same group found that when a lactate containing 

prime was used there was a marked increase in circulating lactate levels
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after the onset of CPB which returned to the normal range shortly after the 

period of perfusion was over. It has been shown that halothane anaesthesia 

can result in increase in lactate production during cardiac surgery (Anand 

K J, Hickey PR, 1992). This is thought to be due to several factors; a 

reduction in hepatic blood flow, reduction in insulin secretion and 

reduction in tissue perfusion. The use of halothane anaesthesia was found 

to be associated with a poorer clinical outcome. Again this has been 

demonstrated in children and neonates but not in adults

Changes between arterial and cerebral effluent blood.

It was unfortunate that jugular bulb cannulation, which was difficult to do 

in may cases and caused delays in operating time, proved to be so 

unhelpful in that all the substrates and metabolites measured in cerebral 

effluent blood proved to no different from that seen in peripheral arterial 

blood. When there were differences seen they were within the 

experimental error of the assays used. Although the time and effort 

seemed to have been wasted, we found that the venous results served as a 

useful check for the accuracy of our arterial samples.

Urinarv output during bvpass

Interestingly one of the reasons suggested for a glucose containing prime is 

that of clearance of water during and after cardiopulmonary bypass is 

improved. Surprisingly, we did not find this to be the case. We found no 

significant difference between the two groups in the urine volumes during 

bypass and in the early post operative period.
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Summary of results

There appears to be a general deterioration in neuropsychological 

performance in the whole study group, as defined by previous workers in 

this field. Analysis of individual scores of both groups and changes seen 

failed to shown any statistically significant differences between pre - 

operative and eight week testing or between the two groups. In an attempt 

to show a trend between the groups comparisons of the numbers seen to 

either deteriorate or improve still did not show any significant difference. 

It is noted that a larger proportion of patients in the hyperglycaemic 

glucose prime group deteriorated between tests than that shown in the 

Hartmann's group in nearly every test.

Shortcomings of studv design and interpretation

Possible failure to exclude patients with diabetes mellitus 

Although this group were excluded, this was done on a history of 

treatment for diabetes with either insulin, oral hypoglycaemic agents or 

diet control. Formal glucose tolerance tests were not performed.

Although all patients had fasting glucose levels at the initiation of 

cardiopulmonary bypass within the normal fasting range it is possible that 

patients with diabetic tendencies may have been included in the study 

group.

Possible differences in anaesthetic technique

Patients were anaesthetised by four different consultant anaesthetists, often 

senior registrars administered anaesthesia in the absence of consultants. 

With this number of anaesthetists it was found to be impossible to get 

acceptance of a single anaesthetic protocol. This is one of the reasons that 

neuropsychological testing was delayed until eight weeks after surgery in
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the hope that differences in anaesthetic techniques were minimalised. This 

time lapse between surgery and testing would certainly allow for any direct 

cerebral effects of the anaesthetic agents to be eliminated. There is less 

certainty about the differences that may have arisen from the effects of the 

varying agents in their influence on carbohydrate metabolism. For reasons 

that are explained above it is known that deep opioid anaesthesia can have 

an influence on the metabolic response during major surgery. This is a 

possible shortcoming that has not been addressed during this study.

Failure o f minimisation to produce age matched groups

The Hartmann's prime group were somewhat older that the glucose prime

group (60 years compared to 54 years). In previous studies age has been

shown to be a significant variable and the fact that the glucose group were

younger may have masked any differences between the groups. In this

study, analysis of variance did not show age to be a significant independent

variable.

Use o f Hartmann's as comparison or "control” group 

In order to get ethical permission to perform the study, the primes that 

were to be used had to be those already in current use in the hospital for 

cardiac surgery. If intracellular lactate along with intracellular calcium is 

considered to be the final common pathway for neuronal damage than it is 

perhaps less than ideal for it to used as a control prime when investigating 

the possible influence of hyperglycaemia.

Overall conclusion to study

At the end of a study of this nature one has to ask several questions. The 

first being whether or not the question being asked in the study is valid?

The second, whether or not it was asked in an appropriate manner? The
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third, did the study provide any answers to the question originally asked? 

Finally, in a clinical study such as this, did the results suggest anything that 

would change clinical practice?

