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CHAPTER 1 

Overview of this thesis 

The aim of the study described was to develop and evaluate monitoring of 
cardiovascular and respiratory functions during and immediately after the 
administration of anaesthesia in the operating room for open-heart surgery. 
Also. monitoring techniques for the period of time the patient was in the 
intensive care unit were developed. All studies were made at the Thorax 
Centre of the University Hospital in Rotterdam. 

The work started in 1974. At that time, we were well aware that monitoring 
techniques did not allow an adequate appraisal of the patient's condition. 
Hence, the condition of some patients deteriorated "inexplicably" during the 
first few hours after surgery. It was felt that detailed measurement of car
diopulmonary function during this critical period might provide data from 
which an immediate prognosis could be derived and which would also allow 
rational decisions as to whether respiratory support should be continued. 
Concurrent developments in the world and the advent of modern technology 
made it particularly appropriate to study these problems at that time. 

A brief outline is here given of each of the following eight chapters. 
The second chapter contains a review of the literature on pulmonary 

function monitoring during anaesthesia and open-heart surgery. The need for 
further research in this field is made obvious. 

In chapter three, the instrumentation that had to be developed for this 
purpose is discussed in detail and the integration of respiratory and car
diovascular function measurements is emphasized. The term ''Methodological 
Platform'' was coined to describe this complex of interrelated measurements. 

Technical and clinical documentation of the Elema carbon dioxide analyser 
is presented in chapter four. The chapter is based on data that were previously 
published elsewhere: the original text is reproduced. 

In chapter five. criteria for early extubation after open-heart surgery are 
presented. The study shows that very few patients who meet the criteria have 
to be re-intubated during the subsequent post-operative course. Currently. 85 
to 90% of patients undergoing open-heart surgery in the Thorax Centre are 
extubated while still on the operating table. Again. part of the data in this 
chapter is based on material published earlier. Evidence is provided that early' 
extubation is beneficial to the patient. Also. it simplifies post-operative 
management. 

Another example of the application of the Methodological Platform is 
provided in chapter six. Continuous measurement of expired carbon dioxide 
during cooling obviates the need for frequent arterial blood sampling. The 
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carbon dioxide production is not allowed to fall below 45% of the value at 
normothermia. The physiology of acid-base balance during surface cooling to 
very low temperatures is explained. The data on which this work is based have 
also been published elsewhere. 

In chapter seven, data are provided which show that studies of the efficacy of 
new anaesthetic agents for cardiac patients can be made by means of the 
Methodological Platform. Such clinical research may at times have to be done 
in the human rather than in the animal, and the Platform provides the means. 

Chapter eight is actually the companion paper of chapter three. It describes 
haemodynamic and metabolic changes in a series of 33 patients who were 
extubated in the post-operative intensive care unit a few hours after surgery. 
The chapter also contains a number of case histories in which the Platform has 
been particularly helpful. 

Chapter nine, the final chapter, contains the summary and conclusions. 
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CHAPTER 2 

Development of pulmonary function 
monitoring during anaesthesia for open
heart surgery and in the intensive care unit 

A review of history and literature 

2.1. Historical development of mechanical ventilation 
John Snow. who will be remembered as being the first physician to apply 

science to anaesthesia, was probably the first person to monitor the vital 
function of respiration when he noticed "ascending respiratory paralysis 
during deepening of ether anaesthesia". This observation led Guedel1 to use 
the sequential changes which occur in the pattern of spontaneous respiration 
as the basis for his classification of the stages and planes of ether anaesthesia. 
Long before these two pioneers, however. Vesalius2 in 1555 introduced the 
first physical method of inflating the lungs with air, by "inserting a tube or 
hollow cane through an opening cut in the trunk of the trachea··. Matas3 , as 
long ago as 1899, realized that ··artificial inflation of the lungs. and rhythmic 
maintenance of artificial respiration by a tube in the glottis directly connected 
to a pair of bellows" were prerequisites for thoracic surgery. Intermittent 
Positive Pressure Ventilation (IPPV), as it was termed. was accepted in the 
U.S.A. early in the 1900's, and equipment for connecting a patient to a 
breathing circuit was constructed by Elsberg4 in 1910, and used clinically in 
1913 by Meltzer' and Janeway.6 

Automatic equipment (as opposed to the "hand-squeezing" type) for the 
administration of IPPV to patients was not invented until1934, when Frenck
ner7 introduced his Spiropulsator for artificial rhythmic lung inflation during 
thoracic surgery; his apparatus was subsequently modified by a number of 
pioneers8 ·9 This history of thoracic anaesthesia and the role of IPPV in its 
development has been fascinatingly described by Rendell-Baker. 10 

In 1950, an experimental model of a mechanical IPPV ventilator which 
delivered a predetermined volume (instead of being controlled by airway 
pressure) was constructed by Engstrom in Sweden. 

During the severe epidemic of poliomyelitis in Denmark in 1952, Lassen, 11 

Anderson and Ibsen, 12 and Astrup eta!. 13 introduced and organized treatment 
of respiratory paralysis by manual ventilation of the lungs. as it had been done 
during anaesthesia. This method replaced treatment in a tank respirator. It 
was the first example of manual ventilation for the treatment of respiratory 
paralysis, and the first example of long-term ventilation outside the operating 
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room. When the outbreak of poliomyelitis spread to Sweden in 1953. Eng
strom used his prototype ventilator to replace the relay of hands which had 
been necessary for prolonged manual positive pressure ventilation of the 
lungs. During the period of this poliomyelitis outbreak in Western Europe, 
many types of mechanical ventilators came to be constructed. 14 

Meanwhile. following the discovery of curare, investigations by Gray15 and 
others demonstrated tbe numerous advantages of controlled respiration with 
paralysis of tbe respiratory muscles during surgical procedures. The use of 
manual ventilating methods was quickly superseded by the mechanical ven
tilator. and the technique was then extended to routine thoracic surgery, 16 and 
hence to many other branches of surgery. 

Despite its intra-operative benefits, the post-operative use of mechanical 
ventilation with patients was not generally adopted until1955. when Bjork and 
Engstrom16 demonstrated the considerable advantages of using the Engstrom 
ventilator after extensive pulmonary resection. Their initial series consisted of 
only 3 patients, 2 of whom had widespread infiltration of a single functioning 
lung following previous post-operative chest infection; however. their results 
were so impressive that they were convinced of the efficacy of this life-saving 
technique and continued to use it. By 1957. they had treated 61 patients by this 
regime, with 44 survivals. 17 In the same year. Swensson18 became the first 
anaesthetist to use the Engstrom ventilator post-operatively in patients with 
pulmonary complications and peritonitis. He subsequently used the same 
methods in patients developing acute renal failure following surgery or 
trauma. 19 

With the recognition of the significance of post-operative mechanical venti
lation in the recovery of the critically ill patient. elective post-cardiac surgery 
ventilation was also introduced. with very favourable results 20' 25 Indeed, it has 
played no small part in the tremendous advances which have occurred in 
cardiac surgery. 

These. in turn, have been accompanied by development in cardiovascular 
monitoring techniques during the intra- and post-operative phases. Unfortu
nately. although mechanical ventilation has continued to play a role in this. 
respiratory monitoring techniques have not been applied in anything like a 
parallel fashion to corresponding cardiovascular techniques. Indeed. it is only 
in the last three or four years that the value of respiratory monitoring has 
begun to be appreciated. 

2.2. Cardiovascular and respiratory problems caused by mechanical 
ventilation 

In 1935, Moore, Humphreys and Wreggit26 reported a marked decrease in 
cardiac output in thoracotomized dogs. both during Constant Positive 
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Pressure Ventilation (CPPV) and Intermittent Positive Pressure Ventilation 
(IPPV). Other investigators subsequently confirmed this in man. in closed
chest studies.Z7

•
29 The decrease in cardiac output was considered to be caused 

by a reduction in venous return as a result of elevated intrathoracic pressure. 
The circulatory effects of IPPV by different systems of pressure ventilation 

were comprehensively evaluated by Motley et al in 194830 Similarly, in 1947. 
Werk631 investigated the relationship between intermittent positive pressure 
respiration and its untoward circulatory effects. He found that IPPV does 
produce an elevation in the intrathoracic pressure and that this does impede 
the venous return, at least temporarily. This in turn lowers cardiac output, and 
thereby reduces the mean arterial pressure. However. in 1946. Otis, Rahn and 
Fenn32 performed elegant experimental work which demonstrated that the 
increase in venous pressure shown by Moore et al. 26 was in the end equal to the 
rise in intrathoracic pressure. Their work showed that at this later stage in 
cardiovascular response, the venous return and cardiac output were largely 
restored to normal. unless the cardiovascular response was compromised by 
blood loss, or by paralysis of the vascular musculature by neurological disease 
or vasoplegic drugs. 

In experiments on animals, the changes which occur in the lung and thorax 
during anaesthesia with controlled ventilation have aroused interest. espe
cially in the relationship between the reduced oxygen content in arterial blood 
and the observed decrease in lung elasticity. 33 

In 1946. Rahn et al. 2
·
9 described a method for continuous measurement of 

pressure-volume data ofthe lungs of conscious subjects. When, in 1955. Nims. 
Conner and Comroe Jr. 34 applied the same measurement technique to anaes
thetized patients, they discovered that the lungs became less compliant than 
when the patients were simply asleep. 

Clinical observations of a similar nature were made in 1963 by Egbert, Laver 
and Bendixen. 35 These correlations have not been confirmed by later 
studies.3

6-
38 but many anaesthetists still consider anaesthesia with controlled 

ventilation to be associated with a progressive reduction in lung compliance.39 

These contradictory results may perhaps be explained by variations in 
anaesthetic and surgical management and in rules for maintenance of fluid 
balance in various centres. 

Norlander40 found no major deviations in compliance during and after 
extracorporeal circulation, whilst making continuous automatic recordings of 
certain pulmonary mechanics data. The same results were obtained by Blair et 
al41 in 1967. However. Patterson et al. 42 demonstrated in the same year that 
under conditions of extracorporeal circulation. the composition of the ventila
tory gases administered did significantly affect the mechanics of respiration. 
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2.3. Modern requirements for mechanical ventilation and pulmonary function 
monitoring 

2.3.1. Alarm systems based upon measurements of ventilation 
Originally, artificial ventilation during surgery was always performed manu

ally by sqeezing a bag in the ven'tilatory circuit. The main reasons for replacing 
manual methods were: 1) to free the anaesthetist for other important tasks: 
and 2) to provide stable and optimal ventilation. The shift in anaesthetic 
opinion towards mechnical ventilators was probably accelerated by the ever
increasing number of tasks which the modern anaesthetist is required to 
perform. not only as regards increasingly large numbers of operations to be 
supervised. but particularly in relation to the complexity of surgery and of 
anaesthesia. The vast experience and alertness needed to give adequate 
manual ventilation to patients could not possibly be guaranteed to every 
patient. 

But the benefits of ventilators were obtained at a high initial price. Bag 
squeezing is. in itself, an efficient alarm system against potential catastrophes. 
such as disconnect_ion of tubings or severe obstruction. In such an event the 
squeezing hand is always there to recognize the problem and to take proper 
action. Everyone who has worked long enough with mechanical ventilators 
knows that without efficient and properly used alarm systems. patients may 
suffer severe damage and sometimes die due to malfunction or incorrect 
setting-up. Alarm systems based upon measurements of ventilation may 
therefore be considered vital. 

2.3.2. Clinical monitoring of pulmonary mechanics parameters 
Peters and Hilberman43 set up an intensive care unit system for com

puterized respiratory monitoring of 4 patient beds. The system was designed to 
produce data on respiratory mechanics, respiratory work and flows. and 
trans pulmonary pressures, with maximum accuracy, speed. and convenience. 
by means of a P.D.P. 8 digital computer system. The Fleisch pneumotacho
graph head was used for intermittent measurement of airflow in the patient's 
airway. while intrathoracic pressure was measured with an intra-oesophageal 
balloon catheter and a differential pressure transducer: thus. the intrathoracic 
pressure could be compared with airway pressure. Parameters such as tidal 
volume. minute volume. compliance. resistance. total work per breath. resis
tive work per litre/min of gas flow were then calculated for 16 breaths. The 
mean concentration of expired gas (for gas exchange computation) was 
obtained by first passing the expired gases through an appropriate mixing box. 
Gas passing out of this box was then sampled and fed to slow response 
instruments such as the Godard infra-red carbon dioxide analyser and the 
Westinghouse oxygen analyser. With the data obtained from these investiga-
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tions. the authors (together with Proctor et aL 44
) derived a series of criteria for 

the interpretation of respiratory data obtained in the post-operative period. 
These criteria enable them to be alerted when a patient's respiratory status was 
deteriorating and also gave them an objective indication of when respiratory 
assistance was required. 

Saklad et aL 45 employed both analogue and digital computers on-line for the 
measurement and display of airflow and pressure changes which took place in 
the lungs during anaesthesia. Secondary data were then calculated and dis
played either instantaneously or within a few seconds. Tidal volume was 
measured with a pneumotachograph and with the values obtained breath-by
breath compliance and work of breathing were calculated. There was also a 
digital display of the duration of inspiratory flow. inspiratory pause. expiratory 
flow and expiratory pause of each breath. This was one of the earliest attempts 
to monitor pulmonary function in the operating theatre. 

2.3.3. Monitoring of gas exchange in the lungs 
There are two distinct requirements for gas measurements. In the first place. 

it is important to know what concentration of fresh gases are being admini
stered to the patient in order to provide adequate respiratory gas exchange and 
to guard against hypoxia. This aspect is relatively easily achieved by monitor
ing the inspired oxygen concentration (Fi02). In addition. the inhaled concen
trations of anaesthetic gases and volatile agents need to be under control. 
Here, too. simple methods such as nitrous oxide and oxygen rotameters. 
calibrated vaporisers. etc. may be perfectly adequate. except in the special case 
of "closed-circuit'" configurations. 

Secondly. it is important to know the concentrations of gases being exhaled 
by the patient. especially the gases exhaled at the end of expiration. In 
reasonably healthy lungs. the so-called "end-expired" gases approximate fairly 
closely the partial pressure of appropriate constituents in arterial blood. Thus. 
reliable estimations of the rate of excretion of carbon dioxide can be made. It 
provides a fairly accurate. non-invasive measure of arterial pC02 • 

In 1977. Osborn46 described an alternative system in his paper "Car
diopulmonary monitoring in the respiratory intensive care unit". These mea
surements were performed in an 8-bed cardiac intensive care unit. and. once 
again. intensive respiratory monitoring was conducted for a period lasting 
from several hours to a few days post-operatively. Airway flows were mea
sured in intubated patients. with a special differential pressure pneumotacho
graph which did not change its calibration characteristics when water passed 
through it. For oxygen measurement. a heated ceramic type of polarographic 
oxygen electrode was successfully employed. whilst for carbon dioxide mea
surement an infra-red gas analyser was utilized. 

19 



Of more than 30 respiratory parameters which were monitored by this 
computer-based system. the most informative one in mechanically ventilated 
patients proved to be the end-tidal carbon dioxide. This is because it is the 
direct measurement of whether the preset minute volume ventilation is 
matched to the patient's needs. In the hypoventilated patient. the end-tidal 
carbon dioxide will rise, whereas in the hyperventilated patient it will fall. Any 
maladjustment, leak. or faulty function in the ventilator is likely to show up 
promptly as a change in end-tidal carbon dioxide. 

Management by means of routine end-tidal carbon dioxide monitoring led 
to fewer cardiac dysrhythmias. presumably because those caused by incorrect 
volume settings were avoided. Prior to the introduction of end-tidal carbon 
dioxide monitoring. this cause of dysrhythmias had not been frequently 
recognized as such. 

The normal gradient between end-tidal carbon dioxide and arterial Pco, was 
found to average .67 kPa. Because of the constant observation of the end-tidal 
carbon dioxide, tidal volume and minute volume. many blood gas determina
tions were avoided. especially when patients were weaned off the ventilator. A 
patient who is unable to sustain his own breathing will show a characteristic 
rise in end-tidal carbon dioxide. together with clinical signs of increasing 
physical exhaustion. What is more important. the rise in end-tidal carbon 
dioxide often substantially antecedes the appearance of exhaustion. giving an 
invaluable "early warning" of critical respiratory insufficiency. 

The monitoring system was also employed by Osborn for other simple 
pulmonary function tests. such as vital capacity. lung compliance. and 
pressure-flow-volume loops. As a result of this. he reported that when 
immediate post~operative lung compliance values were low they were associ
ated with a poor post-operative prognosis (table 2.1). 

In this brief, selective review of the literature relevant to the development of 

Table 2.1 
Pulmonary compliance values in a series of 80 patients following 

open-heart surgery 

number maximum inspired compliance 
of status (litrcs/cm H:!O)'" 

cases pressure (em H;:O)~ 

52 did well 22 ± 6.7 0.047 ± 0.0095 
17 did poorly 27 ± 9 0.036 ± 0.0130 
11 died 34 ± 11 0.035 ± 0.0150 

"' mean± standard deviatiOn. -A compliance of0.03 had a .:"10% morta!Jty rate. 

Reproduced with the author's permission from: Osborn JJ: Cardiopulmonary monitoring in the 
respiratory intensive care unit. Mcd Instrum 11: 278. 1977. 
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peri-operative pulmonary function monitoring. it has been shown that the 
application of monitoring of respiratory physiology has become a science of 
which John Snow would have been justly proud. One might summarize, in the 
words of Osborn.46 that "respiratory monitoring is emerging as another 
example in medicine of how data can substitute for guesswork in making 
clinical diagnoses and in managing patients". However. we must not lose sight 
of the fact that at the present time, the availability of equipment and skilled 
personnel still varies from unit to unit, which must inevitably lead to consider
able differences _in the extent to which these techniques can be applied 
generally. The quality of monitoring. and therefore. of the control of pulmo
nary function. needs further improvement in many laboratories. 
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CHAPTER 3 

Computerized monitoring of lung and heart 
function in the operating room: a descrip

tion of a "Methodological Platform" 
Part I: Instrumentation* 

3.1. Introduction 

0. PRAKASH. M.D.""". senior anaesthetist 
B. JONSON. M.D."'*"'. clinical physiologist 

S.H. MEIJ. M.Sc.**. computer engineer 
S.G. VANDER BORDEN, B. Sc.""". research assistant 
P.G. HUGENHOLTZ. M.D."'". professor of cardiology 

In the operating theatre, it has been commonplace since 1950 to monitor the 
elementary functions pertaining to the heart electronically, with the elec
trocardiogram, the arterial blood pressure and the pulse as the essential 
guidelines. 

However. measurement of pulmonary function may be as vital as that of 
cardiac function, not only to enhance the safety of the patient. but also to 
enable ventilation with controlled gas exchange to be achieved. If this is done. 
the result will be maintenance of the all-important carbon dioxide tension 
within normal limits. If. however, the pulmonary function is not monitored. 
vital disturbances in ventilation or gas exchange (which may give more rapid or 
early. accurate information concerning a developing crisis) may be missed. 

In addition to allowing accurate control of gas exchange and stabilisation of 
desired arterial carbon dioxide tensions. monitoring of pulmonary function 
has a number of other important applications. For example. by accurately 
predicting the future respiratory performance of a sick patient. it helps in the 
correct timing of the decision to replace controlled by spontaneous respiration 
as the patient's condition improves. Moreover. establishment by monitoring of 
the physiological status of the patient also enables controlled deviations from 
the normal to be undertaken. as with progressive hypothermia in small infants 
undergoing cardiac surgery. Adequate monitoring also permits study of the 
effects of various physiological "insults" sometimes imposed on the human 
body: for example, the effects of anaesthetic drugs, of transfusions. of surgery 

"' Accepted for publication C.C.C.P.M. proceedingsMay.1979. Norwalk. Plenum Books. New 
York (N.Y.). 

""" From the Thorax Centre. Erasmus University and University HospitaL Rotterdam. The 
Netherlands. 

'"** From the Department of Clinical Physiology. University of Lund. Lund. Sweden. 

24 



or accidental trauma. Post-operative threatening complications can be recog
nised early and the effect of treatment against them studied. 

3.2. An outline of the results of having inadequate monitoring facilities 
The anaesthetist must constantly monitor the depth of anaesthesia when he 

uses inhalational anaesthetic agents. Variations in anaesthetic depth may lead 
to serious disturbances in the patient's tidal and minute volume ventilation (if 
breathing spontaneously) or in blood and airway gas composition (whether 
ventilation is spontaneous or artificially maintained). This in turn can lead to 
critical disturbances in the patient's cardiovascular status. 

Thus. a knowledge of the patient"s ventilatory performance and the compo
sition of inhaled and exhaled gases is very important to the anaesthetist. 
However, in the vast majority of anaesthetic procedures, patient monitoring is 
restricted to a few simple cardiovascular and pulmonary parameters like pulse 
rate. blood pressure. capillary bed colour. and perhaps the electrocardiogram. 
which will reveal the end-results of ventilatory disturbances. 

In 1976. a report was published in the Journal of the American Medical 
Association entitled ··unexpected cardiac arrest during anaesthesia and 
surgery··. 1 In this report. 41 cases of cardiac arrest (in 30 adults and 11 children) 
which occurred during surgery were classified according to the most likely 
primary causative mechanism. Cardiac arrest was thought to have resulted 
from anaesthetic or ventilatory mismanagement in two-thirds of the cases. In 
19 of the patients. hypoxia was listed as the cause of the arrest. and it appeared 
to be primarily due to hypoventilation. In 9 patients. the arrest was attributed 
to anaesthetic mismanagement. whilst in a further 9 patients. severe brady
cardia occurred which might have been secondary to other events. Four others 
had hypotension associated with hypovolaemia. 

Ofthe total of 41 patients.13 were dark-skinned. representing 31.7% ofthe 
group studied. This is interesting, since many anaesthetists depend only upon 
the repetitive observation of skin colour as an index of adequate oxygenation 
and adequate peripheral perfusion. As a result of such a limited monitoring 
regimen. non-white patients may be at significantly greater risk. This report 
subsequently came to the attention of a major liability insurance company. a 
development spurred on by the fact that an earlier report2 had already found 
an incidence of cardiac arrest in the operating area of 1 case in every 3400 
operations. 

In this recent article entitled "Monitoring in the operating room: Current 
techniques and future requirements"". Hilberman (1977)3 reviews the 
J .A.M.A. report and the subsequent lawsuit. and agrees that ventilatory 
problems appear to be a major source of intra-operative morbidity and 
mortality. 
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Obviously, monitoring of ventilation could prevent most accidents of ven
tilatory origin. Furthermore, some circulatory problems with a fall in cardiac 
output are detected earlier from the monitoring of gas exchange than from 
electrocardiograms and intravascular pressure. 

3,3, Modern requirements for the practice of peri-operative pulmonary 
control 

Hilberman's assessment of the present situation shows that equipment is 
needed which not only monitors cardiovascular parameters, but also ventila
tion and airway gas concentrations. He states that it is a fundamental necessity 
in modern anaesthetic practice. However, in order tor be acceptable by the 
majority of potential users (mainly anaesthetists and intensive care doctors). 
such equipment must also be unobtrusive. simple, and convenient to use. Also. 
it must be trustworthy, accurate, and relatively inexpensive. 

Such requirements are not easy to combine into a practical piece of 
commercial apparatus. 

The modern requirements for control of anaesthetic pulmonary ventilation 
may be considered under two headings: the efficiency of gas exchange. and the 
stability of pulmonary mechanics. 

3.3.1. Monitoring the efficiency of gas exchange 
Until the second World War. accurate knowledge of this composition of 

expired gas could only be provided by chemical analysis. With the Haldane 
apparatus it took some 20 minutes for the analysis of a sample to be performed 
by an accomplished operator. The method had an accuracy of 0.1 mol% in 
skilled hands. By 1950, methods based upon various types of thermal conduc
tivity changes, infra-red absorption (carbon dioxide and nitrous oxide). para
magnetic susceptibility (oxygen) and spectral emission (nitrogen) were in use 4 

Nearly all ofthese instruments had a long response time. with the exception of 
Lilly's nitrogen meter5 It was also recognized at that time that mass spec
trometry was a promising analytic method for respiratory gases. since it is 
specific for gases of different molecular weights. In 1947. Siri6 scanned the 
mass range of medical gases with a simple and compact instrument and showed 
that single peaks could be recorded with response times of little more than one 
second. Hunter, Stacey and Hitchcock (1949f made an instrument with a 
sample transport system showing a quarter-second response time. and with 
three fixed collectors aligned to receive nitrogen. oxygen and carbon dioxide 
simultaneously. In 1950 a single-channel conventional instrument was mod
ified by the addition of a short sampling system with a response time of under 
100 ms and used in a number of respiratory studies in the University of 
Pennsylvania. 8 
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Although mass spectrometry has seen increasing use in respiratory research 
work and clinical investigation, its use in the operating theatre remains limited 
by serious drawbacks. The sheer size and high capital cost of a mass spectrome
ter generally makes it impractical for use in the operating room; it is often 
severely affected by volatile anaesthetic agents, and it is technically difficult 
for the ''clinical" mass spectrometer to distinguish between nitrous oxide and 
carbon dioxide, since both have the same molecular weight (N20 = N + N +0 
= 14+14+16=44. C02 = C+O+O = 12+16+16=44). 

Based on the work of Peters and Hilberman. whose elaborate!. C. U .-based 
computerized pulmonary function monitoring system was reported in 1971,9 

Osborn (1977), 10 developed a more refined system for respiratory monitoring 
in the intensive care unit, using a computer to handle the processing of all the 
data he had acquired, just as Peters and Hilberman did. Of the more than 30 
parameters measured, the conclusion arrived at was that the most useful one in 
the mechanically ventilated patient was the end-tidal carbon dioxide. This was 
simply because it is a direct measurement of whether the preset minute volume 
ventilation is adequately "clearing" pulmonary arterial blood of its carbon 
dioxide load. In the hypoventilated patient. this "clearing" process becomes 
inadequate, and the end-tidal carbon dioxide will rise; by contrast, hyperventi
lation leads to a •·washing-out" of carbon dioxide. and hence the end-tidal 
carbon dioxide falls. Thus. any maladjustment, leak. or faulty function in the 
ventilator is likely to show up promptly as a change in end-tidal carbon 
dioxide. Thus, this measurement is an extremely helpful one in routine clinical 
practice. 

3.3.2. Monitoring of pulmonary mechanics 
Although it is over 50 years since Fleisch first described the pneumotacho

graph, it is only in recent years that this technique has become widely accepted. 
This delay has been caused by the many practical problems which exist with the 
use of Fleisch heads, especially the deposition of water from humid gases 
(which upsets the characteristics of the particular instrument) and the chang
ing physical constitution of the gas mixture passing through it (which changes 
the pressure/flow relationship of the instrument). Even today. Fleisch's equip· 
ment has some limitations to its usefulness in routine clinical circumstances. 
However, the evaluation of lung function is based upon measurements of 
parameters such as expiratory and inspiratory flow rates, airway pressures. and 
respiratory gas concentrations. 

In a lung function laboratory~ studies of lung function can be made using 
large and complicated instruments. operated by specially trained technicians 
and laboratory assistants. Conventional equipment of this sort. as well as being 
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bulky. generally involves the use of extra tubing and pumps. and frequently 
still relies on the use of non-electronic calibration systems. 

3.4. The instrumentation employed in the "Methodological Platform" 
3.4.1. Introduction 

A comprehensive monitoring system developed at the Thorax Centre in 
Rotterdam allows accurate study and control of pulmonary and cardiovascular 
functions during anaesthesia and in the immediate post-operative period. It 
has been called the "Methodological Platform ... 

The discussion in the previous section attached an importance to respiratory 
monitoring considerably greater than that normally considered necessary by 
clinicians. It is perhaps not surprising. therefore. that much attention has been 
given to an efficient respiratory control system. Additional data are collected 
from oxygen analysers. intravascular pressure transducers, E.C.G. equip
ment, and temperature probes. Blood gas analysis. and. in many cases. 
measurement of cardiac output, are also performed. 

A unified and consistent approach produces data which may be regarded as 
a basis upon which clinical decision-making can be based. and from which 
many different rational treatment strategies can be devised and pursued. 
Hence. it may truly be said to constitute a "Methodological Platform". The 
success or failure of such a concept depends not only on the quality of data. but 
also on its relevance and on how they are presented to the clinician. 

3.4.2. The central role of the Servo 900 B ventilator and its monitors 
Knowledge of blood gas composition and acid-base status is of central 

importance in critical care patient management. Upon this rests decisions 
regarding the respiratory management of the patient. Also resting upon it is 
the control of blood chemistry during any abnormal physiological excursion 
which may be imposed upon the patient: for example, deep hypothermia. 

3.4.3. The ventilator 
The central unit is the Servo 900 B ventilator. which is a sophisticated 

electronic servo-controlled machine allowing great flexibility and precision of 
ventilatory control. It incorporates pneumotachograph transducers. specially 
designed to overcome most of the drawbacks of previous designs which 
monitor both inspiratory and expiratory flow rates. The pneumotachograph in 
the inspiratory limb is the vital factor in a feedback chain which regulates 
inspiratory flow. There is also a transducer which monitors airway pressure. 
Thus. the machine gives the clinician direct control over a large number of 
ventilator parameters. viz.: 

i) airway pressure 
ii) respiratory frequency 
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iii) inspiratory time 
iv) pause time 
v) maximum expiratory flow 

vi) inspired minute volume 
vii) expired minute volume 

The parameters ii to vi are set directly on the machine. while parameters i 
and vii are monitored continuously on analogue meters. The ventilator also 
has settings for Intermittent Mandatory Ventilation (I.M.V.) and for spon
taneous respiration. If the last-mentioned setting is selected. the patient 
breathes fresh gas which has been humidified by the ventilator. The expired 
gas is measured by the ventilator. There is also a comprehensive alarm system 
incorporated. 

The Servo 900 B ventilator thus represents, in our view. an almost ideal and 
flexible means of maintaining proper lung function both in ventilated and 
spontaneously-breathing patients. It is small, quiet. and easy to set up and use. 
It uses electronic transducers instead of mechanical systems for the measure
ment of pressure and flow, so that these parameters are readily available for 
control. analysis. and display. Finally. it has a readily available and com
prehensive alarm system built into it. 

