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P R E F ACE 

This volume represents selected topics in Computing in 

Anesthesia and Intensive Care and contains the proceedings 

of the Second International Symposium, held in Rotterdam, 

September 6-10, 1983. 

This monograph provides the role of Computing in Anes

thesia and Intensive Care, covering a wide range of topics: 

Education, Monitoring, Innovative Techniques, Computer 

Assisted Intravenous Anesthesia, Data Management and Closed 

Loop Systems. 
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Borden for helping me to edit this volume. Finally, thanks 
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Computer Operating Systems for Patient Monitoring 

Allen K. Ream 

Computer monitoring systems have obvious application to the management of 
acutely unstable patients. However, in designing such systems, attention is 
usually given to the hardware and the ~ programs. I'd like to discuss 
another essential element, the operating system, both to demonstrate its impor
tance, and to document significant trends which are of great value to users. 
Our underlying thesis is that the character of the operating system can have an 
enormous influence on the effectiveness of the monitoring system, and its abil
ity to adapt to changes in clinical practice. 

1.0 Historical Influences 

I first learned to write instructions for a computer, to program, in 1960 
using MIT's TX-Oj a forerunner of the first product of Digital Equipment Cor
poration. As students, we had low priority, and we executed our programs late 
at night. The program was sent to the computer via a teletypewriter which 
punched paper tapej one mistake meant that the entire program had to be 
retyped. The commands which we entered were primitivej each represented a 
single operation of the central processor. Many instructions had to be written 
to accomplish a very simple result. 

We knew that speaking to the computer in its own language of l's and O's 
was not usefulj human thinking does not easily associate meaning with strings 
of numbers. So we wrote our commands with simple abbreviations, like ADD and 
MPY (multiply), and a program assembled them into the l's and O's, of machine 
language, which the computer could recognize and execute. 

Assembly languages were widely accepted, but still difficult to use, and 
much effort went into developing more complex commands, which could then be 
compiled into machine language. These high er level languages were useful 
because a set of commands making up a program could be more concise, and there
fore more easily written and understood. The compiling programs were made 
progressively more elaborate, and additional features were added which checked 
for errors, as dividing by zero, or using the commands in ways that the 
designers forbade. FORTRAN is one of the most famous inventions of that 
periodj it is presently the most widely used compiling high level scientific 
programming language in the world. 

To compute (i.e. run a program) with this approach, one coded the problem 
in FORTRAN, punched it into cards or paper tape, and submitted the cards to the 
computer operator. He fed the cards into the computer, and activated the com-
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piling program which translated one's program into machine language. The 
computer then executed this machine language program. The result of the first 
several tries would often be a set of messages indicating that the program had 
failed to compile because of an error in programming language syntax. 

This was a generally acceptable approach because computers were new and 
expensive, and far better than the manual alternatives. But the process of 
entry and compiling introduced delays in obtaining a program that would execute 
properly. This approach also separated the user from the computer. 

Then John Kemeny and his colleagues at Dartmouth College developed the 
BASIC language. It was a simple language and not intended for serious applica
tion. But it was on-linej i.e. a user could type in material at a terminal 
and immediately execute his program. Because each line of instructions was 
separately interpreted or translated into machine code, the programs did not 
run as quickly, but the user could rapidly test code sequences without a long 
wait for compiling, and most users found failures reported by this mode easier 
to correct than failures reported via messages from a compiling program. 

It is generally believed that more individuals have learned BASIC than any 
other programming languagej human conveniences have outweighed many serious 
(and valid) limitations of the language. Perhaps another way to express its 
attractiveness is to note that in many simple computer applications the 
greatest cost is the time and effort required to write the program, not the 
cost of executing it. 

Initially, computers were used to automate manual calculations. But as 
experience was acquired, it became apparent that the speed of the computer 
allowed a new activity: real-time operation. This term has been used in many 
waysj a widely accepted definition is a response time so fast that the infor
mation is available before the user needs it. It is obvious that speed is a 
crucial attribute of a successful real-time system. 

Real-time systems were applied very early to physiologic modeling and moni
toringj Homer Warner at the University of Utah was one of the first, initially 
with an analog computer, then with a digital computer (when one big and fast 
enough could be funded). However, these early computer systems were extremely 
expensive and bulky, leading to the concept of a remote computer. And compared 
to multiple users through terminals they were inefficient. I recall the ACME 
system used at Stanford in 1967. It could support multiple terminals with key
board input, but monitoring one dog experiment with the help of an auxiliary 
computer required the entire systeml 

In the United States, the National Institutes of Health funded several 
major projects to develop computerized patient monitoring. Certain attributes 
seemed universal. A system was built around specific hardware. Specific tasks 
such as measurement, data storage and report generation were defined. Specific 
programs were written to accomplish these tasks for a particular application, 
such as hemodynamic monitoring. As more experience was acquired, repetitive 
activities were collected into separate programs, which could be used by each 
program which required them. These collected programs formed the nucleus of 
what became known in other contexts as an operating system. The programs which 
were directly concerned with specific measurements and projects could be consi
dered applications programs. 
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2.0 Definition of an Operating System 

A typical dictionary definition of an operating system is the set of 
programs which have to do with translation, supervision, maintenance, control 
and execution of computer programs. I find this definition too abstract. The 
distinctions are functional, and of great practical importance. We will 
develop this definition by considering our monitoring application. 

Some of the specific tasks which an operating system must accomplish 
include communication with the user via a terminal, driving a printer or other 
output device, and supporting information storage. Storage includes files and 
their directories, as weIl as the means of modifying, copying, and transferring 
them. While these tasks are quickly listed, the complexity of mature operating 
systems demonstrates that they are not simple. 