From the evidence provided it would seem that the hypothesis that 

hyperglycaemia could augment neuropsychological damage seen after 

cardiopulmonary bypass was worth testing. At the Middlesex we were in a 

position to test the hypothesis without any change in clinical practice within 

the department.

Was the study conducted in a appropriate manner? The potential 

weaknesses of the study are described above and with hindsight may have 

been avoided. It is the nature of clinical trials that patients have their 

operations cancelled at short notice, the order of the list is changed, 

patients fail to attend follow up clinics and just change their minds about 

taking part in studies. The number of patients in the study was less than 

hoped for (we had wanted 100). These problems are aU too familiar to any 

one doing clinical research and this study was no different to many others 

in these respects. With the above reservations the study was carried out 

carefully and in a disciplined manner and was appropriate to attempt to 

answer the question originally asked.

Has the study answered the question that it set out to answer? As expected 

we saw a generalised deterioration in neuropsychological performance 

after cardiopulmonary bypass. We were unable to demonstrate any 

statistical difference between the groups. So the hypothesis remains 

unproved.

Lastly, will this work change clinical practice? Pure five percent dextrose 

is not a common bypass prime, it is often included as a constituent of 

primes with other solutions. However hyperglycaemia during bypass is 

seen often. As a clinician one has to take a view as to the best way to 

manage one's patients from available information. From the results of the
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work that have been presented in this thesis it would seem that 

hyperglycaemia does not confer any benefit on the patient and may possibly 

compound the cerebral damage that can occur after cardiac surgery. For 

this reason maintenance of normal blood glucose levels during cardiac 

surgery would be a preferred policy.
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A ppendix

Storage and processing of specimens for biochemical 

evaluation .

Blood samples were taken from both the radial artery and the jugular 

bulb prior to bypass and at 15 minute intervals throughout bypass.

The specimens were clearly labelled and immediately spun down in a 

high speed centrifuge for five minutes. This process was performed in 

a room adjacent to the operating suite. One ml alliquots of the 

supematent were then removed from the centrifuged samples and placed 

in prepared vial of perchloric acid. This has the action of 

deproteinising the sample. The vials were then placed in an insulated 

ice bucket until the end of the case and then stored in a deep freeze at - 

60^C to allow for batch analysis.

The samples were then neutralised with potassium hydroxide, KOH was 

used in preference to NaOH as the potassium salt of perchloric acid is 

insoluble and can easily be removed prior to analysis.

Samples were then analysed in a spectrophotometer. The wavelength 

used was 340 nanometres in all test runs.

Biochemical principals of assav methods

Glucose

Glucose and fructose are phosphorylated to glucose -6-phosphate (G-6- 

P) and fructose-6-phosphate F-6-P) by the enzyme hexokinase (HK) and 

adenosine-5-triphsphate (ATP).

ie 1. Glucose+ATP— »HK----»G-6-P+ADP (adenosine-5-diphosphate)

2. Fructose+ATP— »HK----»F-6-P +ADP
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In the presence of the enzyme glucose-6-dehydrogenase (G6P-DH), G- 

6-P is oxidised by nicotinamide-adenine dinucleotide phosphate 

(NADP) to glucose-6-phosphate with the formation of reduced 

nicotinamide-adenine dinucleotide phosphate (NADPH) 

ie 3. G-6-P = NADP—»G6P-DH—»Glucose-6-phosphate + NADPH +

The amount of NADPH formed in this reaction is proportional with the 

amount of glucose.

NADH is determined by its absorbence at 340 nm in the 

spectrophotometer.

Lactate

In the presence of lactate dehydrogenase (LDH), lactate is oxidised by 

nicotinamide-adenine dinucleotide (NAD) to pyruvate, 

ie 1. Lactate + NAD—»LDH—»pyruvate + NADH + H+

The equilibrium of these reactions lies almost completely on the side of 

lactate. However by trapping pyruvate in a subsequent reaction 

catalysed by the enzyme glutamate-pyruvate transaminase (GPT) in the 

presence glutamate, the equilibrium can be displaced in favour of 

pyruvate and NADH.

ie 2. Pyruvate + Glutamate—»GPT—» alanine + a-ketaglutarate 

Again the amount of NADH formed in the above reaction is 

proportional to that of the concentration of lactate. The concentration 

of NADH is determined by its absorbence at 340 nm in the 

spectrophotometer.
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