3.4.4. The carbon dioxide analyser 
As has already been pointed out. the main function of the lungs is respirat

ory gas exchange. Hence. it appears much more logical to control the gas 
tensions achieved by a given ventilatory regime than simply to control the 
ventilator settings themselves in some arbitrary "rule-of-thumb" fashion. with 
perhaps occasional blood-gas analysis. Osborn (1977) 10 discussed results 
which demonstrated that in all normal clinical circumstances. the end-tidal 
carbon dioxide concentration (P "C02) provides an accurate reflection of 
arterial carbon dioxide tension (PaC02). 

The expired carbon dioxide concentration (FeC02) is measured through a 
highly selective. miniaturized infra-red analyser unit (SE930). This analyses 
the whole of the patient's flow. since it scans across the ventilatory Y -piece 
itself; this avoids all the problems and potentially dangerous complications 
which can arise from the withdrawal of gas samples from the main air-flow. 
The infra-red radiation passes across theY-piece via sapphire windows. which 
are easy to keep clean. The radiation then passes via a narrow-band optical 
filter to a Gallium-Arsenide solid-state detector (Fig. 3.1). The moment-by
moment expired carbon dioxide is immediately available as a continuous 
signal. In addition. by utilising the timing pulses from the ventilator. the unit is 
able to display a breath-by-breath value for the end-tidal carbon dioxide. 

As mentioned. the 900 B ventilator also yields an expiratory flow signal 
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I.R. light emittor 

l.R. light sensor 

T- piece with" 
windows for l.R.light 

Fig. 3.1. The ··cuvette .. constitutes a Y-piece connecting the expiratory and 
inspiratory lines with the patient. The cuvette is attached to the photometer so 
that one window in its wall faces an infra-red emitter and the opposite window an 
infra-red sensor. 

which. by multiplication with the instantaneous carbon dioxide signal. will give 
the instantaneous expired flow of carbon dioxide. By integration. the expired 
volume of carbon dioxide is obtained. The carbon dioxide unit also ··divides·· 
the tidal volume into two parts. namely the initial carbon dioxide-free ··ineffec
tive'' volume and the carbon dioxide-carrying '"effective"' volume. 

· All in all. the carbon dioxide unit provides information on: 
i) end-tidal carbon dioxide concentration 

ii) tidal carbon dioxide production 
iii) minute carbon dioxide production 
iv) ineffective tidal volume 
v) effective tidal volume 

vi) effective minute volume 

3-4.5. The lung mechanics calculator 
It will be remembered that in the Servo 900 B ventilator. the airway pressure 

is measured by an electronic pressure transducer. while the gas flows into and 
out of the patient are measured by pneumotachograph heads. These signals 
are available on the output socket of the ventilator. together with timing 
signals. The Lung Mechanics Calculator (LMC) connects directly to this 
output socket. and calculates six different lung mechanics parametersu 

The parameters calculated by the Unit 940 are as follows: 
i) peak inspiratory pressure 
ii) inspiratory pause pressure 

iii) end-inspiratory resistance 

30 



\883 888\ 

Fig. 3.2. Servo 900 B input signals and derived parameters. Reproduced from: 
Siemens-Elema Lung Mechanics Calculator 940 Operating Manual. 

1.'.\"llc.'XI' FOJI'I 

I "'-::-------fJ 
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PRESSURE I' tl-:-.·t f'IU:.•;sr·m: f.\1.1 rxr 1'/lf.'N ·ur 

INSP. RESISTANCE= PEAK PRESSURE-PAUSE PRESSURE 
END INSP. FLOW 

EXP. RESISTANCE = PAUSE PRESSURE-EARLY EXP. PRESSURE 
EARLY EXP. FLOW 

END EXP. LUNG PRESSURE= END EXP. PRESSURE+ (END EXP. FLOW x EXP. RESISTANCE) 

COMPLIANCE= EXP. TIDAL VOLUME 
PAUSE PRESSURE-END EXP. LUNG PRESSURE 

Fig. 3.3. Schematic pressure and flow curves. together with a summary of the 
method of derivation of the various parameters mathematically. Reproduced 
from: Siemens-Elema Lung Mechanics Calculator 940 Operating Manual. T 0 
denotes the time taken for the decompression of gas and depends upon the 
volume of gas in the tubings and humidifier. 
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iv) early-expiratory resistance 
v) pulmonary compliance 

vi) end-expiratory airway pressure 
The parameters are presented in pairs, the appropriate pair being selected 

by a switch on the front of the unit. The peak and pause pressures are values of 
the pressure signal sampled at the end of inspiration and at the end of the 
inspiratory pause plateau (see Fig. 3.2 and Fig. 3.3). The flow and pressure 
signals are also available for direct reGarding on external devices. 

3.4.6. Operating the Servo 900 B system 
Because of the carbon dioxide analyser, adjustment of the ventilator settings 

becomes very straightforward in most cases. A suitable respiratory rate is 
chosen and then the minute volume ventilation is adjusted until a desired end
tidal carbon dioxide level is reached. However. in the presence of severe lung 
disease, this approach may have limitations, since end-tidal carbon dioxide will 
not approximate arterial pC02 levels. 12 The lung mechanics unit and the shape 
of the expiratory carbon dioxide curve may help to identify such patients. 13 

The minute volume ventilation necessary to maintain a ··normal" PaC02 can 
be obtained from Nomograms: 14

.
16 once it has been decided that the patient's 

ventilatory requirements appear to lie well outside his predicted values, the 
data from the carbon dioxide unit is used in a logical search for the underlying 
cause. The carbon dioxide production may be chosen as a starting point. If this 
is higher than expected, the need for ventilation will have correspondingly 
increased. Further research should be directed towards factors influencing 
aerobic metabolic rate such as pain. anxiety. shivering. and fever. 

In other cases, the alveolar ventilation, VA· is found to be low. In the 
presence of normal total ventilation, VT, the physiological dead space. Y0 , 

must therefore be increased: this can be calculated from available data (see 
below). An increased Y0 may be caused by a high ineffective ventilation 
(absolute dead space): 17 for example, an increased compressed volume in the 
tubing or humidifier. caused by high airway pressures. This problem is of 
course of much greater importance in children. especially in infants. 18 The lung 
mechanics calculator will give additional information about lung compliance 
and resistance, which may be the cause of an increased airway pressure. 

If the reason for the dysfunction has still not been found, increased 
intrapulmonary or alveolar dead space must be present. As is well known, such 
dead space can be caused by several factors: ventilation-perfusion mismatch
ing, pulmonary embolism and venous admixture (i.e. right to left shunt) may 
all contribute. 

Various forms of dead space can be derived from the unit alone or in 
combination with arterial pC02 • Hence, physiological dead space is calculated 
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as: Yeo, 
Yo h · 1 = YT -----

P y»o PaC02 X K 

Y T• Y co, represent tidal volume and carbon dioxide volume expired per 
breath and are obtained from the C02 unit; K is a constant converting PaC02 
to fraction of carbon dioxide. 

A ''single breath curve .. is obtained by plotting the carbon dioxide concen
tration again~t expired volume during a single breath, and can be done on an 
oscilloscope. The shape of the single breath curve gives information about 
ventilation/perfusion mismatching, since emptying lung compartments with 
different ventilation-perfusion relationships yields a poorly-defined alveolar 
plateau. This type of pathological response is often found in obstructive lung 
disease, even when other relevant signs are missing. The carbon dioxide 
analyser, therefore, also offers the opportunity for study of these factors. 

Other phenomena. such as venous admixture or synchronous emptying of 
lung compartments with different carbon dioxide contents, yield a different 
pattern with a flat alveolar plateau that is lower than that corresponding to 
PaC02. This pattern has been observed in conjunction with lung embolism 
(non-perfusion of lung compartments). and with variable right-left shunt. 19 

The usefulness and limitations of the single breath curve in detailed diagnosis 
of lung failure remain largely to be explored. 

3.4.7 _ Other instru111entation 
Other gas analysers 

Where necessary, the inspired and mixed expired oxygen fractions, Fi02 and 
Fe02, were measured at the patient's airway connection· (mouth or endo
tracheal tube) using a Servomex paramagnetic analyser (Taylor-Sybron, Eng
land). With the analyser used, an accuracy of ± 0.05% oxygen can be 
achieved. A system in the analyser line for drying the gases causes some mixing 
of the gases, and also introduces a time-delay in the display of the results. Thus 
only the mixed-expired concentration can be displayed. 

After 1976, a Perkin-Elmer clinical Mass Spectrometer was used for the 
measurement of oxygen concentrations; with this instrument, nitrous oxide or 
carbon dioxide concentrations could also be measured simultaneously. 

Cardiovascular monitoring 
Fluid-filled catheters in a systemic artery. in the right and left atria, and often 

also in the pulmonary artery. allowed comprehensive monitoring of the 
various vascular pressures and cardiac performance parameters. 

The cardiac output could be measured directly using the Fick principle. 
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Blood samples were taken from the catheters for blood-gas analysis. biochemi
cal and hematological investigations. The presence of the right and left heart 
catheters also allowed detection of left-to-right or rigbt-to-left shunts. The 
pulmonary venous admixture (C\IQ,) was calculated from the equation: 

-=----

where: 
Cc'02 = end-pulmonary capillary oxygen content 
Ca02 = arterial oxygen content 
CV02 = mixed venous oxygen content 

End-capillary oxgyen saturation (Sc'02) was calculated from the "ideal" 
alveolar pressure (P A 0 2), the arterial carbon dioxide tension (PaC02) and the 
pHa. with the approach suggested by Kelman. 20 The "ideal" alveolar oxygen 
pressure was first calculated from the equation: 

PaCOo 
P A02 = Pi02 - --c:--- { 1- Fi02 x (1-R.Q.)} 

R.Q. 

The oxygen content (vol%) was derived from the equation: 

So. 
C0 = -· x Hb x 1.39 + (0.0031 x pO,) 

' 100 -

Oxygen saturation was also to be determined from a Hemoreflector (Ameri
can Optical Company). and in some instances continuously by means of a 
Fibre-Optic Haemoreflector (Schwarzer Company. Munich). 

From these data calculation of the right and left ventricular stroke work and 
estimation of the perfusion resistances in the pulmonary and systemic circula
tions was carried out. Left atrial pressure was measured directly by inserting a 
catheter in the left atrium after opening of the chest; the right atrial pressure 
was taken to be equal to the central venous pressure. 

Information regarding the quality of peripheral systemic perfusion was 
obtained by using a series of thermocouple temperature probes (Ellab) 
positioned in the rectum or oesophagus (for core temperature) and on the skin 
of the big toe. The skin probes were kept covered by gauze wrappings. so as to 
minimise air-draught effects. 

3.5. Record keeping 
Manual record keeping. although essential. is often unsatisfactory. simply 

34 



due to the fact that constant attention to the patient is frequently diverted. 
Automatic multi-channel recording machines are bulky and expensive. 
Although central. fully computer-based record keeping has great attraction. it 
requires a high initial outlay and is subject to intolerable drawbacks in cases of 
system break. At the Thorax Centre. at the present time. a dual system based 
upon manual as well as automated record keeping is in use. 

In the post-operative care unit in particular. the previously described 
intensive care computer monitoring system - the ICPM system21 - allows 
record keeping of physiological signals over 24 hours. The data inputs into the 
system include cardiac rhythm, various intravascular pressures. and the signals 
from the Ventilator/Lung Mechanics/Carbon Dioxide Computation System. 
All calculations (like cardiac output studies and trends) are performed on a 
Digital Equipment Corporation P .D.P. 9 computer and became available via a 
lineprinter or plotter at a later time. Current efforts being made are to 
decentralize this form of bookkeeping to render it in a condensed form under 
the control of the nursing staff.22

·
23 

3.6. Discussion 
The introduction of multiple. miniaturised. sophisticated monitoring 

devices opens up considerable possibilities. Numerical. graphical. or digital 
presentation of data relating to ventilation. pulmonary mechanics. pulmonary 
gas exchange and cardiovascular performance allows the continuous monitor
ing of the main vital functions. Because of this. early detection and analysis of 
technical or organic malfunction becomes possible. Several workers have. of 
course. pointed out various applications of modern diagnostic techniques both 
during and after surgery. but the field has only been explored to a very limited 
extent. 

The present system has been built up in response to an increasingly felt need 
for continous and detailed information concerning cardiopulmonary status 
during and after open-heart surgery. Elaborate measurement systems may. 
however, convey problems of all kinds: cabinets full of knobs for calibration 
procedures and settings~ tubing. pumps. chart recorders. computers- space 
fully taken up by equipment and personnel. leaving little room over for 
anything except a caricature of a patient deserted in a sea of technology! In 
contrast to this picture. the comprehensive use of miniaturisation and of 
electronic processing techniques has enabled the present monitoring hardware 
to remain small. simple to set up and use. and clear in its presentation of the 
important data. Because of this. the welfare of the patient has remained the 
focus of clinical attention. 

In a unified and consistent approach all data must be combined to provide a 
"Platform" upon which clinical decision-making can be based and from which 
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Table 3.1 Summary of the Methodological Platform 

j CO, conccntrmion 

dioxid~ 

1 [airway llow 

calculator 

1 end in~p. llow t- ::::::::::::3 insp. rc'i'tancc 

4 curl;lcXp.llow r 
1 cndcxp. tlow 

1 cxp. tid. vol. 

I 

rC:::d curlycxp.pr. r-- I 
llr,-.,-p;c;ecdc,;-m-,--,ll-t::::! cndcxp. pr. 

oxygen mixed expired 0: cone 

cuthctcf\. right uti. p!NUTC 

left :1tr. prc,,urc 

c;1rdiuc cardiacoutput 

output 

cakul;otor 

E.C.G. . I E.C.G. 

monitor 

tcmpcrmurc 

36 

lr ,,c;,c,-a)c, llc,,c.--;~o, ""'"m""""'m'" 
j CO: prod/min 

I 
I B.S.A. tEl CL 

~s.v 

~heart rate 

CO: min. prod. 

CO: tidal prod. 

indf. tidal voL 

wmpliuncc 

cndcxp.lungpr. 

I d~t:t forclinician 

end tidal 
CO: conccntr;lt.lon 

CO: minute produ<:tion 

CO: tidal production 

incffe.:ti\'<.' tidal volume 

expired Tl!'i>tancc 

wmpliuncc 

end expired IUn)!pTI!',un: 

in,pircd 
0: conccntwtion 

cardiac index 

'trok~volum~ 

~lcctrocarJio~r~m 

hcmt rm~ 

core tcmpcr~turc 



rational treatment strategies can be devised and pursued. The success or 
failure of such a concept depends not only on the quality of each signal but also 
on the relevance of the data. Finally there is the factor of the display and of the 
ease with which data obtained can be interpreted. 

A brief summary of the various parameters which were monitored routinely. 
and of the derivations of the processed data which are then available. is shown 
schematically in table 3 .1. The aim of the ""Platform·· is to permit successful 
monitoring of all these parameters. with clear and concise data display; when 
this aim has been realized in practice. then a truly quantitative interface may be 
said to exist between the patient and his clinician. 

A number of specialised clinical studies have been performed. with a view to 
trying to establish just such a quantitative clinical interface using the 
""Methodological Platform"'. Studies have been performed on early post
operative extubation, 24 metabolic changes during deep hypothermia. 19 and 
haemodynamic and biochemical variables after induction of anaesthesia with 
fentanyl/nitrous oxide in patients undergoing coronary artery bypass 
surgery.25 Some interesting observations have also been made on the occur
rence of various intra- and post-operative complications. As a result of these 
studies, problems in cardiac surgery, cardiac anaesthesia and post-operative 
care have been reduced. indeed. in some cases this has turned out to represent 
an unexpectedly large improvement in patient welfare. Moreover. the ability 
of the "'Platform"' to furnish data which allows strategic manipulation of the 
patient's physiology has led to the discovery of a number of novel solutions to 
well-known clinical problems. 
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CHAPTER 4 
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CLINICAL STUDIES OF GAS EXCHANGE DURING VENTILATORY 
SUPPORT-A METHOD USING THE SIEMENS-ELEMA CO, ANALYZER 

S. G. OLSSON, R. FLETCHER, B. }ONSO~, L. NORDSTR5M AND 0. PRAKASH 

SUMMARY 

We describe a new portable infra-red analyser for use with the Siemens-Elema Servo ventilator. 
The sensor head constitutes a Y -piece connecting the patient to the ventilator tubing, and gives 
instant carbon dioxide determination. It is based upon simple principles that c:m be realized with 
modern techniques, offering for instance freedom from interference by anaesthetic gases, and 
eliminating the need for calibration. A non-zero inspired carbon dioxide concentration interferes 
with the measurements. Integration of the carbon dioxide signal with the flow signa1 from the Servo 
ventilator yields data about carbon dioxide excretion, and additional calculation yields VnjVT if Paco, 
is known. The accuracy of determination of end-tidal carbon dioxide and carbon dioxide elimination 
was found to be adequate for research purposes, and that of VofVT for clinical purposes. The device 
is considered to be of value in the operating theatre and intensive care unit, for monitoring, as a 
guide to ventilatory needs, and for the investigation of the magnitude and causes of increased 
dcadspace. 

When ventilatory support is required, control of gas 
exchange is at least as important as ventilation itself. 
The following equations show some factors that 
govern the maintenance of Paco:: 

Vco., 
P3.c0 • ~ -;;-" X k ( 1) 

· vA 

VA~ VT- VD (2) 

It is assumed that equilibrium occurs between alve
olar and arterial Pco2• Vco2 = carbon dioxide pro
duction, VA= alveolar ventilation, VT =total venti
lation and Vo = ventilation of physiological dead
space. k is a factor converting carbon dioxide fraction 
to Pco2• 

In the absence of lung disease, end-tidal Pco2 
(PF.' co

2
) closely reflects Pac

02 
(Galdston, Benjamin 

and Hurewitz, 1951; Collier, 1955; Dahlgren and 
Symreng, 1974), and adequate Pac01 is genei-ally 
maintained with ordinary ventilation. When this is 
not the case the analysis of mechanisms involved is 
aided by knowledge of Vco2 and the various frac
tions of deadspace. Suitable systems for measurement 
of PF.' c02, Vcoz and TiD have in the past been bulky, 
cumbersome and expensive. This paper presents an 
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unobtrusive device for making these measurements 
in the intensive care unit and operating theatre. The 
basis of the measurements is the integration of signals 
for carbon dioxide concentration of expired gas, and 
expiratory flow. This yields much additional inform
ation, and the C02 Analyzer also offers advantages 
over previous devices in compactness, case of hand
ling, accuracy and freedom from errors caused by 
anaesthetic gases. 

APPARATUS AND WORKING PRINCIPLES 

The Servo ventilator 900 or 900 B (Ingelstedt et al., 
1972) produces an expiratory flow signal and the 
carbon dioxide signal comes from the C02 Analyzer 
930 described below (both from Siemens-Elema AB, 
Solna, Sweden). The C02 Analyzer is designed to 
operate with the ventilator, which provides a flow 
signal and power and timing pulses. 

The carbon dioxide sensar (fig. 1) works on the 
principle of absorption of infra-red radiation from a 
broad spectrum IR emitter (fig. 2). The radiation 
passes via sapphire glass windows through a Y -piece 
connecting the patient to the ventilator tubing. The 
Y -piece offers a negligible resistance to flow (0.8 
em H 20 lirrc-1 s) at a flow rate of 0.5 litre s-1 and 1.6. 
at llitre s-1). Its deadspace is smaller than that of 
the ordinary Y -piece that it replaces. Part of the 
radiation is absorbed by the windows which are 
thereby heated, preventing condensation. Carbon 
dioxide molecules in the gas cause further absorption 
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FIG. 1. Carbon dioxide sensor and cuvette. 

of IR radiation of specific wavelengths. The radiation 
is then mechanically chopped at a frequency of 
180Hz. An interference filter transmits only light 
with a wavelength of 4.2 !-LID at which carbon dioxide 
has a main absorption peak. The band-width is 
O.Oi fl.ffi. The chopped and filtered radiation is 
received by a photoelectric Gc-As-sensor, the signal 
of which is amplified. 

The signal oscillates between one value when the 
chopper is closed and another when it is open. Thus 
the chopper generates a carrier frequency that is 

~PATIENT 
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modu1ated by the transmitted radiation. In this way 
problems inherent in detection of small signals super
imposed upon large drifting ones are solved. 

The amplitude of the oscillations generated by the 
chopper reflects transmitted pulsed light, which is a 
function of carbon dioxide absorption within the 
gas. Irrelevant factors such as the amount of emitted 
radiation, its absorption within the windows and the 
temperature of the IR detector also affect the signal. 
This problem is eliminated by the signal processor 
to which the signal is transmitted after amplification. 

The signal processor (fig. 2) demodulates the signal 
by an amplifier that is phase-locked to the chopper 
signaL After dcmod:llation a signal U corresponds 
ro the amount of light received. At the end of inspir
ation there is no carbon dioxide in the sensor head. 
The signal at this moment (U 1) is sampled and held, 
to be used as a reference for the following expiration. 
An analog divider gives the quotient UJU1• In the 
absence ofca.rbon dioxide, when U = U1, the output 
signal is standardized to 1 arithmetic unit. The divi
sion by U 1 correctS for changes in the amount of 
emitted light, absorption in the windows, the sensi
tivity of the IR detector and primary amplification 
of the signal. If for example dirt, or a droplet of 
sputum, lands on one of the Vlindows, this will only 
influence the current expiration. For the following 
expiration a new U 1 will restore correct amplification. 

IR-SENSOR ~====~r;~~~r~~~t--~~"---.... -i=g~~~~[ CABLE 

AMPLIFIER 

-:::~~~:=~~:7 __ _ 

40 

C02 TRANSDUCER 

FIG. 2. The carbon dioxide transducer and initial part of circuitry within the CO~ 1\..nalyzer 930. A 
beam of infra-red radiation passes through the expired gas via sapphire windows in a detachable 
Y -piece connecting the patient to the ventilator tubing. The be:un is mechanically chopped, filtered 
and sensed by a photoelectric sensor. The signal is amplified and transmitted to the Analyzer. The 
original signal is processed to yield a signal, Uc0,, that is proportional to carbon dioxide irrespective 

of drift of the carbon dioxide transducer (see text). 
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The signal U /U 1 will only be influenced by carbon 
dioxide molecules in the pathway of radiation within 
the sensor head. The length of this pathway is the 
only critical factor, and this can be well controlled at 
manufacture. After the divider the signal level is high 
and the eleCtronics operate under optimal conditions 
at which drift of amplification or base-line is negligible. 
The features described explain why the equipment 
does not need any zero adjustment or recalibration: 
there are no exterior controls for such procedures. 
The signal U/U1 is a strict, nearly logarithmic func
tion of expired carbon dioxide concentration. After 
further processing, mainly iincarization, a signal pro
portional to carbon dioxide concentration is obtained 
(1 V = 1% carbon dioxide). Apart from the chop
ping there is no delay in the analysis. One hundred 
per cent response to a change of carbon dioxide is 
obtained within 6 ms. 

A 

2 

End lld.JI C02 
concen:rot10n 

OS 
Exp1red volume j11trc) 

FIG. 3. A: Diagrammatic explanation of 
four of the indices which ::trc presented 
on the C0 2 Analyzer. B: Front view of 

C02 Analyzer. 

B 

Interference with other gases such as water vapour 
and nitrous oxide is avoided by the use of a very 
narrow band-width of infra-red radiation, carefully 
selected for optimum separation. A contributory factor 
is that the co:! Analyzer measures differences between 
expired and inspired gases. However, even during 
induction of nitrous oxide anaesthesia when there 
are great differences between inspired and expired 
nitrous oxide (measured with a mass spectrometer), 
the carbon dioxide signal remains unaffected. When 
carbon dioxide is added to the inspired gas the Ana
lyzer measures the increase of carbon dioxide over 
that concentration. Added carbon dioxide should be 
delivered in a way that ensures that the inspired 
carbon dioxide concentration, serving as a new base
line, is stable. If this is achieved, then the values for 
carbon dioxide production are still valid, and the 
stated end-tidal carbon dioxide becomes the e."<cess 
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over the inspired value. If the inspired carbon dioxide 
concentration varies, the .Analyzer can give mislead
ing results. 

Pressure dependence. With a given gas in the sensor 
head an increase of pressure will cause an increasing 
carbon dioxide signal for two reasons. First, the 
number of carbon dioxide molecules increases in 
proportion to pressure-a 1% increase causes a 1% 
increase of the number of radiation-absorbing carbon 
dioxide molecules. Second, intermolecular forces that 
increase with pressure will enhance absorption by 
carbon dioxide. This factor will cause an additional 
increase of the carbon dioxide signal by 0.8%. In all, 
a 1% increase of pressure in the sensor head will 
increase the signal by 1.8%. If the C02 Analyzer is 
calibrated at a barometric pressure of 100 kPa (750 
mm Hg) and tested with 4% carbon dioxide at 101 
kPa (758 = Hg) a reading of 4 x 1.018 ~ 4.07 1vill 
be obtained. As the concentration is 4% an error of 
0.07% will appear if the reading is regarded as con
centration. In conjunction with estimates of arterial 
blood~gas tensions, it is preferable to regard the 
reading as Pco 2 (kPa) and not per cent carbon dioxide 
as stated on the Analyzer. In this case the true value 
at a barometric pressure of 101 kPa (758 mm. Hg) is 
4.04 kPa ( 40 mm Hg), and the error of the reading 
is only 0.03 kPa (0.2 = Hg). In studies in which 

C02 PRODN 

(ml co2 ) 
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precision is needed, correction for variations in baro
metric pressure may be useful. A similar correction 
should then also be made when very great expiratory 
airway pressures are applied. In routine clinical usc 
corrections appear to be unnecessary. 

Presentation of data. The carbon dioxide signal is 
processed with the e.'Cpiratory flow signal to provide 
further digital and analog information. Figure 3B 
shows the front panel of the instrument from which 
six values can be read, four of which are explained 
in figure 3A. 

End-tidal ca;bon dioxide concentration. The initial 
carbon dioxide~frce part of the expired tidal volume 
represents gas compressed in the ventilator tubing 
and humidifier, and gas from conducting airways 
(ineffective tidal volume); the carbon dioxide-contain
ing part is t!le effective tidal volume. As soon as the 
carbon dioxide concentration exceeds 5% of the 
previous end-tidal carbon dioxide, the effective part 
of the tidal volume is recognized. (Ineffective tidal 
volume is therefore less than the anatomical dead
space.) Averaging of this volume provides a measure 
of effective minute ventilation. Integration of the pro
duct carbon dioxide concentration x instantaneous 
expiratory flow yields the carbon dioxide tidal produc
tion which is also averaged to carbon dioxide minute 
production. A more appropriate label on the carbon 

!NEFF. TIDAL VOL 
(litre) 

EFFECTIVE VENTILATION 
(litre min"1) 

C02 MINUTE PAODN 

(ml min"1) 

EFFECTIVE TIDAL VOL. 
(litre) 

FIG. 4. Mingograf tracing obtained from CO~ Analyzer. The continuous tracings arc of the four 
signals named on the left, and the calibrations are given by the labelled dots. The values named on 
the right can be obtained from the penultimate (!::..belled) dot in the calibration complex which also 
serves as a scale for these values. For instance, on the uppermost tracing the dots give the calibra
tions for both the continuous tracing (airway fJ.ow) and for ineffective tidal volume. Inspiratory 

fJ.ow is 0.7 litre s-l and ineffective volume 0.% litre. 
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dioxide unit would be carbon dioxide elimination 
which is equal to the carbon dioxide production in 
the tissues only at steady state. 

A simple testing device is available for checking 
calibration of the carbon dim ... "idc signal against a gas 
mixture of knov.-n carbon dioxide concentration. 

Figure 4 shows a tracing from the C02 Analyzer 
recorded on a multi-channel recorder (Mingograf 61, 
Siemcns-Elcma AB). Airway pressure, flow rate, 
carbon dioxide concentration and tidal expired car
bon dioxide volume are shown. Every 10 s the re
cording is interrupted by an automated procedure 
that prints calibrated scales on each channel. The 
end-tidal carbon dioxide and Vco .. can be read 
directly. Immediately after the tbrc"e dots of each 
scale a fourth dot represents one of the other four 
data available. 

The single breath test for carbon dioxide and determina
tion of VnjVT 

Although the above method of obtaining carbon 
dioxide tracings is convenient for clinical usc, more 
information can be obtained from the single breath 
test for carbon dioxide (SBT -COJ in which the x
axis represents volume instead of time. Analog signals 
available from the Analyzer make it possible to pre
sent SBT -C02 on an XY oscilloscope or recorder, 
directly or via a computer, in one of two ways. In 
the standard presentation (Comroc, 1962), carbon 
dioxide concentration is recorded against expired 
volume (fig. 3A). In the presentation suggested by 
Langley and others (1975), expired carbon dioxide 
volume is recorded against expired volume. (A 
separate cable, in which the signals arc not interrupted 
by calibration dots as in figure 4, is used for this 
purpose.) 

With the laner presentation, mixed expired carbon 
dioxide fraction or partial pressure CPEco) can be 
calculated by dividing the volume of carbon dioxide 
per breath by the tidal volume. VnjVT can therefore 
be calculated if Paco~ is measured simultaneously, 
by substituting in the Bohr equation (Bohr, 1891): 

V IV -I P"Eco, 
D T- --

P>co, 
PEeD<, can also be calculated from the digital dis

plays during controlled ventilation, by dividing 
"carbon dioxide tidal production" by the tidal 
volume-ineffective plus effective tidal volume. This 
method is unreliable during spontaneous breathing 
since tidal volume and carbon dioxide tidal produc
tion are obtained at different positions of the control 

6 
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FIG. 5. Output of C0 2 Analyzer (volts) plotted against 
standard test gas mixtures. 

knob on the Analyzer and therefore cannot be ob
tained for the same breath. 

CLINICAL TESTS 

The linearity of the C02 Analyzer was checked re
peatedly with gases analysed with the Scholander 
apparatus (Scholander, 1947). Figure 5 shO\\'S a 
typical result. 

End-tidal carbon dioxide C()ncentration (%) from 
the infrared Analyzer (IR) and a Perkin Elmer mass 
spectrometer MGA 1300 A (MS) were compared in 
anaesthetized patients. The mass numbers used were 
12 and 44 for nitrous oxide-oxygen and oxygen-air 
mixtures respectively. With oxygen-air mixtures 
(78 observations on 18 individuals) we found: end
tidal carbon dioxide (%) (IR) = 0.218+0.927 x end
tidal carbon dioxide (MS) (r = 0.987, SD = 0.22 
(residual SD about the regression), SEM of 
intercept= 0.119, SEM of slope= 0.028). 

In oxygen-nitrous oxide mixtures (91 observations 
on 22 individuals): end-tidal carbon dioxide (%) 
(IR) = 0.156+0.9783 x end-tidal carbon dioxide(MS) 
(r = 0.987, SD = 0.15, SEM of intercept= 0.068, 
SEM of slope = 0.01 i). 

A t test showed that the differences in intercept 
and slope between oxygen-air and oxygen-nitrous 
oxide miA"tures were not significant (P> 0.05). 

Carbon dioxide production (VcoJ (ml min-') ob
tained digitally from the C02 Analyzer was com
pared with values obtained from mass spectrometry 
by multiplying mixed expired carbon dioxide concen
tration with expired gas volume as measured by the 
Servo ventilator. Mixed expired gas was obtained by 
lcad.IDg the expired gases to a mixing chamber before 
admission to the mass spectrometer. 
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I 
. 10(1 1 200 300 

VCo2 (ml m,n·)-MASS SPECTROMETER 

FIG. 6. Comparison of CO~ Ana.ly-Ler with mass spectro
meter. Nitrous oxide-oxygen mixture. 

For oxygen-air mixtures (73 observations on 18 
individuals): Vco, (IR) = -0.649+!.047x Vco. 
(MS) (r = 0.991, SD = 14.0, SEM of intercept=· 
2.84, SEM of slope= 0.0147). 

For oxygen-nitrous oxide mixrures (91 observa
tions on ~2 individuals) (fig. 6): Vco, (IR) = 10.56+ 
1.006 x Vco, (MS) (r = 0.993, SD = 10.1, SEM of 
intercept= 2.728, SEM of slope= 0.0174). 

A t test showed that the difference in slope between 
oxygen-air and oxygen-nitrous oxide mi.xtures was 
not significant (P>O.OS). The difference in the inrer
cepts was significant (0.01 > P> 0.005). 

The physiological deadspace : tidal volume ratio 
~as measured during spontaneous breathing by the 
smgle breath method. At steady state, mixed expired 
gas ~as collected for analy.sis (Scholander, 1947), 
arrenal blood was sampled and the single breath 
p7o~le was :ecorded. The mixed expired carbon 
diOXlde fraction was obtained from a single tidal 
breath. In 10 patients with lung disease the following 
regression was obtained: VojVT (SBT~CO:J = 0.028 
+0.8599x VD/VT (Scholander) (r = 0.949, SD = 
0.024, SEM of intercept= 0.041, SEM of slope= 
0.106). 

DISCUSSION 

The operating theatre or intensive care unit make 
spe~al deiD:ands on technical equipment with respect 
~o s1ze, mamtenance and safety. The C02 Analyzer 
IS compact and silent and has only one cable running 
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with the ventilator tubing. The analysis of carbon 
dioxide within the airway is instant and makes a gas 
withdrawal system unnecessary. This makes the de~ 
vice simple to use, and safety is nor compromised by 
the potential for creiting a subatmospheric pressure 
in the airway. 

The features that eliminate the need for daily 
·calibration were described in some derail to illustrate 
how simple principles can be realized by modern 
electronics. The price of achieving this simplicity is 
limited usefulness in systems with carbon dioxide in 
the inspired gas( and that the Analyzer can only be 
used in conjunction with the Servo 900 ventilator. 

The results show that the measurement of Vco., 
and end~tidal carbon dioxide is sufficiently accuratC 
for research purposes. 

The carbon dioxide measurement was not affected 
by nitrous oxide. The signal representing Vco.,. 
showed similar results in adults with and without 
nitrous oxide. The significant difference in intercept 
should nor be regarded as implying that the CO., 
Anal~er yields a positive carbon dioxide reading a! 
zero Vco 2 values. Thus the relationship between the 
two V COz estimates is non~linear and is not a de~ 
quarely described by the regression equation. It is, 
however, difficult to see why non~lincarity should be 
confined ro the nitrous oxide-oxygen mi\.-rure. In the 
presence of nitrous oxide, the mass spectrometer 
was used in the anaesthetic mode, which made the 
accuracy of carbon dioxide determination less, but 
did not introduce a systematic error. The difference 
in the intercepts should not be overemphasized, for 
in view of the complexity of both methods the extent 
of the agreement was reassuring. 

Estimation of Vo/VT during spontaneous breath~ 
ing is acceptable for clinical use. 

Greater accuracy for Vn/VT would be expected 
during controlled ventilation, because of the smaller 
breath-to-breath variation in tidal volume and carbon 
dioxide content. Apart from Paco~ all the data needed 
for calculation of Vn/VT can be. obtained from the 
carbon dioxide unit itself. For example, mixed expired 
carbon dioxide concentration can be obtained from 
either Vco 2/VE or from carbon dioxide tidal produc~ 
tion/(ineffcctive+ effective tidal volume). 

The most common application of the analysis of 
expired carbon dioxide is control of ventilation to 
maintain suitable end-tidal and arterial Pco., values 
(Collier, 1955; Dahlgren and Symreng, 1974; Pra~ 
kash et al., 1978). However, although useful under 
most circumstances, the use of end-tidal carbon 
dioxide has limitations in the presence of lung disease 
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(Fletcher and Jonson, 1977). The present C02 _A~
lyzer yields information that can reveal subclini_cal 
lung disease (see below), and we are studymg 
how this information can be used to improve the 
usefulness, and to avoid the pitfalls, of end-tidal 
measurements in the control of ventilation. 

A rough guide to ventilatory needs may be ob
tained from a nomogram (Radford, 1955; EngstrOm 
and Herzog, 1959; EngstrOm ct al., 1962). However, 
our experience with the C02 Analyzer suggests that 
large variations in Vco2 and, to a lesser extent, VnjVT, 
are commonplace during surgery. 

'When a standard ventilator setting docs not give 
an acceptable Pac0~, the information from the C02 
Analyzer should be· used in a logical search for the 
reason. The carbon dioxide production may be 
chosen as the starting point. If, n steady state, this 
is greater than expected, the need for ventilation is 
correspondingly increased. Further search should be 
directed towards non-pulmonary factors, such as 
fever, pain, an.'Ciety and shivering. 

In other cases the alveolar ventilation is low. In the 
presence of normal or high total ventilation this im
plies increased deadspace. Total "physiological'' dead
space ventilation can be calculated and the physio
logical de::Ldspace (ml) by division with the frequency. 
Increased VD can result from a high ineffective venti
lation (absolute deadspace) (Bartels et al., 1954). In
creased compressed volumes in the tubings or humi
difier may be caused by increased airway pressures 
or inadequate levels of \Vater in some humidifiers. 
This problem is of course of importance in children 
and especially in infants (Okmian, 1963). The lung 
mechanics calculator 940 (Jonson et al., 1975) (Sie
mcns-Elema AB) gives additional information about 
compliance and resistance, possible causes of an in
creased airway pressure. 

If the reason for dysfunction is still not obvious, 
increased intrapulmonary or alveolar deadspace must 
be present. This can be caused by several factors: 
ventilation-perfusion mismatching, pulmonary embo
lism and venous admixture may all contribute. The 
C02 Analyzer offers some possibilities for further 
analysis. Sequential emptying of lung compartments 
with different ventilation-perfusion relationships 
yields SBT-C02 with a poorly defined, steeply slop
ing alveolar plateau (fig. 7, left). This may be found 
in obstructive lung disease, even when other signs 
are missing. 

Non-sequential phenomena, such as venous ad
mixture or synchronous emptying of lung compart-

ExPired 
C02 (·~,) 

·-- ~~'-('!~~ . .?!~~-- ---- 1- ____ ~:.r ~?~1:1! __ b!??~ _______ _ 

:1~ 
Q.5 05 

Expir('d V<Jiume (l•trd 

FIG. 7. Left: carbon dioxide single breath test from a 73-yr
old man with emphysema. Note the steeply sloping, poorly 
defined alveolar plateau. This is ca.used by sequential 
emptying of lung compartmentS with greatly differing 
carbon dioxide concentrations. The arterial-end-tidal 
difference is indica.tive of alveolar de::t.dspace. Right: 
carbon dioxide single breath test from a 72-yr-old man 
with massive pulmonary emboli. The alveolar plateau is 
cle::t.rly defined and shows marked ca.rdiogcnic oscillations. 
The simultaneous emptying of well-perfused and under
perfused lung compartments ca.uses a large :llveolar dead
space and a large arterial-end-tidal carbon dioxide difference. 
The horizontal plateau suggests the absence of pre-existing 

obstructive lung disease. 

ments with different carbon dioxide contents, yield 
another pattern (:fig. 7, right). This pattern has been 
observed in conjunction with hypovolaemia and pul
monary embolism (non-perfusion of lung compart
ments) and congenital heart disease with variable 
right to left shunts (Prakash et al., 1978). 

The usefulness and limitations of SBT -CO., as a 
diagnostic tool in lung disease remain to be expiored. 

Monitoring of the eleetrocardiogram (c.c.g.) and 
ventilation may continue undisturbed in spite of even 
circulatory arrest. As gas exchange is the immediate 
vital function of both ventilation and circulation, 
monitoring of carbon dioxide elimination or oxygen 
uptake offers a more fundamental guarantee against 
unobserved life-threatening malfunction of vital 
organs. Any sudden severe malfunction depresses 
the carbon dioxide elimination via the lungs (Smal
hout and Kalenda, 1975). Such an observation should 
lead to a systematic search for the reason, starting 
with control of ventilation and the e.c.g. A common 
cause for circulatory depression during thoracic sur
gery in the presence of undisturbed c.c.g. and venti
lation is temporary interference with venous return. 
It is important to be able to recognize such events 
before, for example, hypoxic arrhythmias occur. 
Continuous monitoring of aerobic metabolism prob
ablv offers the best prospects of early discovery of 
malignant hyperthermia. 

Apart from ventilating the lungs in response to end
tidal Pcoz, the control of other routine procedures 
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may be based on information from gas analysis. 
Profound hypothermia during anaesthesia for cardiac 
surgery in infants may be performed with guidance 
from carbon dioxide analysis (Prakash ct al., 1978). 
At e.."<tubation of the trachea it has been found useful 
to check the ability to maintain adequate gas exchange 
during a spontaneous '.."Cntilation test (Prakash cr al., 
1977). The efficiency of ventilation is, in some 
patients, dependent upon the breathing pattern pro
duced by the ventilator; this aspect of the use of 
instant analysis of the gas exchange is largely un
explored. 

Note added in proof: New evidence indicates that 
the balance of gases influences the reading of the 
C02 Analyzer (A. v. Bijnen, Department of Hospital 
Engineering, University Hospital, Leyden, The 
Netherlands, personal communication). Nitrous 
oxide should cause increased, and O> .. "Ygcn decreased 
readings. A 65% nitrous oxidc:35% oxygen mixture 
-should result in carbon dioxide values that arc 
slightly too great. Although the comparison between 
different mi.-,::turcs of gases presented in the article 
docs not show significant differences in slopes, a 
trend towards higher readings in the presence of 
nitrous oxide can be observed. The error is not re~ 
lated to absorbtion of infra-red radiation of nitrous 
oxide, but rather to intermolecular interaction be
tween gases. Its nature and magnitude require further 
studies. 
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ETUDES CLINIQUES SUR L'ECHANGE DE GAZ 
PENDANT L'USAGE D'UN SYSTEME 

VENTILATOIRE D'APPOINT-METHODE BASEE 
SUR L'ANALYSEUR DE C0 2 SIEMENS-ELEMA 

(SIEMENS-ELEMA C0 2 ANALY2ER) 

RESUME 

Nous dCcrivons dans cet article un nouvel analyseur portatif 
a infr::trouges que l'on utilise avec le Servoventilateur 
Siemens-Elema. La t2l:e du systbne sensible est en forme 
d'Y; elle relic le patient au tuyau du ventilateur et permet 
de dCterminer instant::tni:ment la quantitC de gaz carbonique. 
Cet appareil est basi: sur des principes simples qui peuvent 
~tre r~-alisCs griicc aux techniques mcdernes. II permet par 
exemple d'Cviter toute interference de la part des gaz anes
th~-siants et Climine la ni:cessiti: de proc6der a des 6talon
nages. Toute concentration de gaz carbonique inspir6, d'Wle 
valeur autre que z6ro, gCne les mesures. L'intCgration du 
signal gaz carbonique dans le signal du dCbit emanant du 
Scrvoventilatcur permet d'obtenir des donnees sur !'excre
tion de gaz carbonique, et en faisant quelques calculs com
pl6mentaires on peut obtenir la VD/VT, lorsqu'on connait 
la Paco,· On a trouvC que Ia pr6cision de Ia determination 
du gaz carbonique en fin d'expiration ainsi que celle de 
l'i!limin:ltion du ga.z carbonique eraient adl:quates pour les 
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besoins de l:l recherche, et qu'il en Ctait de mCmc pour la 
VnfVT du point de vue clinique. Cet appareil est consi
dCrC comme ayant son utilitC dans lcs sallcs d'opCrations 
et lcs sallcs de soins intensifs, pour la surveillance gCnCrale, 
pour la dCtcrmination des impCratifs vcntilatoires, et pour 
faire des recherches sur l'imponance et les causes de 
l'augmcntation de l'espace mort. 

KLINISCHE STUDIEN DES GASAUSTAUSCHES 
BEl KilNSTLICHER BELDFTUNG-EINE 

METHODE MIT VERWENDUNG DES 
SIEMENS-ELEMA CO~ ANALYZER 

ZUSAMMENFASSUNG 

Wir beschrcibcn cincn ncucn, transportablen Infrarot-Ana
lysator zur Benutzung mit dcm Siemcns-Eiema-Servo
vcnrilator. Dcr Scnsorkopf stellt ein Y-fl>rmiges StUck dar, 
das den Patient en an den V entil:nor :mschliesst, und sofor
tige Kohlcndioxydbestimmung ermi:>glicht. Es bcruht auf 
einfachcn Prinzipien, die durch modemc Mcthodcn re:J.
lisicrt werden k6nnen, und bietet z.B. Freiheit von St6rung 
durch Aniisthesiegase, und climinicrt die Notwendigkeit 
einer Kalibricrung. Ein Vorlundensein von angcsaugten 
Kohlcndioxydkonzentrationcn beeintri.chtigt die Mcss
ungcn. Integrierung des CO~-Sig.1als mit dem Durchfluss
sigr.al vom Servovcntila.tor ergibt Daten i.i.ber CO~-Aus
scheidung, und zusiitzliche Bcrechnungen ergeben Vn/VT, 
wenn Paco bckannt ist. Die Genauigkeit der Endaus
aor.ung vorl. Kohlcndioxyd und von dcsscn Ausschcidung 
hat sich a.ls ausreichcnd fUr Forschungszwecke erwicsen, 
und die Gena.uigkeit von Vo/VT fiir klinische Zwecke. 
Das Gerii:: ist wcrtvoll in Operationssaa.l und Imensiv
station-fiir 'Oberwachung, fiir cine Richtlinie der Bcli.i.ft
ungserfordemisse und fiir die Untersuchung von Gr6sse 
und Ursachen vergrOsserten Totraums. 

ESTUDIOS CLINICOS DEL INTERCA..I'v\BIO 
DE GASES DURANTE APOYO 

VENTILATORIO-UN METODO EN QUE SE 
USA UN SIEMENS-ELEM..<\ CO~ ANALYZER 

SUMARIO 

Describernos un nuevo analizador infra-rojo porcitil para 
uso con el ventilador Siemens-Elema. La C:lbcza detcctora 
constituye una pieza en Y que conecta al pacicnrc con la 
tubcria del ventilador y arroja una dctcrminaci6n instant:inea 
del di6xido de C:lrbono. Se basa en principios sencillos que 
se puedcn poner en pcictica con tCcnicas modernas que 
ofrecen por ejemplo una indcpendencia con respecto a los 
gases anestCticos y climinan Ia neccsidad de calibraci6n. 
Una concentraci6n de di6xido de carbone inspirado sin cero 
interficre con las mcdiciones. La integraci6n de Ia seii.al de 
di6xido de carbone con la seii.al del flujo del Servo
vcntilador a.rroia datos sobre la excreei6n de di6xido de 
carbone y un cilculo adicional suministra el Vo/VT si se 
conoce el Pac0,- La exactitud de la determinaciOn del 
di6xido de carbone respiratorio-terminal y de la elim.inaci6n 
del di6xido de carbone se eonsider6 adecuada con respecto a 
los fines de Ia investipci6n y la del VD/VTpara fines clinicos. 
Se eonsidera que el aparato es v:ilioso en la sala de operaci6n 
y en el servicio de cuidados intensives, para cl control asi 
como para guia rcspecto de las necesidades vcntilatorias, al 
igual que para Ia investigaci6n de la magnitud y de las causas 
del crecicnte espacio muerto. 
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CHAPTER 5 

The role of controlled ventilation in 
cardiac surgery 

5.1. Introduction and background 
Controlled ventilation after cardi~c surgery1

-
9 is routine in most centres. The 

rationale is that extra work of breathing should not be imposed on a patient 
with a limited cardiac reserve. 

On the other hand. controlled ventilation involves risks and disadvantages 
such as pulmonary infection. life-threatening aimay obstruction, discomfort, 
and the need for heavy sedation. In the last few years. therefore. there has 
been a trend towards shorter periods of controlled ventilation following 
cardiac surgery. 10 Moreover, recent progress in both surgical and anaesthetic 
techniques has rendered long-term post-surgical ventilation much less of a 
necessity than previously. 

The object of the study was to identify patients who could safely be 
extubated shortly after cardiac surgery11 Extubation of the trachea was 
defined as "early" if it were done within 3 hours after chest closure. For 
reasons outlined above, we wanted to employ early extubation on as many 
patients as possible. A total of 142 consecutive adult patients were studied. 

5.2. Review of previous work 
In the fit individual at rest. the cost of respiratory work represents some I to 

3% of the total oxygen consumption. 12
'
17 However. the work of breathing in a 

patient suffering from respiratory and/or circulatory difficulties often repre
sents a heavy extra burden, which is liable to become an acute problem in the 
period immediately after cardiac surgery. In such patients. the oxygen cost of 
spontaneous respiration may be equivalent to an increase in total oxygen 
consumption of as much as 36%. 18 Controlling the respiration may thus result 
in a useful reduction in oxygen consumption, as shown by Holmdahl. 19 Bjork 
et al.,20 Thung et al.. 3 Gerbode et al., 15 and Clowes et al. 21 Grenvik,22 for 
example, observed an 8-20% increase in oxygen consumption after resump
tion of spontaneous respiration at the end of 24 hours of post-operative 
controlled ventilation. 

In a study of patients undergoing open-heart surgery.23 significant post
operative changes from pre-operative levels were found in compliance and gas 
exchange values. In 41 open-heart surgery patients with total cardiopulmonary 
bypass. the compliance was shown to be decreased for up to six months post
operatively. The oxygen uptake was also significantly altered in the post-
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operative period with an increase from pre-operative levels of 159 ml. 
min·'.m-2 to 176 ml. min'1.m'2 on the first post-operative day. A negative 
correlation was found between compliance and oxygen uptake; i.e. a decrease 
in compliance was associated with an increase in oxygen consumption. Thung 
and Norlander4 demonstrated an increase of 32% in oxygen consumption 
measured in patients in the period immediately after open-heart surgery with 
intermittent positive pressure ventilation. 

The mechanical work of breathing has been experimentally estimated in 
dogs by Shimizu and Lewis25 and in patients undergoing thoracic and abdomi
nal surgery, by a number of authors. starting as long ago as 1955.26-34 Karlson et 
al. 35 analysed the work of breathing in 22 thoracic patients as part of their study 
of pulmonary mechanics. They found that patients who had increased work of 
breathing pre-operatively were much more likely to develop post-operative 
pulmonary complications, following a decrease in pulmonary compliance and 
an increase in non~elastic resistance during the course of the operation. Lewis 
and Welch36 have made similar observations, and they applied an on-line 
digital computer technique to the evaluation of their results;37 in a study of 56 
patients post-operatively, they found a regular trend of a decreasing com
pliance, a falling arterial oxygen saturation, and the development of a 
metabolic acidosis. By contrast, Norlander et al.,38 from analogue computer 
measurements of respiratory mechanics, did not demonstrate any changes in 
compliance and resistance. 

Austen et al 39 .4° have pointed out the frequent occurrence post-operatively 
of such problems as congestive cardiac failure and pulmonary complications, 
which are hard to distinguish between in their clinical presentations. Iribarren 
and Ekestr6m41 demonstrated respiratory insufficiency as the cause of death in 
15 out of 119 fatal cases in a series of 507 open-heart operations during the 
years 1957 to 1962. Provan, Austen, and Scannell42 demonstrated an incidence 
of 19.8% severe respiratory complications after open-heart surgery. 

Osborn, 43 when describing the phenomenon of respiratory insufficiency 
following open-heart surgery, noted that patients in whom this was seen during 
the post-operative period had normal cardiac outputs but greatly increased 
ventilation, increased alveolar-arterial gradients, and cyanosis. One possible 
explanation for these findings may be a reduction in the diffusion capacity of 
the alveolar membrane. Several authors have described a diminished pulmo
nary diffusion capacity following artificial perfusion.44-46 Another possible 
explanation which has been put forward is that arterio-venous shunting takes 
place past atelectatic alveoli. If part of the pulmonary blood is shunted past an 
atelectatic alveolus. that part of the blood receives no oxygen and when a 
significant fraction of all alveoli is atelectatic in this way, then even hyperventi-
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lation or administration of an increased oxygen percentage will not prevent 
hypoxaemia. 

In this connection. Gardner et alY have described an increase in surface 
tension of alveolar lining material following anoxia or artificial lung perfusion 
with a fall in the concentration of specific surface-active agent. They have been 
able to associate .this with pathological function studies suggesting diffuse 
atelectasis. In these situations, therapy must be directed towards positive 
pressure ventilation with continuous positive airway pressure, so as to main
tain the patency of as many alveoli as possible throughout the respiratory 
cycle. 

As was pointed out in the introduction to chapter 3, the object of this study 
was to develop a reliable monitoring system which would permit identification 
and post-operative treatment of these patients at risk. Before and during 
cardiac surgery, all patients had their pulmonary functions closely monitored. 
using the framework of the Methodological Platform, and any deterioration 
was quantified in such a way as to categorize the patient as being very likely, 
less likely or unlikely to require post-operative ventilatory support. 

In the immediate post-operative period, and at frequent intervals thereafter, 
the patient's respiratory and circulatory performance was reassessed with 
reference to a series of criteria; depending on which criteria were fulfilled. and 
what the patient's pre- and intra-operative pulmonary performance had been, 
decisions were made regarding discontinuation or recommencement of venti
lation, and extubation or re-intubation. Based on this concept, a paper with 
summary of the results and conclusions of this investigation will now be 
presented. 
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Of 142 adult patients under~oin~ open~heart 
sur~ery. 123 were extubated either in the oper~ 
!Ltin~ room or within 3 hours after admission 
to the reeovery room. to avoid the discomfort 
and risks of prolonged mechanical ventilation. 
The remainin~ 19 patients, who had impaired 
cardiac function. were mechanically ventilated 
for 1 to 7 days postoperatively. The most im~ 
portant criteria for cardiopulmonary malfunc~ 
tion indicatin).!" the need for continued mechani~ 
cal ventilation were a low mixed venous 0~ 
saturation (SVo~) of <60% and a hi~h left 
atrial pressure (>20 torr). Of the 123 patients. 

BENEFICIAL effects of prolonged mechani~ 
cal ventilation after cardiac surgery 

have been well documented. 1-:' The undesir~ 
able effects of mechanical ventilation are 
risks of pulmonary infection, life-threaten~ 

ing airway obstruction, discomfort, and the 
need for heavy sedation. Recent progress in 
surgery and anesthesia merits a reevaluation 
of the need for postoperative mechanical 
ventilation. 

*&nior Ann<"sthetist, Department of Anesthesiolog'Y. 

118 had an uneventful postoperative recovery 
and 5 needed reintubation. 2 because of low SVo~ 
and 3 because of complications unrelated to 
respiratory mana~ement. 
Most adult patients can spontaneously breathe 
adequately immediately after or within 3 hours 
of completed open~heart sur).!"ery. but a thor~ 

Ou).!"h physiolo!:ic and clinical evaluation should 
precede extubation. to identify those who need 
prolon~ed mechanical ventilation in the post~ 
operati,•e phase. Criteria for selection of pa~ 
ti<'nts for early extubation are presented. 

The purpose of the present study was to 
test whether a set of physiologic data de~ 
scribing postoperative heart and lung func~ 
tion allows proper identification of patients 
in need of continued mechanical ventilation. 
The goal was to extubate as many patients 
as feasible in the operating room or within 
3 hours after chest closure. This was defined 
as early extubation. The criteria for or 
against early extubation were established on 
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TABLE 1 
Operotions. Performed 

Su~ce.,lul 
ooely 

Totol .,~tub<>tlon 

Aortic valve replacement 21 20 

Mitral valve replacement 26 18 

Aortic :~.nd mitral valve 
replacement 3 2 

Mitral valve replacement and 
saphenous vein coronary bypass 3 2 

Saphenous vein coronary 
bypass. on average 2.2 ,;rafts 
per patient 62 56 

Resedion of ventricular 
aneurysm 5 4 

Acute infarction--dosure of 
septum perforation. In 3 
cases also resection of 
ventricular aneurysm 6 3 

Closure of atrial septum 
defect of secundum type 10 9 

Total correction of tetralo)zy 
of Fallot 3 1 

Outflow patch for pulmonary 
stenosis 1 1 

Resection of idiopathic 
hypertrophic subvalvular 
aortic stenosis 1 1 

Resection of myxoma in 
left atrium 1 1 

Total 142 118 

the basis of prior experience and tested in 
1>12 consecutive adult patients. 

MA1£RIAL AND METHODS 
Patients studied-104 men and 38 women 

~--averaged 48 years (range 14 to 68) in ag:e. 
The operations performed are listed in ta
ble 1. 

Anesthetic Technic.-Night sedation was 
with 100 mg of butobarbital and 5 mg of 
nitrazepam. * Premedication included pa
paverine ( 10 to 15 mg), haloperidol (2 to 5 
mg). and atropine (0.25 mg) IM. Prior to 
induction. arterial, venous, and pulmonary 
artery catheters (Swan-Ganz 6 For ''Grand
jean'' 4 F) were introduced. Orotracheal 
intubation ( 9 lT'm ID for males and 8.5 nun 
for females) was performed after induction 
with fentanyl ( 0.2 to 0.4 mg), pancuronium 

*Mogadon~. a bcn7.odim:epine derivative not eom• 
merciaily available in the U.S.A.-Ed. 
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bromide ( 6 to 8 mg) , and thiopentone (50 
to !50 mg) IV. 

Anesthesia was maintained with fentanyl, 
pancuronium bromide,.. and 60 percent N:!O 
in 0:!- No other inhalational agent was used. 
When arterial systolic pressure (Pa"Y"t) was 
over 180 torr, 1 to 2 mg chlorpromazine was 
given IV. The perfusate was whole blood 
and Haemaccel~ (Hoechst) given at a tem
perature of 25 to 37° C by bubble oxygena
tor'~ in a proportion resulting in a hemato
crit of 30 percent, during extracorporeal 
circulation. The flow was 1.8 to 2.6 L/m:!., 
depending on body temperature, SVo:!. and 
arterial pressure. Blood loss was estimated 
by swab weight, from suction bottles, and 
the residual volume left in the heart-lung 
machine. Blood was administered via a 
Swank transfusion filter. A chest x-ray film 
was obtained before leaving the operating 
room. 

METHODS 
The Servoventilator"f has transducers for 

airway pressure and flow. and monitors air
way pressure and expired minute ventila
tion. It can be set to allow the patient to 
breathe spontaneously through the ventila
tor, which then supplies gas at atmospheric 
pressure. As the transducers within the ven
tilator are working, the apparatus can still 
be used as a diagnostic tool. 

A calculating unit11 receives signals for 
flow, pressure, timing, and power from the 
Servoventilator 900B. It monitors 12 vari
ables, simultaneously displaying 2 at a time, 
such as respiratory resistance and compli-

-~"Optiflow, Galen Laboratories, Inc., Denver, Colo
rado. 

"!'Model 900B (Siemens Elema).10 

FIGURE. Sensor of the CO, unit. Windows in the 
Y -piece COnn('('ting the patient to the ventilator 
transmit impulses of narrow-band infrared light. 
Light-absorption di££erence between inspired and 
expired gas gives a signal proportional to co~ con
centration: signaling the CO, unit to allow automatic 
calculntion o£ "'co"~ 
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ance. A C02 nnit in a prototype configura
tion measures the instantaneous CO.. con
tent of the gas at the airway opening (fig
ure). The 100 percent response time is 6 
msec. Measurement is not influenced by 
humidity or anesthetic gases. The co:! unit 
displays 6 parameters, including end-tidal 
co:! concentration and co;! production 
(Vco2 ). A paramagnetic 0 2 analyzer'1 or 
a mass-spectrometer"f continuously measures 
the 0:.! difference between inspired and 
mixed expired gas, from which 0 2 consump.. 
tion (Vo2 ) is calculated. 

Pressure was measured in an artery, left 
atrium CPLA), right atrium (PnA), and in 
the pulmonary artery via fluid-filled cath
eters, also used for blood sampling. Arterial 
0 2 saturation ( Sao2 ) and SVo2 were inter
mittently determined with a Hemorefiectort. 
Arterial data for pH, Pao ... , and Paco .. were 
measured at 37° C with a-Radiometer ABL 
1. Cardiac output ( Qt) was calculated by 
the Fick principle, dead space from the Bohr 
equation, and alveolar ventilation (VA) 
from the Vco2 and alveolar fraction of CO ... 
The pulmonary venous admixture (Qs/Qt) 
was calculated from the Q., content of arte
rial and mixed venous blOOd. The tempera
ture on the skin of the big toe CTt) was 
measured by thermocouples§ covered by 
loose gauze wrappings. In the postoperative 
care unit a previously described intensive
care computer monitoring (ICPM) system1:! 

allowed record-keeping over 24 hours of car
diac rhythm. various intravascular pres
sures, and the signals from the calculating 
and co:! units. 

Selection of Patients for Early Extuba
tion.-Patients were maintained on mechan
ical ventilation for reasons given in table 2. 
Clinical indications included factors such 
as severe arrhythmia, poor lung mechanics 
(low compliance or high resistance) , bleed
ing, hypovolemia, obesity, and preexisting 
lung disease. If none of the reasons for con
tinued mechanical ventilation was present, 
the ventilator mode was switched to spon
taneous breathing. If the patient maintained 
adequate ventilation with a stable end-tidal 
co:! of less than 5.5 percent and still did not 
meet any criterion of table 2, he was ex
tubated. This is called the spontaneous ven
tilation test, SVT. 

*Taylor Servomex, Crowborou,:.:-h, Sussex. England. 
i"Perkin Elemer. Pomona, Caliromiv.. 

:):American Optical Company, Bedford. M(l..">-~<"hu
setts. 

*Ellab, Copenha,t:en. Dennw.rk. 

TABLE 2 
Criterio for Continued Mechonicol 

Venti lotion 
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Criteria 1-7 were first checked during mechani
cal ventilation with 409'c o~ inN •• If no indica
tion for continued ventilation was observed a 
second check was made during the spontane~us 
ventilation test (criterion 8). 

1. Pa.y.t < 80 torr 

2. Pr... > 20 torr 
3. sVo) <6U% 
4. Sao~ 

5. Paco~ 

6. Tt 

<90% 
>55 torr 

<30" c 
7. Clinical evaluation indicating continued 

artificial ventilation 

8. Inadequate spontaneous ventilation (un
stable ventilation or end-tidal co" 
> 5.5%) 

RESULTS 
Nineteen patients could not be extubated 

early (table 3). In most patients, several 
reasons coexisted for continued mechanical 
ventilation; of these, the most frequent were 
a low SVo::! (14 cases) and a high PLA (8 
cases). Sixteen were extubated the next 
morning, and 2 after 36 hours, when they 
met the criteria in table 2 and passed the 
SVT. One Fallot patient died of hemorrhage 
after 7 days on mechanical ventilation. All 
others in this high-risk group recovered, 
although in a few cases after a stormy 
course. 

Early extubation was considered feasible 
in 123 patients, most of these in the operat
ing room within 1 hour after operation. Of 
these, 5 had to be reintubated. Two of those 
5 had an SVo2 of only about 50 percent be
fore and during the SVT. Because of labora
tory delay, this was not known and these 2 
patients were extubated contrary to our 

TABLE 3 
Condition of Pctients Not Amencble 

to Eorly Extubotion 
(n ~ 19) 

Coronary artery disease (graft) 

Mitral valve replacement 

Fallot's tetralogy 

Repair of ASD 

Aortic valve replacement 

8 

6 

3 

1 

1 
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protocol. One patient with mitral valve re~ 
placement was reintubated within 1 hour, 
as he wa~ in obvious distress. After a further 
14 hours on the ventilator, he had a smooth 
recovery. The other, a S::S~year-old man with 
interventricular septwn perforation after 
myocardial infarction, was brought to the 
operating room after 25 days of circulatory 
assistance by intra-aortic balloon pumping. 
Four days later he died in arrhythmia. In 
the remaining 3 "failures" there was no in
dication for continued ventilation at the 
time of extubation. All 3 had mitral valve 
replacements. Serious problems included 
bleeding in 2 patients and myocardial in
farction in 1 patient. Drastic action had to 
be taken consisting of reintubation, reopera
tion, defibrillation. intra-aortic balloon 
pumping. and treatment of allergic shock. 
These 3 patients recovered. 

The respiratory and circulatory status of 
all patients was carefully followed, especial~ 
ly for the first 36 postoperative hours. There 
were no problems in maintaining Pao2 at 
sufficient levels. PaCOz was generally ade~ 
quate (table 4). However, 17 of llS extu~ 
bated patients had a Paco2 of 50 to 60 torr 
after 1 hour in the postoperative unit. After 
36 hours, only 1 patient still had a Paco2 
>50 torr. Changes in arterial pH generally 

reflected changes in. Paco2• The circulatory 
status of successfully extubated and ven~ 
tilated patients reflected by such parameters 
as SYo::: and P u were in general satisfactory 
(table 4). The peripheral circulation judged 
~m T 1 rapidly improved during the first 
few hours. In the .. failures," the 8Vo2 was 
insufficient. as was the peripheral circula~ 
tion. As Pr,A was high (table 4). left ven~ 
tricular failure was the most likely mecha~ 
nism in these cases. 

Extensive physiologic studies were per~ 
fanned in 27 patients. They were studied on 
mechanical ventilation, :first after induction 
of anesthesia prior to surgery. then 1 to 3 
hours after chest closure while still under 
.anesthesia. A third study was perfonned 
after 30 minutes of spontaneous breathing 
when the patients were awake and respon~ 
sive. All measurements were done with the 
patients breathing 40 percent 0 2 in N 2• 

During postoperative mechanical ventila~ 
tion, Vo2 was increased by 29 percent com~ 
pared to preoperatively. and during SVT it 
increased further by 19 percent. It is not 
known how much of this increase in metab~ 
olism is caused by the work of breathing. 
Part of the increase must be due to the 
withdrawal of anesthesia and increasing 

TABLE 4 
Hemodynamic and Blood·Gas Data During First 36 Hours in Recovery Unit 

Eorly <>xtul>otion: Eorly <>><tubotion' 
V...,tllo!<>d ,ubi<'cl< •ucc .. ,.fvl CO<<>< foilvr.,, 

(n = 19) {n- 1181 {n- S) 

P<:rlod M<>on " Meon " ·~' " 
Paco, .. torr A 3S ::t 5 -14 ::t 6 43 ::t 7 

B 34::!:: 4 42::!:: s 33 ::t 3 

c 39 ± 6 42 ± s 35 ± 7 

D 41 ± s 41 ± 5 39±4 

A 65 ± 10 70:::!: 7 61 ± 8 

B 67:::!: 8 73:::!: 7 59± 9 

c G9:::!: 7 GS ± 6 60:::!: 9 

D G4 ::t 9 GG ± 7 60 ± 6 

P,.~. torr A 11 ± 3 11 ± s 17 ± 8 

B 9±2 9:::!:4 12 ± 2 

c 11 = s 9:::!:4 1.'5 ± 1 
D 9±3 9±4 14 ± 4 

T,, "(: A 27:::!: 4 26 ± 3 2-1 ± 2 

B :32 ± 4 34 ± 4 29:::!: 7 

c 3!i::!:: 3 :~5 ± 3 2.! ± 1 

Pe1·iods: A: 1 hour after transfer to recover:,.· unit; B: operative day evenin~; C: mo1'nin~ of 
postoperative day 1: D: evenin~ of·postopel'ative day 1. 
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stress. That there was no postoperative re
duction in SVo .. reflects an increase in car
di.."'.c index in Proportion to Vo:.:. Cardiac 
function therefore appeared adequate for 
postoperative requirements, a conclusion 
supported by the smooth postoperative 
course. 

Variables related to the efficiency of the 
pulmonary gas exchange (VII/VT, Qs/Qt, 
V.\/Qt) were either unchanged or showed 
only small differenCes. Pao., was thus ade
quate. The total complianci of the respira-. 
tory system fell by about 26 percent. The 
peak pressure in the airway increased partly 
because of the lower compliance and partly 
because of the higher ventilation needed at 
the higher Vco:.:. A slight increase in expira
tory resistance was also observed. These 
changes of lung function with respect to 
mechanics and gas exchange occurring dur
ing the surgical procedure thus appear quite 
moderate. 

The data from the extensive studies in 2 
"failures" differed from those of successfully 
managed patients only in postoperative in
dices related to cardiac output. Thus, SVo:! 
was only about 50 percent and postoperative 
cardiac index was below 2.7 L/min-1 /m:! in 
those cases. The poor cardiac function also 
showed up in terms of high ventilation:per
fusion ratios. Nevertheless. these patients 
had adequate values for respiratory param
eters such as V 11/V T• compliance, and re
sistance. 

DISCUSSION 
Routine use of prolonged mechanical ven

tilation after open-heart surgery is based on 
the concept that the work of breathing 
should be eliminated. HI A trend to cut the 
period of mechanical ventilation short has, 
however, been observed during the last few 
years. w Sykes and coworkersH have shown 
that spontaneous ventilation may be re
sumed as soon as the patient is conscious 
and can maintain adequate blood ga..:;es. We 
found that 123/142 adult patients could 
breathe unassisted within 3 hours after in
tracardiac surgery. 

Most patients in the present study were 
extubated after the spontaneous ventilation 
test immediately after skin closure. On the 
average, the successfully extubated patients 
st.."l.yed only 1.5 days in the postoperative 
unit, and none had infections or pulmonary 
complications. Oxygenation was adequate 
with 40 percent 0:.: administration. Several 
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patients developed some CO .. retention dur
ing the first 24 postoperative hours; however, 
transient values of Paco:! up to 60 torr were 
in no case associated with clinical complica
tions and should not require such drastic 
action as reintubation. 

The circulatory status reflected by param
eters such as Pr.A· Pa,~·m and SVo:: could 
generally be cOntrolled by routine measures, 
in particular the maintenance of an ade
quate blood volume, and sometimes the use 
of cardiotropic drugs such as isoproterenol. 
Provided the levels of hemoglobin concen
tration and Sao:! are adequate, a decreased 
SVo:.: reflects a cardiac output that is low in 
relation to 0:: demand. 1:; 

Pa,_,·~t· P 1.,\, and SYo:: together give a pic
ture of circulation that has prognostic value 
for survival after myocardial infarction.1 '; 

Our study indicates that these variables ::tre 
of similar value also after open-heart sur
gery. In fact, a low SVo.~ and a high Pu 
were the most frequent reasons for contin
ued mechanical ventilation in our series of 
patients. 

Abnormal Pao .. and Paco .. were included 
a~ indications for-prolonged mechanical ven
tilation as a safeguard against the danger 
of impaired gas exchange. The patients in 
thi..<> series had few problems concerning gas 
exchange, despite considerable preoperative 
lung pathology in many cases. Inadequate 
lung mechanics can be analyzed in terms of 
compliance and resistance.'' 

On the basis of the present experience, it 
is not believed possible to establish fixed 
criteria for resistance values that would pro
vide an indication for continued ventilation. 
However, peak airway pressure >25 em 
H;~O does suggest caution. This value must 
be judged with regard to the ventilatory pat
tern (square inspiratory flow, 14 to 16 
breaths/min, minute ventilation adjusted to 
yield an end-tidal CO:: of about 5%). SVT 
is of course also important as a guide to 
when a patient in good general condition 
can be extubated. 

The value of physiologic measurements is 
further emphasized by the important role 
of SVo ... which should have led to continued 
ventilaHtion in 2 ''failures." There was no 
clinical or physiologic reasons to expect 
complications in the other 3 "failures." 
There was no obvious causal relationship 
between early extubation and postoperative 
bleeding and infarction. In those 3 patients, 
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careful monitoring of cardiac function and 
prompt intervention nndoubtedly prevented 
a catastrophe. 

The data from our studies allow evalua
tions of heart and lung functions that Iml'¥ 
be of value in many ways. However, :more 
easily available and less specific indices of 
defective function, such as low SVo:!, appear 
adequate indices for continued mechanical 
ventilation. Postoperative toe temperatures 
were similar in all groups (table 4) . A T t 
which did not increase to above 32° C with
in a few hours after operation· was always 
associated with a low SVo!!, as illustrated by 
the outcome in the "failures" (table 4). 
Simple means of judging the circulatory sta
tus, as by peripheral skin temperature, merit 
closer studies. 

Hilberman's study17 statistically analyzed 
many physiologic and clinical observations 
to find factors that coexisted with successful 
early weaning. Their results suggest that 
forced expiratory tests might be used to 
predict the outcome of extubation. Such a 
hypothesis should be tested on a second 
group of patients, before it can be recom
mended for clinical application. The pres
ent study and that of Beach and colleagues11l 

indicate that measures describing the status 
of the heart are important selection criteria 
for early extubation, whereas Hilberman's 
report!' suggests that data describing the 
patient's ability to perform forced ventila
tory maneuvers are more important. These 
different approaches may explain the differ
ence in results. 

Our extensive physiologic data show that 
heart and lung function are remarkably well 
preserved in open-heart surgery patients, 
suggesting that, in light of today's advanced 
cardiac-surgery and anesthesiologic technics, 
the great majority of such patients can 
safely be extubated promptly. 
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5.4. Discussion 
Hilberman et al. 48 statistically analysed a wide range of physiological and 

clinical observations to try to find factors which pointed to a successful outcome 
of early weaning from mechanical ventilation in his cardiac surgery patients. 
They compared the values of pre-operative and post-operative cardiopulmon
ary function tests, and found that the parameters ''Vital Capacity versus 
Weight"', "Maximum Expiratory Force''. and "Maximum Voluntary Ventila
tion versus Minute Volume". most accurately predicted the outcome of 
weaning. In particular, the patient's performance in the "Maximum Expira
tory Force" test was thought to be very useful in predicting the outcome of 
extubation. Based on this work, they devised a protocol similar to the one 
described in the present study for weaning cardiac surgery patients from 
controlled ventilation; a similar paper by Peters et al. 49 also laid down criteria 
and a protocol for weaning these patients. 

A difference between the studies of the two authors just mentioned, and of 
Beach eta!. 5° and the one undertaken at the Thorax Centre. is that in their 
studies, apart from pre-operative assessment. the monitoring of lung and heart 
function commenced at the end of the surgical procedure. i.e. after the patient 
had returned to the intensive care unit. In addition. their data emphasize much 
more the patient's ability to perform certain ventilatory manoeuvres. By 
contrast, our approach and that of Beach et al. is to initiate intensive care and 
monitoring at the very beginning of anaesthesia. prior to surgical intervention. 
and then to continue throughout the surgical procedure and straight on into 
the immediate post-operative phase. 

Hilberman and Peters also differ from us in that they leave their patients for 
the first 24 post-operative hours on full ventilatory support. After this. they use 
their criteria to decide on the correct timing for the replacement of controlled 
ventilation by spontaneous breathing and for extubation. 

In a more recent paper. Peters et al 49 reported a further study on 49 adult 
cardiac surgery patients. where they showed that a combination of the 
parameters "Maximum Mid-Expiratory Flow" and "Maximum Expiratory 
Pressure'' predicted correctly success or failure to wean within 24 hours in 90% 
of the instances. On the basis of these tests, these workers suggested that 
patients predicted to succeed should be weaned from ventilator support 
immediately on recovery from anaesthesia. 

5.5. Summary 
It is a widespread assumption that long-term tracheal intubation and 

ventilation of cardiac patients after surgery is in part responsible for the 
improved post-operative care achieved during the past 10 years. 

However. this approach also carries some negative aspects. which have 
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often been ignored. Large doses of depressant drugs may be necessary to 
alleviate patient discomfort and to facilitate ventilatory control. Furthermore, 
prolonged intubation predisposes to pulmonary infection through contamina
tion of equipment as well as via the attending staff, and may interfere with 
normal tracheal clearance mechanisms by disturbing ciliary movements and 
the cough mechanism. In fact. obstruction ofthe endotracheal tube or bronchi 
may become life-threatening, a complication particularly feared in infants and 
children. Thus the clinician, caught between the Scylla and Charybdis of this 
dilemma, is often perplexed as to when the appropriate time has come for 
discontinuing controlled ventilation and extubating the patient. 

The feasibility of early extubation in adults is proven by the rate of successful 
extubation, which in our series is higher than in that previously mentioned 49 

This can also be concluded from our extensive physiological data which show 
that the cardiac function after surgery in these successfully extubated patients 
was adequate and the pulmonary function sufficiently well preserved. Indeed. 
at the time of writing. over 2000 adult open-heart surgery patients have been 
subjected to the spontaneous ventilation test while connected to the Servo 900 
B ventilator in the spontaneous respiration mode. Using this facility, together 
with more conventional data for the appraisal of ventilation and circulation, 
we continue to see a rate of between 83% and 85% of patients who require no 
ventilatory support at all and who can be extubated uneventfully on the 
operating table. These results illustrate the progress that has taken place in 
thoracic surgery both with respect to the surgical procedure itself and the 
accompanying anaesthesia and intensive care. 

In conclusion, it is recommended that early extubation be carried out in 
most patients, provided a thorough physiological analysis of cardiopulmonary 
function, a clinical evaluation, and the results of spontaneous ventilation 
testing, are consistent with this course of action. 
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CHAPTER 6 

Ventilation, metabolism, and acid-base 
balance in profound hypothermia 

6.1. Introduction and background 
The concept of hypothermia as a means of reducing the metabolic rate has 

been known for many years. ~s long ago as 1798, Currie of Liverpool 
described the treatment of a patient with a high fever by immersion in cold 
water, 1 while the loss of activity of peripheral nerves at very low temperatures 
was made use of in the Napoleonic Wars in order to perform painless 
amputations of refrigerated limbs. This latter approach has been more 
recently revived by Allen in 19382 

In 1950, Bigelow et al.,3 and in 1951, Boerema eta!.," presented brilliant 
pioneering papers on the use of hypothermia for intrathoracic surgery. They 
realized that if body metabolism- especially cerebral and cardiac metabolism 
- could be sufficiently diminished by lowering the body temperature, the 
circulation could be arrested for a considerable period of time without 
producing any permanent damaging sequelae. The reason for this is that if the 
metabolism is decreased to, e.g., 10% of normal. then the oxygen demand of 
that organ is also reduced to around 10% of normal; it will therefore take much 
more time than in the normal state to become hypoxic following circulatory 
arrest. 

Since then. profound hypothermia has increasingly been applied in surgery. 
especially in the repair of congenital cardiac defects in infants. In the tech
niques generally used nowadays, the body temperature is lowered to around 
16°C, and the circulation is then arrested in order to allow up to 90 minutes of 
intracardiac surgery in a quiet bloodless surgical field. 

However. it is not properly understood how the body utilizes oxygen and 
maintains the interior milieu during profound hypothermia. Because of this, 
there is much controversy regarding the optimal ventilation and pH control in 
these patients during the cooling and re-warming phases. With the availability 
of comprehensive monitoring equipment such as that contained in the 
Methodological Platform, it became feasible to study in detail some physiolog
ical features (metabolic, respiratory and circulatory) which are occurring 
throughout the period of disturbed body temperature produced for intracar
diac surgery. 

6.2. Acid-base balance during hypothermia 
In 1934. Sir Joseph Barcroft5 wrote that in all vertebrates there appears to be 

a direct relationship between the acid-base balance and body temperature. 
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Thus, despite the fact that cellular life processes might be expected to produce 
large unpredictable swings in hydrogen ion concentration~ in fact this parame
ter remains remarkably constant "within narrow limits in man and other 
mammals". It is generally accepted that the pH in man approximates a value of 
7.4. 

But what is the significance of a pH value at different temperatures? Is it, in 
fact, the primary acid-base parameter which must be considered, or is there 
some more fundamental concept at work governing the cellular constancy of 
Claude Bernard's "milieu interieur"? It has been recognized for some years 
that intracellular metabolism occurs in an acid-base environment which is not 
equal to electro-chemical neutrality. The latter is achieved when the relative 
concentrations of hydrogen and hydroxide ions are equal, and this state occurs 
in water at a pH of 6.8 at 37°C. It becomes apparent that at normothermic 
temperature at least, the acid-base state of the extracellular fluid regarded by 
the cells as being optimal, is some 0.6 pH units alkaline from electro-chemical 
neutrality. 

The whole process of acid-base changes has been studied in great detail by 
Professor Rahn, who in 1974 wrote a comprehensive review article.6 Rahn 
started by considering the pH changes occurring in blood in different parts of 
the body. Arterial blood leaving the heart at 37°C with a pH of 7.4 and a pC02 

of 40 will not change its chemical composition before it arrives at the 
capillaries; it will thus behave up to this point in an identical fashion to blood in 
vitro as it is cooled or warmed. 

In the skin of the hand in a cool, windy environment, the temperature may 
well be 25°C; at this temperature, the same blood will have a pH of7.6 and a 
pC02 of 24. By contrast, in exercising muscles, the temperature may be 40-
41 oc, with a blood pH of 7.35 and a pC02 of 48. However, despite these 
profound apparent changes in blood acid-base balance, the total carbon 
dioxide content is the same and the plasma bicarbonate concentration is 
virtually unaltered. How can these results be compatible with an acid-base 
milieu that is adequate for proper cellular functioning? 

A fundamental idea is to examine what happens to the pH of an electro
chemically neutral solution in water at different temperatures, since it is water 
in which the various electrolytes and cellular constituents are dissolved. When 
this is done, a surprising fact emerges: 

When the pH of water is equal to pOH, water is electro-chemically neutraL 
It can be seen from Fig. 6.1 that pH at neutrality, i.e. pN, varies with 
temperature. If blood is cooled or warmed its pH will change parallel with the 
change in pN. 7·8 Thus, the difference of0.6pH units alkaline mentioned above 
holds equally at temperatures of 25°C and 41 oc; in other words at 25°C, 37°C 
and 41 oc, the hydrogen ion/hydroxide ion ratio in the blood is exactly the 
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Fig. 6.1. Changes in arterial pH and P co. as 37'C blood arrives at the skin or 
exercising muscle at temperatures of 25 (znd 4l"C, respectively. Neutrality of 
water, pN, changes in parallel with the changes in blood pH. Thus the relative 
alkalinity of the blood or the ration between (0 H") and ( H•) ion remains constant. 
Reproduced, with permission, from Rahn.6 

same. namely 1:16, even though the actual pH and pC02 values are vastly 
different. All these values have been derived from the in vitro temperature 
effects on blood described by Kelman and Nunn9 and Severinghaus. 10 

Thus, it might be postulated that a pH of 7.4 will only apply to an animal 
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whose body temperature is around 37°C, and will not be appropriate (in order 
to maintain the same relative alkalinity, and therefore the same net buffer 
dissociation charge) at different temperatures. Many of the cold-blooded 
animals remain subject to wide variations in body temperature. If blood 
samples are taken from these animals and the pH levels are plotted against 
temperature, then this curve is also found to run parallel to the pN curve, over 
a very much wider temperature range and throughout many different species 
maintaining the constant 0.6-0.7 pH units of alkalinity relative to pN (Fig. 6.2). 
Measurements of bicarbonate concentrations showed a remarkable constancy 
with changing temperatures, though the actual values varied from species to 
species. By contrast, the pC02 of blood is affected by temperature, in almost 
exactly the same way. whether in vitro or in vivo. The conclusion is that 
there are clearly underlying principles of acid-base regulation which have not 
been adequately understood in the past because they were only relevant at 
normothermia. 

It has already been observed that the remarkable consistency of in vivo 
blood pH-pN difference with a concurrent stability in blood bicarbonate 
concentration must be achieved by an effective buffer system in the blood. 
Reeves, 11 in 1972, performed an elegant experiment in which he compared the 
pK changes of two buffer solutions with those of a solution of 20 mmol of 

pH 

8.0 

.8 

.6 

.4 

.2 

7.0 

20 30 

Fig. 6.2. Blood pH of ecrotherms, homeorherms and the pH of neutral water as a 
function of body temperature. 
Reproduced, with permission, from Rahn. 6 
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Fig. 6.3. Changes in the dissociation constants, pK' of COo-bicarbonate, 
phosphate and imidazole with temperature. The 0.5 pK of water, or neutrality. is 
also shown. 
Reproduced, with permission, from Rahn. 6 

imidazole in water at different temperatures. He found that imidazole pro
duced a temperature curve remarkably parallel to neutrality. This led him to 
propound his "imidazole alphastat hypothesis". which simply stated that the 
most important buffer in the extracellular fluid is the imidazole group of 
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peptide histidine residues, the dissociation or net charge of which remains 
constant at all temperatures. 

In Fig. 6.3 we see that the dissociation curves of bicarbonate and phosphate 
alone do not run parallel to the pN curve, which is considered as being 0.5pKin 
this figure. 

In the blood there is no other suitable buffer present in sufficient quantities. 
Thus, Fig. 6.3 strongly suggests that in the course of evolution a protein was 
selected which was able to maintain a constant net charge within the blood. and 
allowed the solvent to maintain a constant hydrogen/hydroxide ion ratio over a 
wide range of body temperatures. The intracellular pH will follow suit. since 
similar buffers are present within the cells and so the intracellular environment 
for metabolic activities is maintained very consistently at a stable acid-base 
balance, over a large temperature range. Further support for this concept is 
given by Peters and Van Slyke12 who stated that "for a state compatible with 
life, the reaction of the minor fluids must be slightly to the alkaline side of the 
neutral point". 

In the light of what has been discussed above, it is important to consider how 
cold-blooded animals adjust their ventilation at different temperatures in 
order to maintain this constant ratio between pH and pN. Reeves11 suggested 
that in some way respiration was not controlled simply by brainstem pH but by 
a brainstem sensitive to the fractional dissociation of imidazole buffer and 
maintains this parameter constant at any temperature by variations in pulmon
ary ventilation. What happens is that, as temperature falls, there is a relative 
increase in ventilation·(V AN 0 ,), which causes the pH to become electrochemi
cally more alkaline, and also -counteracts the increasing solubility of carbon 
dioxide in the blood. whereas the volume of carbon dioxide in the blood and 
tissues, the Donnan ratio, and the pH-pN, all remain constant. If the ventila
tion fell in proportion to the fall in temperature, the observed changes would 
not occur. since pC02 would fall much less, pH would remain near 7.4, and the 
tissues would actually become physiologically acidotic because of the fall in 
pH-pN value. 

What actually happens in the turtle was shown by Jackson in 1971. 13 As the 
animal's temperature was lowered from 30°C to l0°C, the ventilation remained 
almost unaltered, causing a steep fall in pC02 and a rise in pH. But closer 
examination of the blood revealed that the carbon dioxide volume store. the 
net charge of the imidazole buffer and the relative alkalinity (pH-pN) all 
remained constant. Thus. whilst by conventional concepts these animals 
became profoundly alkalotic at low temperatures. which is clearly paradoxical 
in a cold-blooded animal, once the concept of relative extracellular alkalinity is 
introduced. their tissues are actually seen to have maintained a normal acid
base balance. 
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Although at present there is not sufficient evidence to allow us to state 
categorically that lessons learned from cold-blooded "ancestors", and the 
behaviour of human blood in vitro, may be applied to man undergoing 
hypothermic surgery, it is nevertheless very suggestive and would seem to be 
an attractive and worthwhile concept to investigate. 

In order to i:naintain a constant blood carbon dioxide content, a constant 
relative alkalinity and a constant charge of imidazole buffer, it would be 
necessary to monitor the arterial pH and/or pC02 and have them conform to 
the changes shown in Fig. 6.L This is much easier than is at first apparent 
because Fig. 6.1 actually applies to the behaviour of blood in vitro. It was 
pointed out much earlier that if blood in an isolated environment is cooled or 
warmed, its actual electrochemical composition remains constant in spite of 
apparent changes in pH. Thus. if an arterial blood sample is taken from a 
patient at 25'C, the actual acid-base status of the blood (as appreciated by the 
cells) will be the same at any temperature; if the blood sample is therefore 
warmed to 37'C and acid-base analysis performed without temperature correc
tion, the results obtained may be interpreted as though the patient's cells were 
also at 37'C (Rosenthal formula 14

). For example. an arterial blood sample 
withdrawn at 25'C. with a pH of 7.6 and pC02 of 24 at that temperature will 
after immediate re-warming to 37'C give an uncorrected pH of 7.4 and a pC02 

of 40 mmHg; thus. the relative alkalinity of the blood in this case is normal, 
despite the fact that the actual blood pH might appear grossly alkalotic. 

Thus. it would appear that during cooling. maintenance of a normal minute 
volume ventilation established at 37'C will allow the pH to rise. the pC02 to 
fall (as the metabolic rate of carbon dioxide production declines) and the all
important relative alkalinity to remain fairly constant. Additional small 
adjustments to ventilation will allow the correct pH for that particular 
temperature to be achieved. and hence the plasma bicarbonate and imidazole 
buffer dissociation to remain constant. In 1975. Rahn and his colleague15 gave 
further support to this concept of the maintenance of pulmonary ventilation at 
or near normothermic levels during hypothermia in order to maintain a 
constant relative alkalinity. 

They compared the in vivo pH and pC02 changes in other cold-blooded 
animals with the in vitro behaviour of human blood. and deduced a striking 
parallel in the behaviour of the two. They found that at any body temperature, 
the animals adjusted their ventilation so as to preserve a constant relative 
alkalinity. a constant tissue and blood carbon dioxide, a normal red cell to 
plasma Donnan ratio and. last but not least, a constant net charge of dissocia
tion of imidazole of histidine protein buffer. This almost exact! y paralleled the 
in vitro changes seen in human blood, as illustrated in Fig. 6. L 

In summary. we see that the problem for the cells is how to defend their 
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''physiological neutrality", whilst also eliminating acid metabolites and carbon 
dioxide. They must be provided with an aqueous environment which is 
relatively alkaline, pH-pN being around 0.6 pH units, and this gradient must 
be maintained at lower body temperatures. These requirements demand a 
radically different approach to artificial acid-base balancing by ventilation 
during induced hypothermia during cardiac surgery. 

In the light of the foregoing discussion, it is now becoming possible to see the 
principles upon which the control of ventilation must be based in these 
circumstances. Accepting that the concept of relative alkalinity, and the 
maintenance of a constant imidazole buffer dissociation regardless of tempera
ture, is correct, criteria for the control of ventilation by monitoring blood can 
be formulated relatively easily. This is because we are concerned primarily 
with the elimination of carbon dioxide from the blood and the maintenance of 
a constant blood and tissue carbon dioxide content. As was pointed out in 
earlier discussions, blood gas analysis can be performed very simply by warm
ing the blood sample to 37'C and then interpreting the uncorrected data as if 
the patient"s own temperature was also 37'C. It is clearly important to check 
this from time to time during the surgical procedure. 

But for routine monitoring. use can be made of the end-tidal pC02, since this 
accurately reflects the arterial pC02 in normal lungs. The values obtained 
from these measurements at any particular temperature are then compared 
with those on a graph ofthe type shown in Fig. 6.1. which enables the relative 
alkalinity of the blood to be deduced immediately. The objective of the study 
performed at the Thorax <;:entre. Rotterdam16 was to assess the effectiveness 
of maintaining tissue relative alkalosis constant~ simply by ventilating the 
patient throughout the cooling/re-warming process at the same minute volume 
ventilation as that producing normocapnia at 37'C. Variables reflecting total 
body metabolism. pulmonary function. cardiac function and acid-base balance 
were studied in depth in 29 infants. A paper with summary of the results and 
conclusions of this investigation forms the following part of this chapter. 
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Cardiorespiratory and metabolic effects of 
profound hypothermia 
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At operation the body temperature of mechanically 
ventilated infants was initially decreased to 25-22°C 
with surface cooling and further lowered to l6°C by 
total body perfusion. During circulatory: arrest, aver
aging 40 min. repair of complex intracardiac deform
ities was carried out. Rewarming to 36°C was achieved 
by 35-65 min of total body perfusion. Of 29 infants. 
23 under 10 kg survived their correction: normother
mic ventilation" without added co~ was given through
out the i:ooling period. The following measurements 
were made: gas exchange. lung mechanics. heart rate. 
a~terial pressure. right atriaJ pressure, cardiac output 
(Qt). ECG. core and nasopharyngeal temperature, as 
well as biochemical determinations. During surface 
C?Qiing 0~ consumption (Vo~ ), CO~ production 
(Vco2), endtidal C02 (PF.Tco) and Paco2 decreased 

proportionally and linearly with body temperature. 
Inspiratory resistance, total compliance. physiological 
dead space (Vo/VT). and the single breath CO~ cun:e 
did not reveal disturbed lung function. Mean arterial 
pressure was 98, 90. and 70 mm Hg and heart rate 
w·as 141. 107. and 76 beat/min. at temperature 35. 30. 
and 25°C. respcctivcly. Cardiac index was 2.2 ± 0.2 
litcr/min/m2 (mean ± SEM. n = 25) 2 hours after 
surgery. Arterial lactate reached peak values of 4.1 
± 0.3 mM/Iiter (n = 17), during rewarming but re
turned to normal. Respiratory alkalosis caused by 
hyperventilation during cooling c2 .1sed no apparent 
harm. No neurological damage was observed. ft b 
concluded that surface coolin-g pcrfonned with nor· 
motheqnic ventilation under guidance of core temper
ature, Yo~. P~:T{·n:,• and V co,. is a safe method. 

During cardiac surgery. the circulation may be 
temporarily arrested provided metabolism is suffi-

FrDm the Thorax,cnter, t:n•ve~ity Ho~pital and Em~mu~ Uni
ver,itv, Ronerdam, The l'<etherland~. 

Thi> 'tu-:ly wa, supported by the Duwh Foundation for Pure 
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ciently diminished by lowering body temperature. 
Profound hypothermia is increasingly used by several 
methods, particularly in infants. However. the optimal 
ventilation during cooling and rewarming these in
fants is controversial and reflects lack of knowledge 
of the detailed physiological events. With the intro
duction of modern monitoring equipment in the op
erating room, it is feasible to study metabolism. res
piration, and circulation throughout the time of tem
perature change and open heart surgery for congenital 
heart disease. 

The present paper describes the induction of pro
found hypothermia together with variables retlecting 
total body metabolism, pulmonary function, and car
diac function in 29 infants. 

MATERIALS AND METHODS 

Clinical Material 

The operations on 29 infants which were aimed at 
total correction of the defects. included: 15 ventricular 
septal defects. eight transpositions of the great ves
sels, and six tetralogies of Fallot. Details an: given in 
Table I. 

Physiological Measurements 

The Servo ventilator 900 B 1 containing transducers 
for airway flow and pressure was connected to the 
Lung Mechanics unit 940~ and the CO~ Analyzer 930 
(all from Siemens-Elema). This system was used for 
ventilation and lung function studies. The lung me
chanics unit gives data on compliance and inspiratory 
resistance of the respiratory system. The CO·'- analyzer 
displays six derived variables, su~h as endtidal co~ 
concentration (Cs-r,,,_. in %) and V co

2
• Single breath 

C02 curves are displayed on an X-Y oscilloscope (Fig. 
I). CET,.o, was recalculated to the corresponding par~ 

Or. Hugenholtl. i~ Profes.,or ofC~rdiology. 
Dr. Hekman i~ Sen•or Ane,theust. 
Dr. Jonson is Senior Clinical Physiologist. Department of C!in· 

ica.l Physiology. Univcr:.ity of Lund, Lund. Sweden. 
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TA8!.l I Summary of clinical data (average and range) 

Diagnosis No. 
Mean 

Ventricula.r septal defect" 15 8.5 
Tran.~position of the great vesseb• 8 7.9 
Tetralogy of Fallot 6 13.5 
Total " 

" In three ~es combined with other major defects. 
• In three ca..~s combined witb other major defects. 

tial pressure Pr:·r .. ". for comparisons with arterial 
blood gases. 

The difference between 0~ in inspired and expired 
gas was measured by mass spectrometer (Perkin El
mer). Yn, was calculated from these data and from 
expired volume measured with the ventilator. Airway 
flow and pressure. arterial and central venous pres
sure:-. and ECG were continuouslY recorded on a 
multichannel recorder (Hewlett-Packard). 

Blood gas and pH in arterial blood (Pao~. Paco~. 
and pHaJ were measured intermittently at 37°C on 
the ABL .1 (Radiometer). The data were corrected to 
the temperature of the body core. Temperature was 
continuously measured in the nasopharynx. esopha
gus, and rectum. Oxygen saturation in arterial and 
mixed venou:- blood (SaO~ and SVO~) was determined 
intermittently with hemoreflector (American Optical). 
Cardiac output (Qt) was calculated from the Fick 
principle. dead space from the Bohr equation, and 
alveolar ventilation from the Yeo·.· and the alveolar 
fraction of co~. 

Anesthesia Technique 

No premedication was given. Anesthesia was in
duced by cyclopropane in oxygen. and continued by 
iv injection of fentanyl (5 ~g/kg) and pancuronium 
(0.2 mg/kg). Controlled ventilation was established 
with 40'·;. oxygen and 6017( nitrogen. Volume was 
adjusted to yield a CET, . .,_ of4.5'7'r at a frequency of20 

breath/min. The square wave inspiratory flow pattern 
was used. Thus, the ventilation adjusted at a core 
temperature of36-37°C was not changed during cool
ing or rewarming. nor was CO~ added to the respira
tory circuit. To prevent lung collapse. 2-3 em of 
H~O of positive end expiratory pressure (PEEP) were 
applied after opening of the chest. No fluids were 
given to the patient before cardiopulmonary bypass 
wa:- initiated. 

Surface cooling was performed by placing the child 
on a cooling blanket and covering the entire body 
surface with plastic bags of crushed ice. During sur
face cooling. arterial and venous samples were taken 
for blood ga:> analysis every half hour. When the core 
temperature reached 30°C, the co~ production and 
C e:T," were carefully observed. When these values 

Agoo(mo) 

(Range) Mo= 

(1-24) 5.7 
(2-24) 5.7 
(6-24) 8 

9.4 :t 7.1 

Weight (kgl 

(Range) 

(3.1-11) 
(2.9-!0.5) 
(5.5-1!.5) 

6.2 :t 2.5 

VI 

"I 
IV 
v 

Survivor:-

" 6 

' 

15C 

tide I vol~mc (ml' 

FiG I. CO, ~ingle breath curve!< re<:orded before and after 'urgery 
in an infant. 1: before cooling. temp. 35.2, II, III. JV and V: during; 
'urface cooling at temp. 34.5. 3:!.4, 30.:! and 2S.3°C. respectively. 
VI: after cln~ure ofthc che,t, temp. 37.0°C. 

reached 45% of initial value. i.e .. at a CETco .. of 2% or 

when the temperature was about 25°C. the chest was 
opened and cannulations for extracorporeal circula
tion performed. Heparin, 3 mg/kg. was given. The 
patient was then further cooled on cardiopulmonary 
bypass. 

Extracorporea! Circulation 

The extracorporeal circulation was maintained by 
a Sarns roller pump, a Temptrol Q 130 oxygenator 
and a Pall millipore blood filter in the arterial line. 
The circuit was primed with 1000 ml of a mixture of 
Haemaccel (Behring Pharma) and fresh heparinized 
blood. The amount of Haemaccel was adjusted to 
provide a perfusion hematocrit of about 30%. K .. and 
HC03 were added in sufficient amount to give 2 to 
3 mEq/liter and HCOJ- 20-40 mEq/liter. respec~ 
tively. to the perfusate. depending on preperfusion 
levels. The short-term perfusion for the core cooling 
was continued until the rectal. esophageal and naso
pharyngeal temperatures were below l6°C. 

The period of total circulatory arrest averaged 40 
min (range 25-90). After intracardiac repair. cardia-
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pulmonary bypass was reinstituted. Perfusion for re
warming was continued until esophage:tl and naso
pharyngeal temperatures reached 36°C. The gradient 
between blood and rectal temperature was maintained 
less than !0°C. 

Physiological Observations 

Yo~ and \r co~ were strongly correlated to one an
other before and durin$ surface cooling (Fig .. 2). 
During surface cooling. Y co~ fell in proportion to Y0~, 
the RQ was largely unchanged. Some of the scatter 
observed in Figure 2 is explained in the. oscillat!ons 
observed ?uring continuous recording of Yo~ andY co~ 
(Fig. 3). Vo~ had small fluctuations with a cycle time 

Vcoz· mlfmin 

80 

40 

80 

F1G 2. O, llpmke (Yo,) and COo elimination('\!, . .,,) were clo~ely 
related. The re:.piratory quotient {R) was between 0.8 and 1 in the 
majority ofmea..,llremcnt~. 

ml/min 

0 
35.2 " 33.8 " 20 li- (min,) 

32.5 T Fe) 

fiG 3. This shows a continuous re<:ord ofV ,.. and V l"O-> of an infant 
during surface cooling. V co, demon.~tra1es. much le;~ prominent 
oscillations than the Yo, tracing. 
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FtG 4. CO, elimination/kilogram body weight plotted against the 
corre:.ponding bodv core temperature during suri'Jce cooling. The 
regre.,sion line is: \;,·o,IW = 0.4\6 X T- 7.573. V, . .,, i~ given in 
ml/min 

of ab<?Ut I min and large fluctuations about every 5 
min; Y co~ fluctuated synchronously but to lesser de
grees. This pattern was consistently observed. A pos
sible explanation is that cyclical variations in aerobic 
metabolism were reflected in 0~ uptake but are 
dampened in the co~ curves because the larger co~ 
stores in blood act as a buffer between the site~ of 
prodt;ction and the lungs. In individual infants. V co~ 
and Yo~ decreased linearly with temperature. Thus, 
the coefficient of correlation between Y co., and T was 
on the average 0.98 in 28 infants with about six sets 
of obser:vation in each of them. 

The V co, and its temperature dependence can for 
the total material be described bv the formula; 
Vco/Wt ":' 0.416 X T- 7.573- (Fig. 4). From this 
equation, Yeo., was calculated at 7.82 ml/kg at 37"C. 
The decrease- of \r co~ with temperature was 5.3% 
per "C. After chest closure at a core temperature of 
35 to 36"C. the Yeo~ returned on the average to 41.6 
ml/min as compared to 41.7 ml/min before cooling. 
Both measurements were made during anesthesia and 
at the same temperature. Before extubation. at an 
average of 29 hours after surgery. whep the infants 
were awake but ventilated. the mean Yeo., was 57.4 
ml/min. -

As a result of unchanged ventilation and a falling 
metabolic rate, Paco~ also fell during cooling 
(Fig. 5)~ the average Paco~ reduction was 1.48 ± 0.55 
(SO) torr;oC. At the same time, pHa decreased lin
early with temperature; this decrease averaged 0.0 !4 
± 0.06/"C (Fig. 6). In general. Paco~ values were 
about 3 torr higher than the corresponding PET,.o,. 
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FIG 6. Arterial pH dum plotted against the corresponding body 
core temperature during ~urface cov!ing. The regres.,ion line i~: 

pH.:~= 7.955-0.017 X T. 

values (Fig. 7). In most of the infants the difference 
between the two values did not change during cooling 
and rewarming. High anerial-endtidal C02 differ
ences were associated with low arterial oxygen satu
ration (SaO~) and a sizeable right to left pumonary 
shunt (Fig. 8). 

In most cases SaO~ values did not deviate during 
cooling from the initial value that was 98-99% in 12 
cases, 90-98% in four and 50-90% in five. In five other 
cases.. all transpositions, the Sa02 increased steadily 
during the cooling period, i.e .• from an average of 75 
to 87%. In four cases. the Sa02 fell by more than 8% 
during cooling (Fig. 8). Three of them had Fallot's 
tetralogy and one had a ventricular septal defect with 
pulmonary artery stenosis. The fall was sudden and 
pronounced at temperatures between 29 and 25°C. 
The fall of Sa02 paralleled an increasing arterial
endtidal pC02 difference (Fig. 8). The changes in gas 
exchange were not associated with changes in lung 
mechanics or in the available hemodynamic data. In 
one case in which cardiac output was measured, no 
important change was observed. The changes in Sa02 
were attributable to varying degrees of right to left 

shunt. The surgery was successful in three of the 
children: in the two who had severe arterial desatu
ration, no sign of cerebral damage was observed. 
Lactate levels were similar to those of other infants . 

In 17 of the infants lactate was measured in arterial 
blood every half an hour during cooling. immediately 
after bypass, and repeatedly during rewarming. The 
concentration reached a peak of 4.1 ± 1.45 (SD) 

mmole/liter during rewarming. 
The arterial-end tidal Pco~ differences did not 

change appreciably during cooling: this suggests that 
ventilation~perfusion disturbances during cooling 
were not severe. Single breath COz curves were re
corded in seven infants (Fig. I). Apart from the falling 
expired Pco~ amplitude, the shape of the curves did 
not change: their amplitudes and shapes after surgery 
were similar to those observed preoperatively. Physi· 
ological dead space ratios (Vn/Y.r) increased slightly 
during surface cooling (Table 2). After surgery and 
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FtG 7. Paco~ plotted .:~gainst the corre,ponding endtidal CO, 
concentration. Pa<"O, was about 3 mm Hg higher than endtidal 
Pco,. Line of identity and the regression line: Paco, = 4.58 + 0.939 
X p,~,.,-., are drawn. 
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FIG. 8. Arterial and endtidul P('o, difference:. in mm Hg plotted 
against corresponding SaO,. Open symboh-.:~fter induction of 
anesthesia at about 36°C. Closed symbols at about 2S°C. The 
drawn line i_~ the regression line of all dam: y"" !9,24- 0.\7X, r 
"" 0.93. The dotted line:. i!lumate the full of arterial oxygen 
saturatiOn th.:~t occurred in three pat1ent~ with tetro\ogy and one 
with VSD at temperatures b<::tween 29 and 25°C, The full of SuO, 
paralleled an incr~ing arterial-endtidal Pco, difference. 
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T A !ILl 2.:._Complian~e and re~i~f the re~plraror::._~y~tem and d?~~:c? ~~-du~~L~~nod of_ arll!~~~>~l ven_~i~ation'~-----
C0mpl!<~nce R~i>t"-n~t V1,/V 1 
~":~01 (em H:O/Iiter/'<CC) (,-rl 

After induction of anesthesia 7.6 j: 5.6 51 :t 18 51 j: 11 
II= 29 II= 29 II"" 29 

Before opening of the chest 7.1 = 4.6 50± 15 58 :1: II 
II =2!( "= 28 "= 28 

After closure of the chest 6.8 j: 3.9 47:!: li 54:!: 10 

""' 26 """' 28 "= 29 
Next morning 6.0 = 2.1 41 ±IS 52± 10 

II~ J4 II= !4 II= 18 

"SigniliCllil.t ch:rnges were looked for with Student\ He>t (paired comparison_,). The only ~ignilicant change wa_' the Yn/YT which 
i.ncrea.«ed during cooling and returned to preoperative values after surgery (p < 0.01 ). 

just before extubation, V 0/VT returned to initial val
ues. The single breath curve:- and the V o/V T data 
further support the conclusion that the infants did not 
have further ventilation-perfusion abnormalities dur
ing the cooling and operative procedure. 

Data on lung mechanics before and during cooling 
and after surgery are shown in Table 2. Resistance 
did not change. compliance fell from 7.6 ml/cm H~O 
to 7 .I during surface cooling and was 6.8 after surgery; 
these differences were not significant. Resi:-otance and 
compliance of 13 infants examined just before extu
bation were not significantly different from data after 
induction of anesthesia. 

Heart rate fell in proportion to temperature, i.e .. 6.5 
beat/min;oc. Mean arterial pressure averaged 98 mm 
Hg at 35"'C. 90 mm Hg at 30"'C. and 70 mm Hg at 
25"'C. The fall in arterial pressure was more rapid in 
the \ower temperature range. 

In one patient with Fallot\; tetralogy. there was a 
gradual decrease of svo~ from 72 to 630 and then a 
sudden drop to 40C(; the latter value was a:-osociated 
with a corresponding fall in SaO". probably due to an 
increa:-oed right to left shunt. In one patient with an 
ASD and VSD. SV02 fell from sse;. at 31 °C to 24'1-- at 
24.S"'C. The latter value was associated with a fall in 
cardiac index to 0.36 liter/min/m2 during a tran:-oient 
circulatory di:-oturbance at preparations for cardiopul~ 
mcnary bypass. 

Most infants developed a supraventricular arrhyth
mia at temperatures between 30 and 25°C. It is diffi
cult to say whether these arrhythmias w~:re associated 
with marked hemodynamic changes. In one ca~. 
ventricular fibrillation occurred during opening of the 
ch~:st. 

Six patients died in the postoperativt: period. In 
four of these patients the measurt:mt:nts made imme
diately after surgery revealed high right to left shunt 
with low cardiac output. 

DtSCIJSSIO:-.; 

There are few reported studies of the efft:ct of deep 
hypothermia on ventilation and gas exchange in in-
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fants. Yet. deep hypothermia is increasingly used in 
major surgical centers during the correction of con
genital cardiac defects. Tht: switch towards earlier 
operation in the sick child sugge~ts that tht: procedure 
also may be increasingly utilizt:d in newborns. There
fore. it is of interest to study cardiopulmonary physi· 
ology during deep hypothermia. The results of the 
present study indicate that aerobic metabolism dimin
ished linearly with temperature in each individual 
infant. The decrease/°C averaged 5.3C'r of the valut: 
at 37°C, but the slope varied "in different children. 
Similar degrees of reduction in aerobic metaboli:-om 
have previously been reported from studies on the rat 
brain' 1 and in dogs:'""''• Barra_tt-Boyes~ mea:-oured in 
children up to I year of age YO~ of 1.26 ml kg-• 
min- 1 at 22.9"'C during cold perfusion. a finding 
which closely agrees with the present study. It is likely 
that size and age of the child may be important 
dt:terminants in the degree of metabolic depression. 
In the present series. the larger, older infants tended 
to have more pronounced depressions with low tem
peratures, but these differences were not statistically 
significant. 

Assuming that metabolic depre&Sion with furtht:r 
cooling continues at the rate ob~erved in the present 
cases. mewbolism should arrest between 2l-15"'C. 
This temperature range was sometimes reached dur
ing the final period of cooling just before beginning 
cxtracorporeal circulation. However, clinical experi
ence has shown that metabolism does not arrest at 
this level. Presumably. regulatory systems of some 
kind must play a role in body metabolism and permit 
other pathways to be utilized at low temperatures. 
Cellular damage during slow rewarming has been 
reported in dog studies.M Therefore, it would seem 
prudent to proceed to the very low temperature zone:; 
as. fast as possible. This. can only be achieved by 
means of the extracorporeal circulatory cooling sy:-o
tem. On the other hand, the period of extracorporeal 
circulation :-ohould be kept as brief as possible in order 
to prevent hemolysis and other hematologic disorders. 
Surface cooling, which produces a much more uni-
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form temperature depression over the entire body. is 
too slow a procedure to be useful for the entire 
operation. As a result of these conflicting considera
tions. both methods of cooling have been chosen in 
sequence. first surface cooling to 25 to 22°C. then by 
the pump's heat exchanger to \6°C. The experience 
with the present series has demonstrated that unto
ward events. such as long periods of hypotension. 
excessive pH changes or serious arrhythmias. can be 
avoided. 

Although there is a good overall relation between 
temperature and V co.,. the depression of the metabolic 
processes in a given infant could not be adequately 
predicted from temperature alone. It was necessary to 

make measurements to determine the level of meta
bolic depression. The metabolic rate at 25°C calcu
lated from the individual regression lines between the 
temperatures and V co~ values varied between 24 and 
65% of the value at 35°C. If surface cooling would 
have been continued to about 25°C in all infants. 
some might have proceeded to a dangerous metabolic 
depression. It has become our practice to stan surgery 
when V co~ is 40% of the value at 35°C. independent 
of the temperature at that time. Since endtidal co~ 
concentrations are proponional to V co .. in the individ~ 
ual child. a concentration of 2% co~ provides the 
indication to begin the thoracotomy. Extracorporeal 
circulation should be started before the end tidal co~ 
reaches !.5<'k. In cases, not in the present series, when 
cannulation for perfusion has been delayed. because 
of technical difficulties. severe arrhythmia and hypo
tension were observed at Pe;T'"''· and V coc· of about 
one-third of initial values. · 

Transient drops of V co~ were observed with sudden 
circulatory disturbances. Such occurrences also indi
cate the need for rapid initiation of extracorporeal 
circulation and add to the practical value of continu
ous monitoring of the gas exchange. In infants without 
a right to left shunt. hT,." reflects closely Paco2 and 
can be used to adjust ve~tilation properly. In cases 
with right to left shunts. PETn, must be used with 
caution. as it can be misleading.' 

During cooling in patients with the tetralogy of 
Fallot and transpositions of the great vessels, the right 
to left shunt appears to change in opposite directions. 
In the latter cases SaO~ often goes up. while in tetral
ogy it declines. The clinical significance of the drop 
of SaO~ at the time of opening the chest in some cases 
with Fallot's tetralogy is not clear. In two cases it was 
very pronounced but occurred at temperatures at 
which the need for o~ was greatly reduced. One of 
the two cases had a very low cardiac output after 
surgery and died; the other child recovered after 
surgery. Monitoring of SaO~ appears to be indicated 
until more is known about the circulatory disturb
ances. 

The maintenance of normothermic ventilatiun. i.e .. 
a ventilation adjusted to maintain PET co and Paco~ 
values at about 35 torr at 35°C produce$ respiratory 
alkalosis at lower temperatlJres as co~ was not added 
to the inspired gas. Potential hazards of such an 
alkalosis have been debated. The shift of the hemo
globin dissociation curve to the ldt could be disad~ 
vantageous" but the practical importance of this has 
been argued.1

' 

Respiratory alkalosis causes a cerebral vascular 
constriction 10 and a reduction in cerebral blood flow .11 

However, metabolic studies on hypothermic rats did 
not indicate any change toward cerebral metabolism 
of hypoxic nature when blood flow decreased. 12 

The clinical experience from the present series and 
that of others~<•. l:J docs not support the view that there 
is a need for added co~ in the inhaled gas to avoid 
cerebral damage. 

Alkalosis has been said to increase the risk for 
ventricular fibrillation." Others 14

-]J; have come to the 
conclusion that ventricular fibrillation is prevented 
rather than provoked by respiratory alkalosis, and this 
view is supported by our experiences. A recent report 
has shown that coronary blood flow. left ventricular 
performance and aerobic metabolism of the left heart 
were much enhanced when arterial pH was 7.7 com
pared to 7.4 at a temperature of 28°C. 17 This was 
attributed to changes in the neutrality point towards 
higher values at low temperatures. Therefore, pH of 
7.4 during hypothermia may be regarded as "aci
dosis." Circulatory data during cooling. the absence 
of brain. kidney and liver damage, and the low levels 
of lactate indicate that the alkalosis did not cause 
anaerobiasis or other harm in our subjects. Normo
thermic ventilation without added co~ is simple to 
carry out and apparently safe. 

The data during surface cooling and after surgery 
showed that the entire procedure has little deleterious 
effect on lung function. Compliance just before extu
bation was found to be not much lower than after 
induction of anesthesia. Vo/VT and the co~ single 
breath test are sensitive indices of disturbances of the 
ventilation perfusion ratios. but did not change much. 
These findings agree largely with our previous!)' re
ported results in adults1

" and indicate that the so~ 
called "ventilator lungs" or .. postperfusion lungs" 
largely can be avoided. The remarkable preservation 
of the lung function is probably due to several factors 
besides optimal ventilation, e.g .. correct volume re
placement, light anesthesia, careful extracorporeal cir
culation, and well controlled induction of hypother
mia. It is remarkable that lung function can for ali 
practical purposes be preserved adequately even after 
anesthesia, hypothermia. extracorporeal circulation. 
exsanguination, intracardiac surgery, rewarming. and 
postoperative artificial ventilation. 
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CONCLUSIONS 

Profound hypothermia by surface cooling appearS 
to have gained a place in the treatment of infants 
requiring corrective cardiac surgery under one year of 
age and under I 0 kg. 

This study describes the status of metabolism, cir
culation and lung function down to low temperatures 
(25°C). It appears that valuable information can be 
obtained by monitoring of COz concentration of ex
pired gas. It also emphasizes the need for combining 
surface cooling with extracorporeal circulation to pro
vide a uniform and nondeleterious cooling and to 
avoid prolonged periods of hypotension. excessive pH 
changes and ventricular arrhythmias at very low tem
perature. 

In infants undergoing correction for Fallot's. tetral
ogy. surface cooling should be performed with special 
caution as profound arterial hypoxia can be caused 
by an increasing right to left shunt at temperatures 
below 30"'C. 

Normothermic ventilation without co~ added to 
inspired gas did not cause any apparent harm and is 
suggested as a simple and safe method for ventilation 
during cooling. Lung function with respect to me
chanics and gas exchange is for practical purposes 
fully preserved during the whole process until extu
bation. 
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6.4. Discussion 
The results of this study indicate that aerobic metabolism diminishes linearly 

with temperature in any given individual infant. The best way to monitor this 
depression is not by temperature alone, but also by following the reduction in 
carbon dioxide production which ensues from it. This is very easily done when 
the principle of maintaining normothermic ventilation levels during the cool~ 
ing phase is applied. 

During mechanical (or spontaneous) ventilation, the blood carbon dioxide 
concentration that is achieved is a reflection of the balance between the 
volume of carbon dioxide production and alveolar ventilation. During artifi
cial cooling the body's carbon dioxide production falls. If ventilation remains 
fixed at normothermic level. end-tidal carbon dioxide and PaC02 fall propor
tionately with the decline in carbon dioxide production. 

However, the situation is complicated by the change in solubility of carbon 
dioxide in blood at lower temperatures. As the temperature falls. the solubility 
rises almost linearly; hence, for any given carbon dioxide tension, the volume 
of carbon dioxide dissolved rises linearly with falling temperature. 

The net result of these two opposing factors is that at lower temperatures, 
the carbon dioxide production and elimination rates fall, as does the PaC02 • 

but at this new lower tension, the volume of carbon dioxide dissolved in the 
blood is approximately the same as at normothermic temperatures and a 
higher PaC02 . Thus, the body's carbon dioxide stores remain largely 
unchanged in volume at low body temperatures, provided that normothermic 
ventilation levels are maintained. 

6.5. Summary 
Profound hypothermia by surface cooling appears to have gained a place in 

the treatment of infants requiring corrective cardiac surgery, who are under 
one year of age and under 10 kg body weight. 

This study describes the performance of the circulation. pulmonary function 
and metabolic activity during and following cooling to low temperatures (25'C 
and below). It appears that valuable information can be obtained by monitor
ing the carbon dioxide concentration in the blood. Continuous monitoring of 
this was found to be desirable, not only for direct control of progressive 
hypothermia. but also that the correct timing to begin surgery might be chosen 
precisely; this time was taken as the point at which the carbon dioxide 
production per minute or end-tidal carbon dioxide had reached 45% of its 
value at 35'C. It is difficult to obtain blood samples so frequently; therefore. 
the end-tidal carbon dioxide was monitored continuously, and this was found 
to be a good reflection of the arterial pC02 , so reducing the necessity for 
reliance upon frequent blood-gas analysis. Thus. after induction of anaes-
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thesia. ventilation was controlled so as to produce an end-tidal carbon dioxide 
of about 4.5- 5.0% at normothermia. 

It was found that the "end-point" of a V co, of 45% of its value at 35°C was 
generally equivalent to an end-tidal carbon dioxide of about 2% absolute; this 
value was therefore taken as the metabolic ''end-point" at which opening of 
the chest and cannulation of the great vessels should start. 

Normothermic ventilation without the addition of carbon dioxide to the 
inspired gases did not cause any apparent harm at low body temperatures, and 
is therefore suggested as a simple and safe method of ventilatory control 
during cooling. Mechanical lung function and gas exchange appears for 
practical purposes to be fully preserved during the whole operative process 
until extubation; and the post-operative phase is apparently significantly 
improved. 

The study also emphasizes that combining surface cooling with extracor
poreal circulatory cooling appears to be a non-deleterious process, during 
which prolonged periods of hypotension are avoided, as are non-physiological 
pH changes and ventricular dysrhythmias. 

In infants undergoing correction ofFallot's tetralogy, surface cooling should 
be performed with special caution, since the abrupt rise in right-to-left shunt 
which was seen in two patients at temperatures below 30°C could easily 
produce profound arterial hypoxia. This severe cardiovascular disturbance 
can only readily be detected by regular arterial blood-gas estimations, which 
should therefore be performed regularly in those patients. One should also 
carefully observe any sign of non-stable circulation. 
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CHAPTER 7 

The application of the Methodological Plat
form in a study of an anaesthetic regimen 

7.1. Introduction and background 
Induction of anaesthesia may lead to a depression of myocardial function. 

and if this causes the diastolic pressure to fall sufficiently. a critical impairment 
in myocardial oxygen delivery can result. This is particularly a problem in 
patients who already have their myocardial perfprmance compromised by 
ischaemic heart disease. On the other hand. induction of anaesthesia by most 
of the ""traditional"" methods (intravenous barbiturates or gaseous inhalation 
techniques) generally causes an outpouring of catecholamines from the 
adrenal cortex. which in turn will lead to a large increase in cardiac work and 
hence myocardial oxygen demand; this increased demand may also not be met 
in a patient with ischaemic heart disease. These problems are particularly seen 
in patients who present for coronary artery bypass graft surgery. since by 
definition their myocardial blood flow is critically reduced by the pathological 
process at which the surgery is aimed. 

An investigation was therefore instituted to examine the cardiac. vascular. 
and perceptive performance of the short-acting narcotic drug fentanyl when it 
was used as the sole agent, or in conjunction with nitrous oxide in oxygen, for 
the institution and maintenance of anaesthesia for coronary artery surgery. 
Use was made of most of the different monitoring tools which form the 
framework of the Methodological Platform: in particular. use was made of 
blood gas analysis equipment. a mass spectrometer to determine accurately 
inspired and mean expired gas concentrations, a reflection oximeter to mea~ 
sure arterial and mixed venous oxygen saturations, and a colorimeter to 
determine haemoglobin concentrations. Cardiovascular measurements 
included the systematic arterial pressure. the pulmonary artery pressure. using 
a trans-venous pulmonary artery catheter. and the electrocardiogram. In 
about 25% of cases. a pulmonary artery thermodilution catheter was also 
inserted in order to measure cardiac outputs and cardiac index. 
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CHAPTER 7.2 
HAEMODYNAMIC AND BIOCHEMICAL VARIABLES AFTER INDUCTION OF ANAESTHESIA 
WITH FENTANYL AND NITROUS OXIDE IN PATIENTS UNDERGOING CORO!"<ARY ARTERY 

BY -PASS SURGERY 

0. PRAKASH. P.O. YERDOUW,J.W. DEJO:-JG. S.H. MEJJ, $.G. VANDER BORDEN, K.M. 0HASMANA 

AND P.R. SAXENA 

ABSTRACT 

The effects on the haemodynamic and biochemical parameters of three different anaesthetic 
induction regimes, namely fentanyl (4.1 J..LS" kg~ 1 or 15 1-1£· kg- 1

) plus 60 percent nitrous oxide 
with oxygen and fentanyl 15 )..1.8' kg- 1 plus 60 per cent nitrogen with oxygen. were studied in 
patients undergoing coronary artery surgery. Fentanyl 15 f,lg· kg- 1 with nitrous oxide and 
oxygen produced simultaneous reductions in oxygen uptake. cardiac index and left ventricu
lar stroke work with an unaltered oxygen extraction. Diastolic blood pressure (an index of 
coronary anery perfusion) was only sligbtly reduced, and there were no cbanges in anerial 
lactate, glucose and free fatty acids. The lower dose of fentanyl (4.1 !-If!· kg- 1) with nitrous 
oxide produced no haemodynamic changes but decn:ased the oxygen uptake and extraction. 
The patients receiving fentanyl 151-!f:· kg- 1 with nitrogen and oxygen showed increases in 
hean rate. blood pressure. cardiac index and left ventricular stroke work. together with a 
significant fall in oxygen extraction. Moreover, in the patients who received fentanyl 
4.1 1-!f:· kg· 1 with nitrous oxide and oxygen and fentanyl 15).1£· kg- 1 with nitrogen and oxygen 
there were significant increa:->es in blood lactate. g:ucose and free fatty acids. indicating 
increased sympathetic activity. We conclude that fentanyl 15 J.LS· kg· 1 • together with 60 per 
cent nitrous oxide with oxygen provides a satisfactory haemodynamic and biochemical state 
during induction of anaesthesia in patients with myocardial function prejudiced by coronary 
anery insufficiency. 

FC]'.;TA:-JYL IS WIDELY USED as a narcotic 
analgesic for cardiovascular anaesthesia. The 
drug is usually given in combination with other 
anaesthetic agents since. when given alone. fen
tanyl can enhance the activity of the adrenergic 
nervous system. 1 However. recent studies have 
shown that high doses of fentanyl. up to 
160 ).J.g· kg· 1 , neither depress myoCardial petfor
mance nor increase whole body oxygen con
sumption in dogs1 and produce adequate anaes
thesia in man.M On the other hand. Verdouw, de 
Jong. Merin and Schamhardt~ have reported 
elevated arterial free fatty acid (FFA) levels in 
swine given fentanyl 50 ).J.g ·kg- 1: this might be 
considered undesirable in view of the evidence 
that free fatty acid utilization by the heart may be 
harmful during ischaemia, especially when ac
companied by elevated sympathetic activity .6 

0. Prakash. M.D .. P.O. Verdouw. Ph.D .. J.W. de 
Jong. Ph.D .. S.H. Meij. M.Sc .. S.G. van der Borden, 
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partm..:nt of Pharmacology. Erasmus University 
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1738. 3000 DR Ro!l}!rdam. The N..:therlands. 
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In the present study. we have examined the 
haemodynamic and metabolic variables in pa" 
tients during routine induction of anaesthesia for 
coronary artery by-pass surgery. The effect on 
these variables of fentanyl in combination with 
nitrous oxide or nitrogen and oxygen has been 
studied against a background of neuromuscular 
blockade with pancuronium. to evaluate the car" 
diovascular suitability of the drug in patients with 
coronary artery disease. 

METHODS 

Seventy-four patients were studied during in" 
duction of anaesthesia for coronary artery by" 
pass surgery (Table I). Twenty"five patients 
(Group l) received fentanyl 4. I Jlg· kg· 1 and were 
ventilated with a mixture of 60 per cent nitrous 
oxide and 40 per cent oxygen. The remaining 49 
patients received fentanyl 15 Jlg· kg" 1• Twenty
seven of these patients (Group II) were ventilated 
with 60 per cent nitrous oxide with oxygen, 
whereas 22 patients received a mixture of 60 per 
cent nitrogen with oxygen (Group Ill). A!! pa" 
tients were premedicated 1-2 hours before oper
ation with Opial ( 10- 15 mg) and atropine sulphate 
0.25 mg and received an intravenous infusion of 
NaCJ 0.9 per cent (200m]) during the period of the 
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TABLE I 

Patient Data 

Group I 

Gas mix lure N ~o 60%/0.: 40% 
Fentanyl 4.1 J.lg·kg- 1 

Number of patients 25 
Age (years) 

range 39-67 
medinn 49 

Weight (kg) 75 ± 2_ 
Number of coronary 

by-passes per 
patient 2.6 ± 0.3 

study. Digitalis. diuretics and 13-adrenergic 
blockers were withheld for at least 48 hours 
before operation. 

G{'neral Preparation 
Before the induction of anaesthesia. a 17 gauge 

Sorensen catheter was inserted percutaneously 
into the radial or brachial artery in all patients. 
under local anaesthesia. This catheter was used 
for the determination of blood pressure and for 
the withdrawal of arterial blood samples for de
termination of blood gases (ABL-2. Radiometer. 
Copenhagen). lactate. glucose. free fatty acid 
(FFA) and potassium. Another catheter was in
serted in a forearm vein for the administration of 
drugs. Electrodes were connected for the re
cording of the electrocardiogram (Lead V5) and 
the heart rate was derived from electrocardio
graph signals. In addition. a 7F Swan Ganz ther
modilution catheter was guided into the pulmo
nary artery through the right internaljugular vein 
in 21 of the 74 patients (seven in each group). for 
cardiac output measurements and for the col!ec
·tion of mixed venous blood samples. Arterial and 
mixed venou:s oxygen saturations (So~) were de
termined with a reflector oximeter (American 
Optical Co .. Bedford. Mass .. U.S.A.). The 
haemoglobin concentration of arterial blood was 
measured with a Vitatron Colorimeter( Meyvis & 
Co .. Bergen op Zoom. The Netherlands). and 
oxygen content (Co~) of the blood wa:s calculated 
by the formula: Co~ (vol'/C) = (So~(%)/100)· Hb 
(g%)· 1.39 + 0.0031· Po~ (mmHg). 

For each cardiac output value (converted into 
cardiac index: cr. l·min- 1 ·m-~). an average of 
three separate measurements were made. Car
diac output in these patients was also calculated 
after the induction of anaesthesia by Fick"s prin
ciple from oxygen uptake measured with a mass 
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Group II Group Ill 

N~o 60%/0~ 40% Nz 60%10~ 40% 
15pg•kg- 1 15 pg·kg- 1 

27 22 

37-66 33-59 
50 52 

75 ± 2 76 ± 2 

2.5 :!:: 0.2 2.9 ± 0.2 

spectrometer(Perkin Elmer MGA 1100. Pomona. 
Calif .. U.S.A.) during anaesthesia. These values 
correlated well with the cardiac output measured 
simultaneously using the thermodilution tech
nique (Spearman rank correlation coefficient 
of0.8l:P< 0.001: n= 23). 

Biochemical Analysis 
Standards and arterial blood samples were 

prepared for assays as previously described. 7 ·M 

Plasma glucose and potassium were assayed with 
an Auto-Analyser (Technicon Instruments Cor
poration. Tarrytown. N.Y .. U.S.A.). Lactate 
was determined enzymatically in deproteinized 
samples." Serum free fatty acids were 
measured 10 • 11 with a Titrigraph (Radiometer. 
Copenhagen. Denmark). 

Experimental Protocol 
Baseline (control) measurements of 

haemodynamic and biochemical variabl-es were 
obtained 15-20 minutes after the insertion of the 
cannulae. during the awake period. After all the 
baseline data had been obtained. induction of 
anaesthesia with fentanyl was initiated. The ap
propriate dose of fentanyl wa:s administered 
slowly into the peripheral venous line over a 
period of three minute:s. In addition. pancuron
ium bromide {Pavu!on") 90 ).lg· kg- 1 was given to 
facilitate tracheal intubation and sub:sequent 
artificial ventilation with nitrous oxide {or nitro
gen) with oxygen. using a scrvoventilator (model 
900 B. Sicmens-Elema. Solna. Sweden). In the 21 
patients in whom a Swan Ganz catheter was in
serted, heart rate and arterial (systemic and pul
monary) pressures were measured at 5. !0 and 25 
minutes after administration of fentanyl. Finally. 
in all patients. the haemodynamic measurements 
were made: and arterial blood was withdrawn for 
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TABLE II 

HEART RATE A!'JD ARTERIAL PRESSURES DURING BASELINE {CONTROL) PERIOD AND 35 MINUTES AFTER INDL'CTION 
OF ANAESTHESIA 

%Change from baselil"'e after induction of anaesthesia 

Hacmodynamic 
variable 

Baseline valuet 
n == 74 

Fentanyl 4.1 llS ·kg- 1 

+ N.:0/0~ 
Group I 

Fentanyll5~-tg·kg- 1 

+ N,OfO, 
Group II 

Fcntanyl15~-ts·kg- 1 

+ N2/0~ 
Group Ill 

Heart rate 
{beats/min) 
Arterial 
pressure {kPa) 

systolic 
diastolic 
mean 
pulse 

71 ± 3 

!9.2 ± 0.4 
10.6 ± 0.2 
13.8 ± 0.3 
8.6 ± 0.3 

n "" 25 

4 ± 3 

-7 ± 4 
-5 ± 5 
-6 ± 4 
-9 ± 6 

i'Baseline data of three groups have been combined. 

n = 27 n = 22 

-2 ± 5 30 ± 5"' 

-18 ± 2' 4 ± 4 
-8 ± 3'" 12 ± 4"' 

-12 ± 2* 7 ± 3* 
-30 ± 2"' -3 ± 6 

*Significant (P < 0.05, paired Hest) change from the baseline value in the corresponding patients. 

biochemical analyses 35 minutes after adminis
tration of fentanyl. During this 35-minute period 
no surgical stimuli were given to the patients. 

Prt'Sentation of Data and Statistical Analysis 
All Jata are presented in the text as means ± 

standard error of the mean (S. E.M.). The effects 
of fentanyl with nitrous oxide or nitrogen with 
oxygen have been expressed separately in the 
three groups as percentage changes from the 
baseline value in each individual patient. How
ever. for the sake of clarity. ihe baseline values of 
haemodynamic and biochemical variables in the 
three groups have been combined. The effects of 
the anaesthetic schedules were evaluated statis
tically using the two-tailed paired t-test. 1 ~ P
values of0.05 or less were considered significant. 

RESULTS 

Cfinical Assessment 
During the 35-minute experimental period. 

electrocardiographic abnormalities {ST segment 
depression) were observed mainly in Group III 
patients. All patients underwent uneventful sur
gical procedures and regained consciousness 
within one hour after termination of anaesthesia. 
The use of a narcotic reversal agent or post
operative mechanical ventilation was not re
quired in any of these patients. 

Arterial Blood Gas Tensions 
During ventilation. shortly after induction had 

been completed, there was a slight increase in 
Pa0 ~ and a slight decrease in Pa('u~ in all three 

groups. This resulted in a slight decrease in cH+ 
(increase in pH). However. all blood gas values 
remained within the normal range during the en· 
tire experimental period: cH•44.67-35.48 nmol/1 
(pH 7.35-7.45); Pco, 4.7-6.0 kPa (35-45 
mmHg): Po2 12-20 kPa (90-150 mmHg). 

Haemodynamic Chang<'S 
The effect of induction of anaesthesia by fen

tanyl (with or without nitrous oxide) on the heart 
rate and blood pressure is shown in Table II. 
While the heart rate remained unchanged in 
Groups I and II. fentanyl4.1 and 15 )lg· kg- 1 with 
nitrous oxide and oxygen. it was increased in the 
patients belonging to Group Ill. fentanyl 
15 )lf:' kg- 1 with nitrogen and oxygen. The mean 
arterial pressure decreased from its baseline 
value in Group II ( 12 percent). mainly due to a fall 
in systolic pressure ( 18 per cent). since the dia
stolic pressure dropped by only 8 per cent. In 
Group III, mean (7 per cent) and diastolic ( 12 per 
cent) pressures increased significantly. while no 
changes were observed in Group I patients. 

A more extensive examination of the 
haemodynamic variables was carried out in 21 
patients (seven in each group). Ap<:.rt from the 
measurements of ventricular haemodynamic data 
and heart rate. systemic and pulmonary arterial 
pressures were also recorded at intervals of5. 10 
and 25 minutes after administration of fentanyl. 
While no major changes were observed in the 
patients of Group II. heart rate did increase in 
Groups I and III. The mte returned to control 
(baseline) values after 10-25 minutes in Group I. 
but remained at a higher level in Group l!l pa-
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TABLE III 

HAEMOOYNAMIC A:-JD RESPIRATORY DATA BEFORE AND AFTER i:-JOUCTI0:-1 OF ANAESTHESIA 1:-.J 21 PATIE':'TS 
(7 in each group) 

%change from baseline after induction of anaesthesia 

Fentanyl4.1 IJg•kg-' 
+ N,0/0, 

Fentanyl 15 l-IS ·kg- 1 

+ N,0/0, 
Group Il 

Fentanyl l51Jg·kg- 1 

+ N~Jo~ 
Group Ill 

n=7 
Baseline valuc·f Group 1 

n = 21 · n = 7 n = 7 

Heart rate 
(beats/min) 65 ± 3 12 ± 8 5 + 7 41 ± 9' 
Mean arteriul 
pressure (kPa) 14 ± 0.5 15 ± 9 -10 ± 3' 23 ± 8' 
Curdiac index 
(l·min-'·m-~) 3,6 ± 0.2 3 + 16 -14 ± 8 30 ± 17 
Stroke volume 
index 
(cm3 ·m-~) 56 ±4 -11 ± 9 -15 ± 9 -13 ± 8 
Systemic vascular 
resistance 
(kPa·s·m-~) 13 ± 1 8 ± 6 6 + 13 -I± IS 
Left ventricular 
stroke work (J) 1 1.5 ± 0.1 -1 ± 17 -23 ± 8' 15 ± 8 
Left ventricular 
02 demand 
(Pa/mini 1.3 ± 0.1 28 ± 16 -11 ± 7 72± 20• 
o~ uptake 
(cm3 ·min_, ·m - 2)~ 139 ± 7 -24 ± 6' -21 ± 9' -16 ± 9 
o~ extraction .. 0.21 ± 0.01 -29 ± 5' -6 ± 7 -40 ± 4' 

1, Calculated as: stroke volume (em~) x Mean arterial pressure (mmHg) x 0.00014. 2, Calculated as the 
double product; systolic artery pressure x heart rate. 3. Total body 0~ uptake = cardiac index x (C0 , urt-
C0 J mixed venous). 4, Defined as (Co, urt- C0 , mixed venous)/Co. art. • 

{Baseline data of the three sroups h;ve been ~ombined, -
'*'Significant (P < 0.05, paired t-test) change from the baseline value in the corresponding patients, 

tients. In each group the systemic arterial pres
sure increased slightly immediately after the 
tracheal intubation (t = 5 min) and then returned 
to baseline values in Group I. decreased below 
the baseline value in Group II and increased 
further in Group III patients. The pulmonary 
arterial pressure changed little in the first two 
groups but was slightly elevated at all measure
ment periods in the last group. Table III shows a 
number of hacmodynamic and respiratory vari~ 
abies before and 35 minutes after induction of 
anaesthesia. Opposite effects on cardiovascular 
function were observed in the patients who re
ceived fentanyl 15 Jl£ ·kg~ 1 when nitrous oxide 
was replaced by nitrogen (compare Group II and 
III). This was most pronounced in the mean artc~ 
rial blood pressure and cardiac index. which 
showed a decrease of 10-14 per cent in Group II 
and an increase of 23-30 per cent in Group IlL 
The decrease in cardiac index and left ventricular 
stroke work in Group II did not result in impaired 
oxygen supply, since total body oxygen extrac
tion did not change (Table III). On the other 
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hand, oxygen extraction decreased by 40 percent 
(P < 0.001) compared to the awake value in 
Group III. In addition. there was a marked in~ 
crease in myocardial oxygen demand calculated 
as double product systolic arterial pressure x 
heart rate. When the lower dose of fentanyl 
(Group I) was administered in combination with 
nitrous oxide no significant hacmodynamic 
changes were seen (Table ll). However. there 
was a remarkable decrease in total body oxygen 
uptake and extraction. 

Biochemical Changes 
The effects of the different anaesthetic 

schedules on the biochemical variables arc 
shown in Table IV. It is to be noted that the 
glucose values in the control period are relatively 
high but arc comparable to those reported by 
others in patients with coronary heart dis
ease.11· 13• 14 Several factors may have contributed 
to the increased level of glucose in our patients. 
For example. total opium alkaloid (Opial). given 
in the pre-anaesthetic phase. contains 66 per cent 
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TABLE IV 

BIOCHEMICAL VARIABLES BEFORE AND AFTER A:-.JAESTHESIA WtTH FENTANYL 

%change from baseline after induction of anaesthesia 

Fentanyl4.1 ).lg•kg- 1 Fentanyl 15 ).lg ·kg- 1 Fentanyl IS ).lg·kg- 1 

Baseline valud + N;:0/0~ + NzOIO~ + N;:/Oz 
Biochemical mol·m- 3 Group I Group II Group Ill 

variables n =52 n = IS n = 19 n = 15 

Lactate 0.41 ± 0.02 45 ± 11"' -4 ± 5 liS± 34~ 
FFA 1.06 ± 0.05 20 ± 11 -I ± 4 40 ± s• 
Glucose 6. 7 ± 0.2 22 ± ,. 1 ± 2 23 :!:: 6' 
Potassium 4,3 ± 0,1 -3 ± 2 -5 ± I* -9:!:: ,. 

')'Baseline data of the three groups have been combined. 
*Significant (P < 0.05, p:~ired t·tl.'St) change from basel me v.:tlue in the corresponding p.:tticnts. 

morphine, which raises the blood glucose 
level.l'· 1 ~> Similarly. withdrawal of beta
blockers17 and stress 111 • 1 ~ before operation may 
also increase blood glucose levels. 

Increases in aneriallactate (118 per cent). free 
fatty acids (40 per cent) and glucose (23 percent) 
were found in the patients of Group 111 (the group 
without nitrous oxide), whereas no such changes 
could be detected in patients of Group II (Table 
IV). However. with the low dose of fentanyl in 
combination with oxygen and nitrous oxide 
(Group I) a significant increase in lactate and 
glucose was again seen. without significant 
changes in the free fatty acid level. A small de
crease in arterial serum potassium concen,ration 
was found in Groups II and III IT able IV). 

DISCUSSION 

Anaesthetic agents may have diverse effects on 
metabolic and hormonal activity. One group of 
drugs (e.g. halothane) may increase the blood 
levels of glucose. cortisol and lactate~0 while de
creasing levels of catecholamines.~ 1 Other 
agents. such as fentanyl. may increase the activ
ity of the adrenergic system. thereby causing en
hanced excretion of catecholamines in urine~~ 

and. presumably. increased concentration in the 
blood as well. Since an increase in sympathetic 
activity potentially could lead to serious compli
cations during anaesthesia in patients undergoing 
surgery for ischaemic heart disease. a knowledge 
of the haemodynamic and biochemical effects of 
the anaesthetic regimes used is particularly es
sential. 

When fentanyl 15 ).lg · kg- 1 was administered to 
patients without nitrous oxide (Group Ill). both 
haemodynamic and biochemical effects. con
sisting of tachycardia. hypertension. enhanced 
left ventricular oxygen demand and elevated 

blood levels of lactate, free fatty acids and glu
cose. indicate an increase in sympathetic nervous 
system activity probably due to "unbalanced" 
anaesthesia. A lowerdoseoffentanyl (4.1 )..lg· kg- 1) 

given with nitrous oxide (Group I) had no 
haemodynamic effects but produced biochemical 
changes similar to those in Group III. However. 
when the patients were given fentanyl15 ug· kg- 1 

together with nitrous oxide (Group II), no 
changes in the blood levels of lactate. free fatty 
acids and glucose occurred and the blood pres~ 
sure fell only moderately. The slight decrease in 
cardiac index in Group II appears to have been 
due to the addition of nitrous oxide. since the 
cardiac index tended to increase in Group Ill in 
which the same dose of fentanyl was given with
out nitrous oxide. The changes in the left ven
tricular work paralleled those in the cardiac index 
and. despite the slight decrease in cardiac index 
in Group II. overall oxygen supply was adequate 
because total body extraction remained un
changed after the administration of fentanyl 
15 ug· kg·t in combination with the inhaled 
nitrous oxide and oxygen mixture. 

The decrease in the total body oxygen uptake 
in all three groups of patients was apparently 
secondary to a diminution of the metabolic rate 
during the anaesthetic state resulting from fen
tanyl and nitrous oxide.~.~.~ .. Group Ill patients. in 
whom the myocardial oxygen demand increased 
(as suggested by the changes in the heart rate. 
cardiac output and blood pressure) exhibited a 
reduction in total oxygen uptake probably for two 
reasons. First. in the patients with coronary ar
tery disease. increased myocardial oxygen de
mand may not have been accompanied by an 
adequate increase in oxygen supply, thus leading 
to myocardial ischaemia. A retrospective exami
nation of the available electrocardiographic 
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records confirmed that 9 out of 11 patients in 
Group Ill exhibited ischaemic electrocardiogram 
changes (ST depression) in the 35-minute obser
vation period. One out of three in Group I and 
only two of 17 patients in Group II showed these 
changes in the corresponding period. The second 
and perhaps more important reason for the de
crease in total body oxygeO uptake in the pre:-.
ence of a possible increase in myocardial oxygen 
consumption (MYO:::l is that the latter (MYO~ 
changes) would be dissipated by the former (total 
body oxygen uptake changes) since. normally, 
the heart consumes only 8-10 per cent (20-25 
ml/min- 1) 2b of the amount of oxygen USl.d by the 
body. The marked decrease (40 per cent) in oxy
gen extraction in Group III patients was appar
ently due to reduced total body oxygen uptake 
coupled with a high cardiac output. 

fhe data reported in the present investigation 
suggest that. from both haemodynamic and 
biochemical viewpoznts, a combination of fen
tanyl 151J.g·kg- 1 and nitrous oxide with oxygen 
provides adequate and .. balanced .. anaesthesia. 
while. at the same time. this anaesthetic regimen 
significantly reduces any tendency to increased 
left ventricular work. This combination also 
maintains an adequate oxygen supply and pro
VIdes a satisfactory coronary artery perfusion 
pressure. These cardiovascular effects may well 
be beneficial for the patients undergoing coronary 
artery surgery during which a stress-free induc
tion of anaesthesia is so essential. Moreover. the 
lack of a rise in free fatty acids indicates the 
absence of a further potential hazard for these 
patients. 

Recently. Stanley and coworkers-1
.-1 have 

demonstrated that large doses of fentanyl 
(50-lOOIJ.g·kg- 1) can be used as the sole 
anaesthetic without deleterious cardiovascular 
changes in patients with coronary artery disease. 
When such doses were used in combination with 
nitrous oxide in female patients undergoing tubal 
surgery, no abnormal metabolic and hormonal 
responses were seen but apnoea requiring urgent 
ventilation and administration of naloxone was 
encountered in a few cases. 20 It seems that larger 
doses of fentanyl (50-100 J.lg· kg- 1) could also be 
used safely in cardiac surgery. but one has to be 
on the lookout for potential respiratory hazards. 
particularly when these doses are used in con
junction with another anaesthetic agent. 

Finally. we ought to focus attention on some 
limitations of our study, which was carried out 
during routine surgery. All patients received 
premedication about 1.5 hours before transpor-
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tation to the surgical theatre arid the patients had 
tracheal intubation and received pancuronium to 
facilitate intubation. Although paneuronium may 
have interfered with the changes in heart rateZ7•2tt 

and blood K+ levels.~'~ our study does provide 
adequate information for a clinical setting. 
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RfsuM~ 

Les auteurs ont compare les modifications de parametres hCmodynamiques et biologiques 
amen~es par trois techniques d'induction d'anesthCsie dans des cas de pontages aorto
coronariens. Les patients d'un premier groupe ont r~u une dose de 4.1~-tg· kg- 1 de fentanyl et 
ont CtC venti!Cs avec un mdange de protoxyde d'azote et d'oxygi!ne dans des proportions de 
60 et de 40 pour cent; ceux d'un second groupe recevaient 15~-tg· kg- 1 de fentanyl avec le 
meme mC!ange de protoxyde: enfin. dans un troisieme cas. une dose de 15 J..l.£' kg- 1 Ctait 
administn!e et les patients Ctaient ventilCs avec un melange d'azote et d'oxygi!ne dans un 
rapport 60/40. Le fentanyl a Ia dose de 15 11£:' kg- 1 avec une ventilation au protoxyde d'azote 
amenait une diminution simultanCe de Ia consommation d'oxygi!ne, de !'index cardiaque, du 
travail d'Cjection ventriculaire gauche avec extraction d'oxygi::ne diminuCe. La pression 
diastolique (tCmoin de Ia perfusion coronarienne) n'Ctait que peu diminuCe et !'on n'a pas 
observe de modification des lactates. du glucose et des acides gras libres artCriels. Les doses 
infCrieures de fentanyl avec le protoxyde n'amenaient pas de modifications hCmodynamiques 
mais diminuaient Ia consommation et !'extraction d'oxygi!ne. 

D'autre part. les patients qui ant re~u les doses de 15 J..l.£' kg- 1 de fentanyl avec une 
ventilation a !'azote-oxygene. ont prCsentC des t!kvations de Ia frCquence cardiaque, de Ia 
pression anCrielle. de J'index cardiaqueetdu travail d'Cjection ventriculairegauche en meme 
temps qu'une diminution significative de l'extr.i.ction d'oxygene. 

Chez les malades ayant re~u 4.1 J..l.£' kg- 1 de fentanyl avec protoxyde. ainsi que chez ceux 
ayant re~u 1511£· kg- 1 avec le mdange azote-oxygene. on a trouv6 des augmentations 
significatives des lactates. du glucoseetdcs acides gras 1ibres, tCmoin d'une augmentation de 
J'activitC sympathique. 

Nous concluons que le fentanyl a Ia dose de 1511£· kg- 1 associC a une ventilation avec un 
mC\ange de 60 pour cent de protoxyde d'azote et d'oxygi::ne. produit une induction satis
faisante au point de vue hCmodynamique et biochimique chez les coronariens. 
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CHAPTER 8 

Computerized monitoring of lung and heart 
function in the operating room 

Part II: Clinical application 

8.1. Introduction 
It has already been shown in previous work from the Thorax Centre. 

Rotterdam, how comprehensive pulmonary and cardiac monitoring can be 
used in specific studies. e.g. on respiratory gas exchange and the effects of 
drugs during and after surgery. But it should also be pointed out that the 
routine use of pulmonary and haemodynamic monitoring at the Thorax Centre 
has shown the usefulness of this technique particularly under routine circum· 
stances. As a result of observations made during constant use of the 
Methodological Platform a few problems which sometimes come up during 
cardiac surgery and anaesthesia have become easier to detect, analyse, and 
treat. 

In this chapter data are presented of a consecutive series of 33 patients 
without complications as well as a number of short case reports. Both illustrate 
some of the observations which have come to light as a result of the routine use 
of the Platform. Each case will be discussed briefly and compared to the 
ordinary experience in 9rder to show how the data from this type of monitoring 
can be employed in the early diagnosis and treatment of pathological problems 
or in the modification of planned programmes of patient care. 
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CHAPTER 8.2. 
SECTION A 

Cardiorespira~ory monitoring during 
open-heart surgery 

0. PRAKASH. M.D.'". senior anaesthetist 
N. JEFFS. M.B .. B.S .. F.F.A.R.C.S."'. anaesthetist 

S.H. MEIJ. M. Sc. *. computer engineer 
S.G. VANDER BORDEN. B.Sc. ~.research assistent 

P.G. HUGENHOLTZ. M.D.*. professor of cardiology 

8.2.1. Introduction 
Advances in monitoring techniques have made it possible for us to obtain 

detailed information of cardiopulmonary status during and after cardiac 
surgery. Variables measured included minute volume. end-tidal carbon diox
ide. cardiac index. oxygen consumption. and blood gases, from which it was 
possible to derive much useful information (e.g. dead space. ventilation/ 
perfusion ratio, ventricular stroke work). 

Continuous monitoring of such a large number of variables enables quick 
diagnosis and treatment of unfavourable trends in the condition of the patient. 
This leads to an improved survival rate. early extubation. and a shorter 
duration of time spent in intensive care. In the last two decades. the improve
ment in surgical and perfusion techniques has been paralleled by an improve
ment in the measuring of body function. The present report details the routine 
measurements performed within the framework of the Methodological Plat
form of the Thorax Centre in Rotterdam 1 

8.2.2. Clinical material and methods 
Of a total of 33 patients studied. 24 patients had coronary artery disease; 

eight of these had angina at rest. and the remainder had angina following mild 
exercise. i.e. walking 100 meters or climbing up one flight of stairs. All of these 
24 patients had been treated with propranolol pre-operatively. which was 
discontinued one day prior to coronary artery bypass grafting. Four patients 
had a combination of coronary artery bypass grafting and valve replacement 
(three aortic and one mitral valve). and five patients underwent valve replace
ment only (three mitral and two aortic valves). No patient had chronic lung 
disease. 

"' From the Thorax Centre. Erasmus University and University Hospital, Rotterdam. The 
Netherlands. 
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Anaesthesia consisted of fentanyl15 flgm/kgm for induction; nitrous oxide 
and oxygen ( 40%) for maintenance, and pancuronium for muscle relaxation. 
Supplementary doses of fentanyl and pancuronium were used as necessary 
during anaesthesia. Pharmacological reversal of muscle relaxation was not 
employed at the end of the procedure. 

Before induction of anaesthesia, a 17 gauge Sorenson catheter was inserted 
percutaneously under local anaesthesia into the radial or brachial artery in all 
patients. This catheter was used for the determination of blood pressure and 
for the withdrawal of arterial blood samples for the determination of blood 
gases (ABL-2 Radiometer. Copenhagen). Another catheter was inserted into 
a forearm vein for the administration of drugs. Electrodes were connected for 
the recordings of ECG (lead V 5), and heart rate was derived from the ECG 
signals. In addition. a 7F Swan-Ganz thermodilution catheter was guided into 
the pulmonary artery via the right internal jugular vein for the intermittent 
measurement of cardiac output (CO). and for the collection of mixed venous 
blood samples. 

The extracorporeal circulation was maintained by a Sarns roller pump. an 
Optiflo II Bubble oxygenator or a T.M.O. membrane oxygenator. and a 
Swank Hf 6000 filter in the arterial line. The circuit was primed with 2000 ml of 
a mixture of Haemaccel (Behring Pharma). 2500 ml with the T.M.O. mem
brane oxygenator. also. Mannitol20% 100 ml, albumin 20% 125 ml. 50 ml Na 

Table 8.1 

Data on age, number of bypasses received, perfusion time, and aorta 
clamping time 

coronary artery coronary artery 

bypasses* bypasses with valvular lesions 

(24 patients) 
valvular lesions (5 patients) 

(4 patients) 

age (in years) 52 ±2 51 ± 4 48 ± 5 

number of bypasses 3.2 ± 0.3 2.8 ± 0.8 

perfusion time 
(in minutes) 89 ±5 115 ± 16 129 ± 5 

total aorta clamping 
time (in minutes) 28 ±2 65~ ± 18 87~± 6 

Mean values ± the standard error of the mean. 
"' Of the 24 patients. 4 had 1 bypass. 4 had 2. another 4 had 3. and 12 patients had 4 or more 

bypassCs. 
+ With cardioplegia. 
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Table 8.2 

Catheterization data recorded at rest 

coronary artery 
coronary artery 
bypasses with valvular lesions 

bypasses valvular lesions (5 patients) 
(24 patients) 

(4 patients) 

heart rate 
(beats/minute) 72 ± 2 so ± 1 78 ± 4 

cardiac index 
(1/min/m2) 3.3 ± 0.2 3.4 ± 0.7 3.7 ± 0.4 

left ventricular 
pressure (mmHg) 

systolic 144 ± 4 203 ± 42 151 ± 16 
diastolic 6 ± 1 6 ± 2 5 ± 2 

end diastolic volume 
(mllm2) 84 ± 7 101 ± 22 164 ± 31 

left ventricular 
(dp/dt) max (mmHg/sec) 1940 ± 170 

left ventricular 
Vmax (sec-1) 54 ± 4 

ejection fraction 1 0.57 ± 0.03 0.52 ± 0.09 0.58 ± 0.07 

Mean values ± the standard error of the mean. 
1 Following the methods described in: Meester GT. Bernard N. Zce!enbcrg C eta!: A computer 

system for real time analysis of cardiac catheterization data. Catheterization and cardiovascular 
diagnosis 1: 113. 1975. 

HC03 8.4%, and 10 ml KCl 10%. Only when the perfusion hematocrit 
dropped below 20% during cardiac bypass surgery was blood added. 

Table 8.1 contains data on age. number of bypasses. perfusion time. and 
aorta clamping time. and in table 8.2 catheterization data are given. All data 
are presented in the text as mean ± the standard error of the mean. "Stu
dent's" two-tailed paired Hest was used; 1 p-values of less than 0.05 were 
considered significant. 

8.2.3. Experimental Protocol 
Phase I and Phase II measurements were taken in the operating room. and 

those for Phases III. IV. and V in the post-operative intensive care unit. 
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Phase 1: Pre-operative; patient ventilated with 40% oxygen and 60% nitrous 
oxide 

Control measurements of haemodynamic variables, cardiac output, and 
blood gas values were obtained 30 min after induction of anaesthesia, prior to 
surgery, when stabilization was considered adequate. 

Phase II: Post-operative; patient ventilated with 40% oxygen and 60% nitrous 
oxide 

After surgery was completed and the chest closed, sufficient time was 
allowed for stabilization of the patient's condition, at which time Phase II 
studies were carried out. A patient was considered stable when all of the 
following were present: i) systolic arterial pressure > 13.3 kPa; ii) right atrial 
pressure <1.3 kPa; iii) left atrial pressure <2 kPa; iv) absence of dysrhyth
mias; v) no need for cardia-active drugs; and vi) bleeding through the chest 
drains less than 100 ml per hour. 

Phase III: Post-operative; patient ventilated with 40% oxygen and 60% air 
Phase III took place 60 to 90 min after transfer to the post-operative 

intensive care unit, when the mean expired nitrous oxide was less than 0.5% as 
measured by a mass spectrometer. Blood and plasma were given to compen
sate for operative and post-operative losses. Cardiorespiratory measurements 
were then carried out. No cardio-active drugs were given to the patients in this 
series. No analgesic agents were administered during this phase. 

Phase IV: Post-operative; spontaneous ventilation test 
Studies for Phase IV were begun when the following criteria were met: i) 

return to adequate consciousness; ii) recovery from muscle relaxation as 
judged by the ability to obey verbal commands to raise the head or an arm; iii) 
maintenance of haemodynamic variables such as described for Phase II; iv) 
blood gas analysis showing partial pressure of arterial oxygen (Pa 0 2) >10.7 
kPa, on a fraction of inspired oxygen concentration of 40% (Fi02 0.4), mixed 
venous oxygen (Sv02) >65%, and partial pressure of arterial carbon dioxide 
(PaC02) <6.7 kPa; and v) a rectal temperature of at least 36.SOC. 

After all these criteria were met, the patient was subjected to a spontaneous 
breathing test for a period of 30 to 60 min. The ventilator (Siemens Elema 
Servo 900 B) was set at F/0, a setting at which the patient is able to breathe 
spontaneously through the ventilator, but without assistance from it. This was 
done to introduce some stress while breathing through an endotracheal tube 
and through the ventilator circuit. During this testing, expired minute volume, 
end-tidal carbon dioxide, and all the variables shown in Figs. 8.1 to 8.6 were 
watched and carefully recorded. A satisfactory spontaneous breathing test was 
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Fig. 8.1. Oxygen uptake derived from thermodilution cardiac output (V 0 ,,;,), 

oxygen uptake derived from mass spectrometer (V 0 .). carbon dioxide output 
(V c0 J, rate of respiration (R.R.). minute volume (M. V.). respiratory quotient 
(R.Q:), alveolar ventilation/perfusion ratio (VAIQ). and physiological dead 
space to tidal volume (Vd!Vt}, from Phase I to Phase V. 

defined as a rate of respiration not exceeding 26 breaths/minute for adults. 
expired minute volume not less than 10 ml/kg body weight. and end-tidal 
carbon dioxide not more than 6.5%. If the patient passed the spontaneous 
breathing test. he was extubated. 

Phase V: Patient extubated, breathing oxygen/air 
Studies for Phase V were obtained 2 hours after extubation of the trachea. 

The patients were settled comfortably and were breathing oxygen-enriched air 
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given by mask or by nasal catheter. Oxygen consumption values were then 
derived from cardiac output measured by thermodilution and arterial venous 
oxygen content difference. 

8.2.4. Results 
The results are summarized in diagrammatic form in Figs. 8.1. to 8.6. 

Patients received Fi02 0.4, except in Phase V when oxygen was given by mask 
or catheter and Fi02 was not measured. From Phase I to Phase III. there was a 
marked upward trend in oxygen consumption and carbon dioxide production 
(Fig. 8.1). There was an increase of heart rate and mean arterial pressure, and 
only a< slight increase in cardiac index (Fig. 8.2). There was some decrease in 
Pa02 , but as Pa02 did not fall below 13.3 kPa. the arterial oxygen saturation 
(Sa02) did not change. There was a downward trend of the pulmonary artery 
oxygen saturation. and therefore. an increasing oxygen extraction coefficient 
(Fig. 8.3). There was a rise in arterial pC02 notwithstanding attempts to 
counterbalance the rise of carbon dioxide production and end-tidal carbon 
dioxide by increasing the minute ventilation. The rise of PaC02 was reflected 
by a fall in the pH of arterial blood (pHa). Base excess was taken as the 
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Fig. 8.2. Heart rate (H.R.), mean arterial pressure (Art.pr.), pulse pressure 
(Pulse pr.), Cardiac Index, thermodilution (C.I.,h), and Cardiac Index, Fick 
(C.l.rJ, from Phase I to Phase V. 
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Fig. 8.3. Arterial oxygen (Pa0J. anerial oxygen saturation (Sa0 ,), mixed venous 
oxygen saturation (Sv0J. pulmonary venous oxygen (Pii0 ). and oxygen extrac-
tion coefficient (02,.cJ, from Phase I to Phase V. · 

indicator of the Il"'l·respiratory component of the acid-base balance. A slight 
progressive metabolic acidosis was seen which corrected itself after extubation 
(Fig. 8.4). The changes observed from Phase I to Phase III became very 
pronounced during Phase IV. when the patients were subjected to the spon
taneous ventilation test. At that time. the highest values were measured for 
oxygen consumption. carbon dioxide production, minute volume and fre~ 
quency of respiration. PaC02 • end-tidal carbon dioxide. and the oxygen 
extraction coefficient. The lowest values were reached for pulmonary artery 
oxygen saturation and for pHa. Phase V is marked by a fall of oxygen 
consumption, a higher pulmonary artery oxygen saturation. and lower vascu
lar pressures without a fall in cardiac index. The rise in pHa from Phase IV to 
Phase V is a sign of an improved acid-base state. as PaC02 did not change 
much. PaC02 remained high. probably as an effect of some respiratory 
depression. caused by residual fentanyl. Carbon dioxide elimination could not 
be measured after removal of the tracheal tube. The significant rise of Pa02 
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Fig. 8.4. Arterial carbon dioxide (Pac0 J, end-tidal carbon dioxide (C02e.t.), 
excess of the base (BE), and arterial pH (pH,), from Phase I to Phase V. 
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Fig. 8.5. Mean pulmonary artery pressure (P.A.pr.), left atrial pressure 
(L.A.pr.), and right atrial pressure (R.A.pr.), from Phase I to Phase V. 
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Fig. 8.6. Systemic vascular resistance (S. V.R.). left ventricular stroke work 
(L. V.S. W.), stroke volume index (S. V.I.), right ventricular stroke work 
(R. V.S. W.), and pulmonary vascular resistance (P. V.R.), from Phase I to 
Phase V. 

after extubation can not be compared with earlier values. because the percent
age of oxygen inhaled was not measured after extubation. But this rise still 
indicates some improvement in the respiratory system. 

The rate of respiration and the minute volume increased significantly during 
spontaneous breathing. The dead space to tidal volume ventilation ratio did 
not change throughout the period of observation. 

The pre-operative respiratory data collected were compared to post-opera
tive data (table 8.3). The compliance fell by 23%. which was synchronous with 
the rises in peak pressure of 38%; the expired resistance increased by 26%. and 
the inspired resistance by 16%. Similar findings were reported in a previous 
publication 2 

The mean arterial blood pressure remained remarkably constant while the 
patients underwent ventilation (Phases I. II and III); see Fig. 8.5. There was a 
slight rise in pressure during Phase IV. but a sharp fall was seen 2 hours after 
extubation. Similar changes were seen in the pulse rate (Fig. 8.4). 

The left and right ventricular stroke work remained fairly constant through
out Phases I to IV. but fell sharply after extubation (Fig. 8.6). This may reflect 
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the fall in mean systemic arterial pressure. mean pulmonary arterial and mean 
right and left atrial pressures that occurred during this phase. Systemic 
vascular resistance showed similar changes, but pulmonary vascular resistance 
remained constant. 

8.2.5. Discussion 
There were two major aims in this study: first. to provide background data 

on a number of physiological variables on patients undergoing cardiac surgery 
during the intra-operative and post-operative periods. and second. to use this 
data to predict the post-operative course of the patients. with a view to early 
extubation. Clearly, if a range of normal responses could be established, 
deviations from this pattern can be detected and attributed an appropriate 
clinical relevance. 

Clinically, Phase I represents a state of anaesthesia undisturbed by surgical 
interference. At Phase II. immediately after surgery. anaesthesia has become 
very light, and the patient may attempt to move, and to resist manipulation. At 
Phase III he is awake, responding to his environment. yet quiet and tolerating 
artificial ventilation. At Phase IV. circumstances are altered. He must then 
breathe for himself through the endotracheal tube and the open ventilator 
circuit. At Phase V. after extubation. he is breathing free from external 

Table 8.3 
Pulmonary mechanics data 

pn>opcrativc post-operative p-valuc 

peak pressure 
(em H20) 16.7 ± 0.6 23.1 ± 1.1 <0.001 

pause pressure 
(em HoO) 9.2 ± 0.5 14.3 ± 0.8 <0.001 

end expiratory lung pressure 
(em H20) 0.1 ± 0.1 0.7 ± 0.2 <0.05 

inspired resistance 
(em H20/(l/sec)) 17.6 ± 0.5 20.5 ± 0.9 <0.001 

expired resistance 
(em H20/(l/sec)) 23.2 ± 1.1 29.2 ± 2.3 <0.005 

compliance 
(mllcm H20) 56 ±3 44 ±2 <0.001 

Mean values ± the standard error of the mean. 
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impediments, and resting. The successive Phases are clearly reflected by the 
measurements. 

The study shows that, on the whole, heart and lung function are remarkably 
well preserved in patients undergoing cardiac surgery. The exception to this is 
Phase IV, when patients were allowed to breathe spontaneously through an 
endotracheal tube, still connected to the ventilator. This was shown to cause a 
statistically significant increase in cardiac and somatic work with rises in mean 
pulmonary artery pressure and left ventricular stroke work and falls in Pa02 

and mixed venous oxygen saturation (Sv02) due to an increase in total oxygen 
consumption. These data indicate that spontaneous breathing with a tube in 
situ must be considered to be a form of involuntary exercise leading to higher 
pulmonary pressures, and increased left ventricular stroke work with a reduc
tion of Pa02 and Sv02 saturation due to an increase in oxygen consumption. 

As has been shown.2 a test which imposes such a load may be used to test 
whether a patient will tolerate extubation (the spontaneous ventilation test). 
Obviously. such a test should not be prolonged as this will cause an undesirable 
stress to patients with poor cardiac performance. The test should either lead to 
a continuation of mechanical ventilation if the patient totally fails to achieve 
adequate ventilation, orto early extubation if the patient can perform reason
ably during the test. 

As stated in an earlier publication from this centre. the estimation of Sv02 is 
a useful guide for the prediction of the adequacy of tissue perfusion during the 
post-operative period.3·5 Normally. the arteriovenous oxygen saturation dif
ference is 25%. Any widening of this difference indicates an increase in oxygen 
consumption and/or a decrease in cardiac output. It can be seen from this 
series that while the cardiac output remained relatively stable. there was an 
increase in the oxygen utilization coefficient. compared to pre-operative 
values. This increase, associated with a fall in Pa02 and Sv02• has been shown 
to occur during exercise.6 In patients who have undergone cardiac surgery. it 
has been observed that the cardiac index remains constant during the immedi
ate post-operative period. When there is an increase in somatic work, such as 
the effort of breathing. as the cardiac output is fixed. the arterio-venous 
oxygen difference must increase. This provides a useful indicator of the 
amount of effort needed to maintain Pa02 and PaC02 values and of the 
adequacy of cardiac output. The lowest Sv02 was observed during Phase IV 
when patients breathed spontaneously while still intubated and connected to 
the ventilator (67% ± 2% compared to 83% ± 3% pre-operatively). As soon 
as the patient was disconnected from the ventilator and extubated. there was a 
distinct improvement in SV02 ~ indicating a greater cardiopulmonary reserve. 

This suggests that the overall resistance to breathing through an endo
tracheal tube was too high. leading to an increase in the work of breathing. 
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However. the ability of the patient to maintain a stable cardiopulmonary 
system in the face of an increased workload is a useful test of his ventilatory 
capability. As such it could be compared with tests for the prediction of 
successful ventilator weaning described by other workers. such as vital capa
city per kg and maximum inspiratory force 7 and maximum mid-expiratory flow 
and maximum expiratory pressure.8 

The main difference between the spontaneous ventilation test and the above 
measurements is that our test continually monitors response to a small stress 
over several minutes. and is thus able to detect trends. We think that this 
compares favourably with isolated tests of post-operative respiratory function. 
Although the fibre optic measurement system3 .4 provides information on Sv02 

continuously from an indwelling catheter in the pulmonary artery. its cost and. 
until recently. complexity. have regrettably not made it a very widely
employed technique. Hopefully. further technical improvements will make 
this approach more generally employed. 

8.2.6. Summary 
Thirty-three patients underwent extensive cardiorespiratory monitoring 

during cardiac surgery. Recordings of measurements. with derived variables. 
were made pre-operatively. post-operatively. and after extubation approxi
mately three hours after operation. The data provide a reference that allows 
decisions on whether the condition of a patient after cardiac surgery deviates 
from the ordinary course. Details are given of the spontaneous ventilation test. 
which. taken together with monitored data. provided criteria for successful 
early extubation in uncomplicated cases. 
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8.3 SECTION B 

8.3.1. Introduction 
In this section is presented a number of short case reports which illustrate 

some of the observations which have come to light as a result of the routine use 
of the Platform. Each case will be discussed briefly, in order to show how the 
data from the monitoring have been used in the early diagnosis and treatment 
of pathological problems. or in the modification of planned programmes of 
patient care. 

The reports are of two types: those in which continuous monitoring of 
expired carbon dioxide concentrations brought problems to light. and those in 
which continuous monitoring of pulmonary mechanics was found to be useful. 
In some of the cases discussed below the explanation of the pattern observed 
offers no difficulty. In others the explanations discussed are to be regarded 
with some caution. From clinical experience. pattern interpretation has 
proven valuable in choosing suitable therapy. The exact nature of such 
patterns deserve further detailed studies in which the Platform certainly has a 
role to play. 

8.3.2. The value of monitoring lung compliance and resistance 
Case reports 
Case 1: Early changes in lung compliance with intrathoracic bleeding 

This report concerns a patient who underwent cardiac surgery for mitral and 
aortic valve replacement. On return to the post-operative unit his general 
condition demanded a continuation of controlled ventilation (table 8.4). 
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Table 8.4 
Data obtained at tbe conclusion of surgery in Case 1 

mixed venous oxygen saturation (Sv02 ) 

left atrial pressure 
systemic arterial pressure, systolic 
rectal temperature 
arterial oxygen saturation (Sa02) 

blood loss 
heart rhythm 

50% 
28 mmHg 
80 mmHg 
30°C 
89% 
200 mllhr 
unstable 

Because of this. parameters of pulmonary mechanics such as compliance. 
expiratory and inspiratory resistance were monitored with the Lung 
Mechanics Calculator type 940 from the Servo 900 ventilator system. A 24-
hour plot of the pulmonary mechanics parameters obtained from the patient is 
shown in Fig. 8. 7. It can be seen that over an 8-hour period following return to 
the post-operative unit there was a marked reduction in lung compliance. 
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Fig. 8. 7. Computer print-out shows compliance (C), inspiratory resistance (1), 
and expiratory resistance (E) in a patient with intrathoracic bleeding. The blank 
space (from 10-12 hours) represents re-operation, followed by further monitor
ing with compliance returning to control levels. 
Reproduced from Prakash 0 et a!: Lung mechanics in patients undergoing 
mitral valve replacement. The value of monitoring of compliance and resis
tance. Critical Care Medicine 6: 370-372, 1978. 
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Chest X-rays dit not show any gross abnormalities. Towards the end of this 
time there was also a slight rise in expiratory resistance and at the same time 
the patient became oliguric and his systemic arterial pressure fell to 80/50 
mmHg. 

At this stage. some 8 hours after the fall in compliance had first been noted. 
the diagnosis of intrathoracic bleeding was decided upon. and the patient 
returned to the operating theatre for re-exploration of the chest. At 
thoracotomy a large blood clot was evacuated from the right pleural space. 
Subsequently. the lung compliance was substantially improved. although it did 
not return to its orginallevel as the bleeding process had clearly affected the 
lung itself. 

This is an example where the significance of the falling compliance had been 
incompletely understood for 8 hours. as a result of which the correct diagnosis 
was delayed. Since this experience much more reliance is now put on com~ 
pliance monitoring when an intratracheal tube is left in place. 

Case 2: The use of compliance monitoring to assess the progress of treatment of 
pulmonary oedema using PEEP 

This was a 50 year old man who underwent coronary artery bypass surgery. 
After coming off cardiopulmonary bypass and when ventilation was reinsti
tuted. compliance was found to be very low. 220 mllkPa. Arterial blood gas 
analysis showed severe cardiopulmonary function failure with arterial desat
uration. low mixed venous oxygen saturation. and a low cardiac index (Fig. 
8.8). 

The analysis of its cause in this case was incomplete because chest X-rays 
could not be taken during surgery. Even so, a number of possible diagnoses 
must be entertained when lung mechanics and gas exchange are severely 
disturbed. These include obstruction of the endothracheal tube. ventilator 
hose kinking or obstruction of the trachea or of a major bronchus by sputum or 
blood clot. There is also the possibility of interstitial pulmonary oedema due to 
heart failure or fluid overload. and atelectasis. The two latter conditions 
should be suspected when compliance is low. especially when the chest is open. 

Fig. 8. 8. Data on cardiac index and compliance during initiation of positive end- ~ 
expiratory pressure ventilation ( P. E. E. P.) and subsequent improvement during 
treatment. Point A indicates the pre-operative value of compliance. and point B 
the compliance and cardiac index values after termination of extra-corporeal 
circulation. The decision to apply P.E.E.P. was made at point B. Point C 
denotes recovery of compliance values. 
Arterial and mixed venous oxygen saturations at point B before initiation of 
P. E. E. P. and subsequent recovery in blood gas values during the next four 
days. 
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In this case. after ensuring that no gross airway obstruction was present. the 
remaining likely diagnoses were pulmonary oedema or atelectasis. It was 
therefore considered rational to apply a positive end-expiratory pressure of0.6 
kPa. Immediately after the conclusion of the operation. a chest radiograph was 
taken which showed fulminating pulmonary oedema. confirming the appropri
ateness of the diagnosis while the patient was still in the operating room. 

Some improvement in compliance was observed when PEEP had taken 
effect. During the succeeding 5 days the patient continued to be ventilated 
with PEEP (Fig. 8.8). The data on compliance and cardiac index showed a 
gradual improvement toward normal values, as did the blood gas data shown in 
Fig. 8.8. 

In this case the availability of continuous monitoring of pulmonary 
mechanics within the operating room permitted timely intervention in what is 
otherwise a very difficult-to-manage situation. In patients who have been 
subjected to extracorporeal circulation with total haemodilution. a low com
pliance is often seen. This probably reflects a pulmonary oedema of a lower 
degree than in the present case. Monitoring of compliance has been found 
useful as a guideline for ventilation with PEEP in the immediate post
perfusion period. 

Case 3: Diagnosis of hypovolaemia at the conclusion of the cardiopulmonary 
bypass procedure. 

A 46 year old male patient underwent coronary artery bypass surgery. It is 
known that most patients on coming off total heart/lung bypass are 
hypovolaemic and peripherally ''shut down" so that it is difficult to assess the 
degree of fluid deficit requiring correction. Although during the operative 
procedure the amount of fluid lost is determined by the blood losses measured 
from suction bottles, perfusion equipment, swabs. and drapes, this procedure 
remains rather inaccurate such that significant discrepancies may not always 
be detected. A real problem is that even an ever-so-accurate estimate of the 
losses does not help; unknown quantities of fluid may drain into the 
extravascular spaces while some of the vessels (mainly venules) may change 
the capacity and content of the vascular space. 

The end-tidal carbon dioxide and expired oxygen curves, in this case derived 
with a mass spectrometer, demonstrate a pronounced slope of "the alveolar 
plateau" during expiration immediately following surgery rather than the 
more horizontal pattern normally observed. This indicates uneven composi
tion of alveolar air due perhaps to uneven ventilation perfusion relationships 
in the lungs. If uneven ventilation secondary to bronchial obstruction is 
excluded, hypovolaemia should be considered, especially when the left atrial 
pressure is low, as it was in this particular patient. During artificial ventilation, 
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Fig. 8.9. In 8.9.!, the carbon dioxide and oxygen tracings show the plateau part 
of the curve distorted due to hypovolaemia, which was restored to near 
normality after 6 and 18 hours. 8.9.II and 8.9.III indicate the change after the 
administration of 2800 ml of fluids. 

especially during surgery with the thorax open and the patient in supine 
position, the anterior areas of the lungs are better ventilated, while the 
posterior areas of the lungs are better perfused due to gravity. During 
expiration the better-ventilated less-perfused lung areas empty first and 
therefore there is always some upward slope of the carbon dioxide curve. 

We have repeatedly observed this steep upward slope in hypovolaemic 
subjects. and this is thus probably analogous to the increased dead space 
during hypotension.' As explained, it probably reflects a ventilation perfusion 
mismatch. In the present case. the carbon dioxide and oxygen curves regained 
their normal configurations following blood volume expansion. At the Thorax 
Centre Rotterdam the shape of the carbon dioxide tracing has been found to 
be of great help in everyday management of immediate post-perfusion transfu
sion. See Fig. 8. 9. 

Case 4: Accidental clamping of the left pulmonary artery during right-sided 
pneumonectomy 

A 68 year old man was admitted for right-sided pneumonectomy. After 
induction of anaesthesia, the patient was intubated with a 39 Carlens tube. 
Deliberate collapse of the right lung was produced after right-sided 
thoracotomy while the left lung was ventilated separately. Carbon dioxide 
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Fig. 8.10. Continuous monitoring of end-tidal carbon dioxide during lung 
surgery. Arrow indicates time of faulty clamp application. 

monitoring after collapse of the lung is reflected in Fig. 8.10 (A to B). During 
the actual resection, the right pulmonary artery was clamped as intended. 
Even so, an immediate decline of end-tidal carbon dioxide representing the 
left lung occurred (arrow). This was found to be the result of partial obstruc
tion of the left pulmonary artery by the clamp. which had been misplaced to 
include not just the right pulmonary artery, but also part of the left. Readjust
ment of the clamp restored the end-tidal carbon dioxide to normal (not 
indicated in the Fig.). In this instance. end-tidal carbon dioxide monitoring led 
to the early recognition of a complication which, if not recognized promptly. 
may have had serious consequences. 

Case 5: Early detection of the return of spontaneous muscle activity 
During controlled ventilation it is sometimes difficult to assess the exact 

degree of the neuromuscular blockade. particularly when patients are lightly 
anaesthetized. This is especially true when the head and body are entirely 
covered by surgical drapes, so that the anaesthetist fails to appreciate minor 
muscular movements. Muscular tone interferes with the efficiency of pulmon
ary ventilation, increases the inspiratory pressure, and may interfere with 
surgery. 

Carbon dioxide monitoring provides early warning of the return to muscle 
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activity. since during the latter part of expiration diaphragmatic contractions 
cause a drawing of gas. which is partly mixed with fresh gas. from the 
inspiratory line into the analyser, which then results in dips in the expiratory 
plateau of the carbon dioxide tracing. A typical example of this is shown in Fig. 
S.ll.I. At this instant. the administration of pancuronium to the patient 
restored a state of complete muscular paralysis and. as shown in fig. S.ll.II. 
the carbon dioxide trace resumed its normal appearance. 

In the Thorax Centre the minimum necessary amount of drug is given. so 
that possible adverse drug effects are reduced. Although this approach is 
generally accepted, it is not always practicable as there is no means of 
determining precisely the minimum effective dose. The pattern shown in Fig. 
8.11.1 is regularly observed when muscular relaxation is insufficient. Hence. 
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Fig. 8.11. 8.11 .I shows trigger waves or "dips" on the plateau part of the end
tidal carbon dioxide curve due to inspiratory movements during expiration. 
8.ll.ll illustrates resumption of the normal end-tidal carbon dioxide curve after 
the administration of pancuronium. 
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such monitoring is a valuable guideline in efforts to reduce the administration 
of drugs, especially with infants and children. Airway pressure tracing can also 
give an indication about attempts at spontaneous ventilation~ however, we find 
the carbon dioxide tracing to be even more sensitive. 

Case 6: Detection of leaks in the sampling line 
A 3 year old male child underwent surgical correction of tetralogy of Fallot. 

It was observed in the traces of oxygen and carbon dioxide concentration 
(measured by mass spectrometer) that there were repeated dips to very low 
levels (Fig. 8.12.!). The oxygen fell to about 21%, which represents room air, 
and carbon dioxide dropped to zero during expiration. A check of the 
ventilator hoses and sampling line showed there was a leak. 

Even minor leaks may be of serious consequence to a small infant or 
neonate, since, although small. they represent a significant fraction of the 
alveolar ventilation volume. Thus. with volume-preset ventilation, alveolar 
ventilation will fall by a corresponding amount, which in turn may rapidly lead 
to inadequate ventilation. Ultimately, atelectasis and serious arterial oxygen 
desaturation may supervene. For example. a leak of200-300 ml!min, not large 
in itself, represents a substantial fraction to an infant whose alveolar minute 
volume ventilation is only 800-900 mi. and is certainly sufficient to interfere 
with gas exchange. This example is given to demonstrate that continuous 
monitoring of the airway concentration of carbon dioxide and oxygen by 
noticing a change in the shape of the curves allows the physician to spot a 
potentially serious air leak very rapidly. This leak actually occurred within the 
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Fig. 8.12. Tracings from the carbon dioxide and oxygen analyser showing 
repeated dips to very low levels (8.12.!). The lower diagram shows the% oxygen 
falling to 2!%, the level of room air, and the upper diagram shows the% carbon 
dioxide falling to zero. Return to normal tracings after correction of leaks in the 
sampling line of the system is shown in 8.12.!!. 
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monitoring system, but was fortunately detected via the same system. Leaks 
are not rare between the ventilator and the patient, They may produce a 
variable pattern in the tracings, depending upon the site of leakage. However, 
a significant leak can hardly go undetected as long as the carbon dioxide 
elimination remains undisturbed. 
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Fig. 8.13. This figure shows irregularity of end-tidal carbon dioxide values and 
arterial pressure curves at 28"C, revealing instability of cardiac performance. 
Close observation should reveal that the mean arterial pressure follows closely 
fluctuations in the carbon dioxide curve. 

Case 7: Unstable circulation in infants with Fallot's tetralogy under cooling 
A 7.5 kg male child was anaesthetized for total correction of tetralogy of 

Fallot. Because of the complexity of the surgical correction. this patient was 
subjected to deep hypothermia. When the patient's temperature had reached 
28°C during surface cooling. carbon dioxide elimination started to fluctuate in 
an abnormal manner and this was reflected in the tracing of expired carbon 
dioxide. Rapid changes of carbon dioxide elimination (at stable ventilation) 
correspond to changes in pulmonary perfusion. In this case the arterial 
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Fig. 8.14. Electrocardiogram (ECG). arterial pressure (Art. Pr.). and carbon 
dioxide end-tidal tracings showing irregularity of heart beat and its effect on 
carbon dioxide and arterial pressure tracings. During arrhythmias. the rise in 
carbon dioxide output is very clearly demonstrated. 

pressure varied in parallel with carbon dioxide elimination. Obviously. perfu
sion of the lungs and the body varied synchronously (Fig. 8.13 and Fig. 8.14). 

As found in a previous study.2 patients with Fallot's tetralogy or similar 
vitiae may during cooling develop severe increases of right-to-left shunting. 
We regard any sign of unstable circulation as a warning. An arterial sample 
drawn at that time showed that a pronounced arterial desaturation had 
developed. Periods of stable rhythm alternated with arrhythmia. Remarkably. 
it appears that the periods with arrhythmia were associated with increased 
carbon dioxide elimination. The reason for this is obscure. Extracorporeal 
circulation was started immediately and the child recovered. He could be 
extubated within one hour after his arrival in the intensive care unit. See Fig. 
8.14. 

Case 8: Diagnosis of collection of water in the ventilator hoses 
It is commonly observed that water condenses out and collects in ventilator 

hoses. Water in the inspiratory line may be driven into the patient's lungs. 
especially in infants. In the expiratory line it hinders expiration such that 
expiration occurs as a series of discontinuous gas pulsations. An undue PEEP 
effect may also develop. 
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Fig. 8.15. 8.15.1 shows an irregular shape of the loop by plotting airway 
pressure versus inspired volume, and a similar pattern in 8.15.2 was seen in 
expired flow versus expired volume loops. 8.15.3 and 8.15.4 represent ''nor
mal" tracings in the same patient after water was cleared. 

Fig. 8.15 shows abnormalities of the plots of inspired volume against airway 
pressure and expired volume against flow. Water had collected in both 
expiratory and inspiratory lines. This is an example where visual monitoring of 
flow/pressure and flow/volume curves can aid in avoiding difficulties in actual 
patient care. Osborn3 has described several important circumstances which are 
easily recognized from patterns of flow/volume and pressure/volume dia
grams, once they have been observed. analysed, and understood. 

It is our belief that "pattern recognition", aided by efficient displays. may 
sometimes be more effective in drawing the attention of a busy anaesthetist to 
impending problems than numerical data would. For this "pattern recogni
tion". a device was developed which consists of a microprocessor and a display 
unit. The microprocessor system converts the analogue signals from the 
ventilator to digital signals and feeds this digital information to the display 
unit. such that a continuous display of the pattern. flow/volume or pressure/ 
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volume is present on the screen of the display unit. The microprocessor system 
also has the capability of freezing a particular pattern for making photographs 
such as that shown in Fig. 8.15. 
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Fig. 8.16. Computer-derived plot of heart rate, arterial pressure. and carbon 
dioxide production per minute in a baby after open-heart surgery. Between 
points B and C the patient was hand-ventilated. The units are hours. 
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Case 9: Carbon dioxide production tracings in sudden blood loss 
A 4.4 kg female infant underwent operative correction of a muscular V.S.D. 

under deep hypothermia. Cooling and surgery were uneventful. The patient 
was mechanically ventilated during the post-operative period. Twenty-four 
hours after admission-to the intensive care unit the radial arterial monitoring 
line became partially disconnected. which led to profuse bleeding. Sudden 
changes were observed in arterial pressure and heart rate (Fig. 8.16). although 
these changes did not immediately indicate the severity and extent of the 
bleeding. However. when it was seen that the carbon dioxide production 
tracing had fallen to near zero. a severe drop in pulmonary perfusion was 
virtually certain. and hypovolaemic shock appeared imminent. The severity of 
the haemodynamic change was instantly reflected by a change in carbon 
dioxide elimination (Fig. 8.16). 

This observation has a general application. Sudden changes of lung perfu
sion are always accompanied by changes of carbon dioxide elimination. This 
has been used to detect such phenomena as pulmonary embolization 4 The 
following two cases provide other examples. 

Case 10: Carbon dioxide tracings in an infant with pulmonary edema 
A 2 kg prematurely born infant aged 2 months was admitted to Sophia 

Children"s Hospital Rotterdam with symptoms of respiratory distress. On 
blood gas analysis. it was found that the child had a PaC02 of 8. 7 kPa and an 
arterial oxygen saturation of 90%. A chest X-ray revealed both the lung areas 
were severely congested. On cardiac catheterization. a ventricular septal 
defect with pulmonary hypertension was diagnosed. 

CARBON DIOXIDE 

AIRWAY PRESSURE 

TIME IN SECONDS 

Fig. 8.17. 8 hr. 15 min. The carbon dioxide 
curve does not show an alveolar plateau. This 
signifies that the alveolar fraction of expired 
air did not pass the infra-red carbon dioxide 
sensor. Therefore. peak values of 5.4% car
bon dioxide do not represent the real alveolar 
carbon dioxide and could be misleading if 
used for carbon dioxide control of mechanical 
ventilation. Airway flow stops very early 
(point A). at a time when the carbon dioxide 
of expired gas is very low. During the rest of 
expiration, carbon dioxide in the Y·piece 
slowly increases due to diffusion. cardiac 
oscillations. and very low flow (points a to b). 
This ventilation pattern represents Largely 
dead space ventilation. It can only be under· 
stood from the recordings if expired flow and 
carbon dioxide are regarded together. 
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Fig. 8.18. 8 hr. 46min. The minute volume of 
ventilation increased from 2.0 Ito 2.5 l. and 
the peak inspiratory pressure rose from 33 to 
38 cmH20. Frequency of ventilation 
remained the same at 20 breaths per minute. 
The tidal volume changed from 100 to 125 mi. 
Due to this increase in tidal volume. peak 
values of carbon dioxide rose from 5.4 to 8%. 
This signifies that before this change the real 
alveolar carbon dioxide content was at least 
8%. A greater tidal volume reaches the 
alveoli. and end~tidal gas then represents more 
closely alveolar pC02• 
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Fig. 8.19. 8 hr. 55 min. Carbon dioxide and 
expired flow curves are essential in order to 
analyse ventilation. The difference from Fig. 
8.17 is clearly Seen. FloW cont/nues until point 
A when carbon dioxide is much higher than in 
Fig. 8.17. The carbon dioxide increases from 
that point because of reasons similar to those 
given previously (arrow). Thus, improved gas 
exchange has occurred, but gas exchange is 
still severely compromised. Al 8 hr. 56 min. 
the value of Pac0 • was 10.3 kPa, and Pa0 , was 
11.0 kPa. - -

The child was anaesthetized for emergency surgery for the correction of 
V.S.D. After induction of anaesthesia. the infant's temperature was lowered 
to 26°C by surface cooling and then to l6°C by extracorporeal circulation. 
During the period of total circulatory arrest an open ductus Botalli and an 
atrial septal defect with abnormal inflow of the right pulmonary veins in the 
right atrium were identified and repaired. The ventricular septum was intact. 
The patient was ventilated for three weeks after the operation and is now 
thriving and well. 

In this infant the main impediment to adequately controlled ventilation was 
a low compliance and an increased airway resistance due to oedematous lungs. 
secondary to heart failure. The patient needed a larger minute volume and a 
higher inflation pressure than under normal conditions. Pressure. flow. and% 
carbon dioxide tracings during anaesthesia and positive pressure ventilation 
are shown and explained in Figs_ 8.17 to 8-ZL For comparison. similar tracings 
without any pulmonary pathology are shown in Fig. 8.22. 
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Fig. 8.20. Tracings at nasopharangeal tem
perature of 2SOC. Ventilation remained the 
same. The end-tidal carbon dioxide was 
4.9%, and the Single breilth carbon .dioxide 
trace shows a broader plateau. The value of 
Pa0 , was 20.1 kPa. with Pac0 , at 5.4 kPa. 
Here we see that at a lower temperature the gas 
exchange improved tremendously, which we 
find difficult to explain. Analysis of pressure 
and flow curves revealed that compliance 
improved with the entry of more gases into the 
alveoli. Slower expiration can also be s/en in 
the tracings when the gas flow stops at p/,>int A; 
the carbon dioxide tracing has then' nearly 
reached a stable plateau. 

Fig. 8.22. Single-breath tracings of end-tidal ..... 
carbon dioxide from a child undergoing deep 
hypothermia without lung congestion. show-
ing adequate carbon dioxide exchange from a 
large part of expired volume (shaded area). 
Inspiratory peak pressure is normal. 
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Fig. 8.21. 13 hr. 15 min. Tracings after closure 
of the thorax. There was no change in ventila
tion. The end-tidal alveolar plateau is again 
missing. When flow ceases (point A). carbon 
dioxide continues to rise. as during cooling 
(arrow). although the pattern is not that 
severe. The peak value of 6 vol % carbon 
dioxide (about6 kPa) only roughly indicates 
alveolar carbon dioxide content. The arterial 
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The main conclusion derived from the tracings is that carbon dioxide curves 
are indispensable for accurate analysis of alveolar ventilation. Also, visualiza
tion or recording of flow curves along with carbon dioxide is indispensable for 
the determination of whether alveolar space or dead space "'only"" is venti
lated. This example further demonstrates the value of non-invasive flow
pressure and carbon dioxide monitoring. The ventilator should not just push 
gases into the lungs, but also should be able to monitor patterns electronically. 

Case 11: Short-term variations in cardiac output revealed by end-tidal carbon 
dioxide monitoring 

A 6Y2 week old, 2.3 kg male infant underwent surgery for Truncus Arteriosis 
type I with V.S.D. This was an emergency operation. After induction of 
anaesthesia, the patient"s temperature was lowered to 25'C by surface cooling 
and then to 16'C by extracorporeal circulation. 

During the post-correction, post-perfusion period. a sudden severe fall in 
end-tidal carbon dioxide occurred, ;;!though ventilation and lung mechanics 
were unchanged. Within 6 minutes end-tidal carbon dioxide diminished to 
0.7% (Fig. 8.23). This change occurred simultaneously with acute blood loss 
and a fall in arterial pressure. 

A fall in end-tidal carbon dioxide during steady lung ventilation signifies a 
diminished delivery of carbon dioxide to the alveolar space, due to decreased 
pulmonary blood flow. Appropriate transfusion in this infant improved the 
circulation, and this was reflected by the increase to normal of end-tidal carbon 
dioxide. 

8.3.3. Conclusion 
The basic feature of our monitoring system which sets it apart from more 

conventional systems is the use of respiratory signals, i.e. airway pressure~ 
flow, and gas composition. This makes it possible to detect and diagnose 
respiratory problems such as airway obstruction. tube disconnection, the 
efficiency of gas exchange. etc. The automated calculation performed by the 

TIME IN MINUTES 

Fig. 8.23. Tracings of end-tidal carbon dioxide showing a sudden drop over a 
period of 5 minutes due to acute bleeding. 
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lung mechanics unit 930 and the carbon dioxide analyser 940 of several 
parameters relating to lung mechanics and gas exchange facilitates such a use 
of the system. 

Respiratory monitoring in this context is very important in order to promote 
adequate ventilation and patient safety. In combination with conventional 
monitoring of circulation (e.g. ECG, arterial pressure). or even without it. the 
measurement of primarily respiratory signals offers new possibilities of detect
ing and analysing impending circulatory disasters. 

In this context. the relationship between expired carbon dioxide and circula
tion is of great importance. As is well known. end-tidal carbon dioxide is in 
most cases readily controlled by a ventilator that is adequate. Once a proper 
ventilation pattern is established. one expects a stable carbon dioxide elimina
tion via the lungs. If then this stable pattern is broken. the Platform permits a 
search for causes. As has been shown above. circulatory failure is a common 
reason for a non-stable gas exchange. A sudden fall in pulmonary perfusion 
will lead to a decreased delivery of carbon dioxide to the alveoli, which in turn 
lowers carbon dioxide output, and secondarily. a lower end-tidal carbon 
dioxide. A slower depression of circulation may constitute another cause for a 
decreased carbon dioxide output. In such a case one might expect that the 
increasing venous carbon dioxide content would compensate for the lower 
pulmonary perfusion and thus maintain carbon dioxide output more or less 
unchanged. However. this seldom appears to be the case. As is generally 
recognized, the peripheral circulation is progressively '"shut down'', leading to 
a cooling of peripheral tissues; this will lead to a decreasing peripheral 
metabolic carbon dioxide production and an increased storage of carbon 
dioxide in peripheral tissues. Carbon dioxide delivery to the central circula
tion. and hence to the lungs. will decrease. 

In the present context it is more rational to watch the carbon dioxide 
production per minute. available from the carbon dioxide analyser 940, than 
the end-tidal carbon dioxide. The reason for this is that a more uneven 
ventilation perfusion relationship. which often accompanies a circulatory 
depression, will increase the slope of the carbon dioxide concentration curve. 
and hence give an increased end-tidal carbon dioxide. This is illustrated by one 
of the cases (Fig. 8. 9). 

As end-tidal carbon dioxide is useful for other purposes as well. one may 
choose to use this in spite of what has been said above. A display on an 
oscilloscope of carbon dioxide single breath curves (carbon dioxide concentra
tion versus expired volume) is a powerful help5 Display of carbon dioxide 
concentration versus expired volume is preferable to the more conventional 
display of carbon dioxide concentration versus time. since. in most cases. 
expiratory flow is higher initially. and then rapidly decreases. The conven-
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tiona! presentation may thus create a false impression that a plateau in the 
curve has been reached. This plateau may only reflect that gas is standing still 
in the tubings. 

As was demonstrated by cases 1 and 2, a fall in compliance may offer the 
earliest sign of primarily circulatory problems such as intrathoracic bleeding 
and pulmonary oedema. Again, the sign drawing attention to a problem 
arising is non-specific. The nature of the problem can only be unravelled after 
an analysis of the whole situation. This analysis is based on conventional 
methods and upon those data that are specifically offered by the Platform. 

Ventilation and lung mechanics monitoring. carbon dioxide analysis, as well 
as conventional circulatory monitoring, combine to offer the basis for the 
detection and diagnosis of a crisis, a circulatory crisis not being the least 
common. 
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CHAPTER 9 

Summary and conclusions 

Monitoring of heart and lung function today has reached a high standard of 
technological advancement. This is the result of world-wide contributions to 
the development and use of highly sophisticated transducers. sensors and mini
computers. The surgical advances made over the last few years have also 
demanded a corresponding improvement in parameter measurement. so that a 
knowledge of the varying physiological status of the patient must now be 
constantly available. The days of casual and often inadequate. or even non
existent. monitoring of patients are at an end; it must now be considered an act 
of irresponsibility merely to guess at the state of the patient's vital functions. 
Also. the increasing levels of medico-legal involvement today make it manda
tory for the physician to protect his own well-being as well as that of his patient. 

This thesis has been written in order to present and emphasize the great 
value which can be gained from routine monitoring of heart and lung function 
in the operating theatre. Greater emphasis has been placed on lung rather than 
on heart function. partly because the former type of monitoring is. generally 
speaking. inadequately performed or totally ignored. but more especially 
because abnormalities in lung function often give very early and specific 
indications of impending problems. These may vary from the early diagnosis of 
post-operative intrathoracic bleeding to the immediate recognition of the 
simple but equally dangerous problem of endotracheal tube disconnection 
during mechanical ventilation. 

In patients undergoing major surgery. detailed pulmonary function 
monitoring is sometimes started only in the post-operative period. once the 
patient reaches the intensive care unit. This thesis demonstrates that life
threatening situations often begin to develop during the operative period. and 
may be plainly revealed by the lung function monitors; this is especially true in 
thoracic surgery or surgery involving the great vessels. If monitoring of the 
lung functions is not commenced in the operating theatre. the opportunity to 
anticipate serious complications early on in their development will be missed 
and they may only be revealed when it is too late to institute effective 
treatment. Similarly. a lack of baseline monitoring information from the pre
operative period highly reduces the value of observations at the operating 
table. as the data obtained at this stage cannot be compared with correspond
ing pre-operative values. 

Thus. a comprehensive monitoring system. flexible enough to be tailored to 
the complexity of the particular operation and anaesthetic involved. must be 
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attached to the patient on arrival in the anaesthetic induction room. It must 
then be continued throughout the intra- and post-operative periods. 

In this thesis, such a comprehensive monitoring system has been described. 
At the Thorax Centre Rotterdam. this system has proved to be fully adequate 
and to allow an accurate study and control of pulmonary physiology during 
cardiac and pulmonary surgery as well as in the post-operative period. The 
system has been termed the "Methodological Platform •·. Some earlier reports 
of its development have appeared in the literature but in most of the studies 
considered in this thesis the latest version of the Platform was employed. In 
addition to allowing the accurate control of respiratory gas exchange and 
stabilization of desired arterial carbon dioxide tensions. the Methodological 
Platform has been proved to provide sufficient data for a number of specialized 
applications. 

During progressive hypothermia for cardiac surgery, the need for advanced 
and comprehensive physiological monitoring systems is even more apparent 
and vital. A review of the literature on the physiological effects of hypothermia 
in animals reveals that the ''physiological neutrality" intracellularly is achieved 
at progressively higher pH values as temperature falls. and that this more 
alkaline acid-base balance is apparently achieved while the total carbon 
dioxide content of the tissues remains at normothermic (normal body 
temperature) levels. Based on this, an anaesthetic technique was studied. 
whereby the ventilation was maintained throughout the cooling/su:gery/re
warming cycle at normothermic levels. This allowed a progressively more 
alkaline acid-base environment to be achieved. This technique is discussed in 
detail, together with information relating to the circulatory changes and 
complications seen and the degree of acid-base control obtained. The conclu
sion is drawn that the addition of carbon dioxide to the ventilation gases. or 
alternatively, a decrease in ventilation as temperature falls. is not only 
unnecessary. but perhaps also harmful. 

During anaesthesia for coronary artery surgery. the Methodological Plat
form was used to monitor physiological and biochemical parameters while 
different regimes of induction and maintenance of anaesthesia. with fentanyl 
and nitrous oxide. were compared. The results of this investigation demon
strates that only when a high dose of fentanyl (15 ,ug/kg) is given in 
conjunction with 60% nitrous oxide in oxygen. does the patient's oxygen 
consumption and cardiac index fall in the same ratio as blood pressure and 
respiratory function parameters. In addition. this study reveals a reduction in 
the circulating free fatty acid levels in these patients. These factors may be of 
importance to the cardiac patient with severely compromised myocardial 
function. 

Finally, some practical examples of the value of pulmonary and respiratory 
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function monitoring are briefly described. Attention is drawn to factors such as 
increased patient safety. early anticipation and diagnosis of surgical and 
anaesthetic problems. and the easing of decision-making. using this type of 
monitoring equipment. and each example is briefly discussed with respect to its 
significance. 

The conclusion reached is twofold. 
Firstly. the author is convinced that monitoring of pulmonary and respira

tory physiology is of fundamental importance in the conduct of anaesthesia for 
major surgery. especially cardiac and thoracic surgery. and of patient care in 
the post-operative intensive care unit. 

Secondly. the "Methodological Platform .. has proved itself to be readily 
understood by physicians and nurses. and to be flexible and easily used. thus 
adding significantly to the quality of patient care. It has also given way to a 
number of important steps forward in the fields of intra- and post-operative 
patient care. 
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SAMENV ATTING 

Het voortdurend gadeslaan van hart- en longfunctie heeft heden ten dage 
een hoge technische standaard bereikt. Dit is het gevolg van bijdragen uit de 
gehele wereld tot de ontwikkeling en het gebruik van zeer geavanceerde 
signaalopnemers, signaalverwerkers en steeds kleinere rekentuigen. De chi
rurgische vooruitgang van de laatste jaren heeft bovendien op zichzelf geleid 
tot een verbetering in de metingen van de verschillende parameters~ zodat 
kennis van de steeds veranderende fysiologische toestand van de patient 
voortdurend ter beschikking dient te zijn. De dagen van toevallige, van veelal 
onvoldoende, of zelfs geheel afwezige, informatie over de toestand van een 
patient zijn voorbij; thans zou het onverantwoord handelen zijn om slechts 
naar de toestand van de patient en zijn vitale functies te gissen. Daarbij komt 
de toenemende medisch-legale verantwoordelijkheid die de arts haast ver
plicht om zowel zichzelf als de patient te beschermen. 

Dit proefschrift is vooral geschreven om de grate waarde van een routine
bewaking van hart- en longfunctie in de operatiekamer aan te tonen en het 
belang daarvan te benadrukken. Vooral op de functie van de long naast 
hartfunctie wordt de aandacht gevestigd, omdat bewaking van de eerste tot nu 
toe in het algemeen onvoldoende wordt uitgevoerd of zelfs geheel wordt 
miskend. Nadruk op de long ook, omdat afwijkingen in longfunctie vaak 
vroegtijdig en specifieke indicaties geven van dreigende problemen. Deze 
indicaties kunnen uiteenlopen van de zeer vroege diagnose van een postopera
tieve bloeding binnen de borstkas tot aan de onmiddellijke her kenning van het 
misschien simpele, maar op zichzelf even gevaarlijke probleem van het 
losraken van de endotracheale buis gedurende mechanische ventilatie. 

Bij patienten die een zware operatie ondergaan, worden de meer gedetail
leerde longfunctie-analyses soms pas in de postoperatieve periode aangevan
gen, nadat de patient in de intensieve-bewakingsafdeling is aangekomen. Dit 
proefschrift toont aan dat levensbedreigende situaties vaak hun begin vinden 
in de operatieperiode zelf en dat daarvan de tekenen reeds duidelijk kunnen 
worden waargenomen op de bewakingsapparatuur. Dit is in het bijzonder het 
geval bij operaties op organen binnen de thorax. Als bewaking van de 
longfunctie niet reeds in de operatiekamer begint, mist men de gelegenheid 
om ernstige problemen tijdig te voorzien of in een vroeg stadium te ontdek
ken; worden de complicaties later ontdekt, dan kan het te laat zijn voor 
werkelijk effectieve behandeling. 

Op min of meer gelijke wijze is het ontbreken van informatie over de 
verschillende functies tijdens de pre-operatieve periode een nadeel. Dit 
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vermindert de waarde van veel observaties aan de operatietafel, aangezien de 
waarden uit die fase niet kunnen worden vergeleken met de pre-operatieve 
bevindingen. 

Uit het voorgaande volgt, dat een geintegreerd bewakingssysteem, aanpas
baar aan de vaak gecompliceerde omstandigheden van een specifieke opera tie 
en een bepaald anaestheiicum, op de patient dient te worden aangesloten, 
zodra hij arriveert voor de inductie van de anaesthesie. Deze be waking dient 
dante worden voortgezet gedurende de operatiefase zelf en daarna uiteraard 
voor zover nodig in de postoperatieve periode. 

In dit proefschrift wordt een dergelijk geintegreerd bewakingssysteem 
beschreven. Ervaringen in het Thoraxcentrum Rotterdam hebben aange
toond, dat het systeem zeer adequaat werkt en een accurate analyse en 
controle van de longfysiologie gedurende hart- en longchirurgie en in de 
postoperatieve peri ode mogelijk maakt. Het systeem is genoemd het ''Metho
dologische Platform". Reeds eerder is over de ontwikkelingsfase gerappor
teerd in de wereldliteratuur, maar de meeste ervaringen beschreven in dit 
proefschrift zijn gebaseerd op de meest recente versie van het Platform. Naast 
de zorgvuldige centrale van de respiratoire gas-uitwisseling en de stabilisatie 
van de vereiste arteriele C02-spanning, bleek het Methodologische Platform 
ook in staat om voldoende verdere gegevens te leveren. zodat een aantal 
specifieke berekeningen van afgeleide waarden kon worden uitgevoerd. 

Gedurende diepe hypothermic, gebruikt bij hartchirurgie, is de noodzaak 
van een dergelijke fysiologische bewaking nag duidelijker en van nog meer 
vitaal belang. Een overzicht van de literatuur over het fysiologische effect van 
hypothermic bij dieren toont aan, dat ''fysiologische neutraliteif' intracellulair 
wordt bereikt met steeds hogere pH-waarden terwijl de temperatuur zakt. Dit 
meer alkalische zuur-base-evenwicht wordt blijkbaar bereikt terwijl het totale 
C02-gehalte van de weefsels op normothermisch niveau blijft, d.w.z op 
normale lichaamstemperatuur. Als gevolg hiervan is een anaesthetische tech
nick ontwikkeld waarbij de ventilatie op normothermisch niveau werd gehou
den gedurende de gehele cyclus van afkoelen--.chirurgie--.opwarmen. Deze 
techniek liet een geleidelijk meer alkalisch zuur-base-evenwicht toe. Gedetail
leerde informatie wordt ook verstrekt over de veranderingen in de circulatie, 
de verschillende complicaties die daarbij zijn geobserveerd. en de graad van 
controle van het zuur-base-evenwicht. De conclusie wordt getrokken, dat het 
toevoegen van C02 aan de gewoonlijk bij de ventilatie gebruikte gassen of als 
alternatief een vermindering van ventilatie terwijl de temperatuur daalt. niet 
aileen onnodig is. maar mogelijkerwijs ook schadelijk. 

Gedurende de anaesthesie voor coronairvaatchirugie is het Methodologi
sche Platform gebruikt om fysiologische en biochemische parameters te 
bestuderen en te bewaken terwijl verschillende mengsels van inductie en 
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onderhoud van anaesthesie met fentanyl en lachgas werden vergeleken. De 
resultaten van dit onderzoek tonen aan. dat aileen met hoge dosering van 
fentanyl (15fLg/kg) sam en met 60% lachgas in zuurstof, het zuurstofverbruik en 
het hart-minutenvolume van de patient in gelijke mate daten als de verschil
lende componenten van bloeddruk en ademhalingsfunctie. Deze analyse 
bracht verder een vermindering in het aantal vrije vetzuren in de circulatie bij 
deze patienten aan het Iicht. Deze factoren kunnen van belang zijn bij de 
hartpatienten met pre-operatief emstig gestoorde hartfunctie. 

Tenslotte word! een aantal praktische voorbeelden gegeven van de waarde 
van het bewaken van long- en ademhalingsfunctie. Met name wordt de 
aandacht gevestigd op factoren zoals verhoogde veiligheid van de patient, de 
vroege anticipatie en tijdige diagnose van chirurgische en anaesthetische 
problemen en het vergemakkelijken van de besluitvorming. wanneer dit soort 
bewakingsapparatuur wordt gebruikt. Ieder voorbeeld word! kort toegelicht 
met betrekking tot zijn klinische belang. 

Er zijn in feite twee hoofdconclusies te trekken. 
Ten eerste is de auteur overtuigd van het feit, dat continue bewaking van 

longfunctie en ademhalingsfysiologie van wezenlijk belang is tijdens het 
uitvoeren van anaesthesie bij de ernstige vormen van chirurgie. met name bij 
hartoperaties en andere ingrepen binnen de borstkas. Dit is !evens van groot 
belang tijdens de postoperatieve intensieve-bewakingsfase. 

Ten tweede heeft het Methodologische Platform aangetoond dat het 
gemakkelijk te gebruiken is door artsen zowel als door verpleegkundigen, dat 
het zeer gemakkelijk onder klinische omstandigheden is aan te passen en dat 
het derhalve tot de kwaliteit van de patientenverzorging bijdraagt. Verder 
heeft het mogelijkheden geopend om een aantal belangrijke stappen vooruit 
te doen op het terrein van de intra- en postoperatieve patientenverzorging. 
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