We have noted that early computer applications did not involve real-time. 
This meant that speed of execution and coordination of input and output with 
program execution were not given adequate consideration. The pr ima ry concern 
was manipulation of data, to balance a ledger, or to complete a mathematical 
calculation or fitting of a curve. Getting the data into or out of the system 
was considered a separate problem. A characteristic of early languages was the 
failure to provide adequate high level commands for input and output. 

This separation persists in most modern languages. Two widespread examples 
are BASIC, a favorite of users, and PASCAL, a favorite of computer science 
teachers. To state the same view in different terms; VISICALC, the 
proprietary program which is said to have contributed more to the aales of 
Apple computers than any other proprietary software, was successful because 
input and output were integrated into the language. Previous languages were 
perfectly acceptable mathematically for solving these applications, but even we 
old timers prefer the spreadsheet (VISICALC) approach. It's easier, faster, 
and leads to fewer mistakes. 

Also, in many early commercial applications, the persons who controlled the 
design of the system did not directly put in or receive data. While batch 
methods for input were sometimes frustrating for users, they were easier to 
design, and in applications like accounting, to control. However, all programs 
running on a given machine had certain tasks in common; they had to be 
entered, used a particular language, and left results which bad to be returned 
in some manner to the user. 

To collect these tasks, job control programs were written. They grew by 
accretion, as system tasks were recognized and added. One needs to know how 
long each program executes to charge fees, and to remove a program which has 
been caught in an endless loop, is badly written, or whose execution time 
exceeds the user's budget. It ~s necessary to control memory access for each 
user based on credentials, need, account size, etc. The programs to store on 
disk or tape, print, or plot should not be unique to each user; memory is 
was ted, and it is better to devote resources to one good solution in which all 
can share. As these programs grew, their collective identification as an 
operating system became accepted. 
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3.0 Early Real-time Operating Systems 

Developers of computer applications wh ich met real-time requirements found 
gaps in early operating system design. These systems were slow, difficult to 
change, lacking in essential features and often executed tasks in an order 
which led to delays. Thus developers wrote their own real-time operating sys
tems. However, a community of users developed more slowly, and many solutions 
were specific to a given application. Approaches tended either to unique solu
tions, often in assembly language for speed of execution, or to central time 
sharing systems, building on the attributes found effective in the financial 
and scientific worlds. 

Initially, central systems had a number of attractive attributes. They 
permitted the sharing of a costly resource, and provided access to a common 
data base in applications where this was vital. However, with the decrease in 
cost of computers, financial pressures no longer favored centralization. Major 
data base access does not need to be a frequent activity of monitoring, and the 
cost of communication equipment has become a significant part of the cost of a 
central system. 

Central systems have other undesirable attributes. Software, the major 
system expense, is more complex. Failures have more widespread effects. And 
in many central systems, the design allows the number of interactions to 
increase more rapidly than the number of users, preventing economies of scale. 

While the complexity of centralized systems is not immediately obvious, it 
has effects which are of profound interest to users. The system is isolated 
from users, changes are more difficult to implement, and the increased complex
ity means that changes often have unintentional side effects. 

In many large monitoring systems, growth has proceeded to the point where 
no one user fully understands the system. (This was graphically demonstrated 
to me some years ago, when government funding was provided to duplicate a 
well-known patient monitoring system, using one of the principal developers, on 
a new computer system. The project ran significantly over time and budget and 
was abandoned.) 

In the short term, increasing the size of the computer may compensate for 
inefficiency (a tactic which suggests an explanation as to why such operating 
systems have not been rapidly replaced by computer manufacturers), but the 
underlying difficulties remain. 

Attempts have been made to solve these problems by providing complex con
straints for programmers, and by formal approaches to timesharing which 
partition activities. However, as we shall see below, timesharing techniques 
developed for keyboard real-time applications are usually inefficient when used 
for monitoring. 

A major concern is the effect of isolating users from program function and 
maintenance. When we speak of patient care, the user is often the most expert 
in analyzing available information. Creating a system which hides the basis on 
which calculations are made and the way data is combined is not asound prac
tice. These mechanisms need to be accessible to users in a way which relates 
to their clinical needs. It is difficult to fully convey the degree of isola
tion which these programming practices assure without multiple detailed 
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examples. However, I am confident that most readers have, at one time or 
another, experienced the feeling of helplessness associated with such prac
tices. 

4.0 Modern Trends in Real-Time Operating Systems 

In designing a modern monitoring operating system, a number of concepts 
appear attractive. In the available space, we discuss only examples. 

For the reasons previously identified, a computer should be dedicated to a 
single monitoring application. A central system may be used for data storage, 
but with proper design the rate of data transfer between it and the dedicated 
system should be relatively low. [1] 

The operating system should be written in a higher level language, so that 
changes can be made and understood without introducing unexpected side effects. 
A high er level language also permits portability: the ability to move the sys
tem to a new computer, extending the life of the software. The computer 
language also must execute efficiently, since timing is a critical concern in 
these applications. If this need cannot be met, assembly language may be used, 
but the practical limitations are severe. 

The system must be broken into pieces, modules, which are separate in the 
sense that they can be changed individually. An excellent example of a simple 
operating system is CPM, which is presently the most widely used. system for 
microprocessors in the world. It is broken into three major modules: the com
mand interpreter, which translates commands from the user into actions, the 
portion which deals with input and output (which is different for each com
puter), and the remaining operating system functions. When CPM is moved to a 
new computer, only the input/output portion needs to be changed. I am not 
aware of an operating system for monitoring applications, using a similar 
approach, which is generally available. 

In the same way. the application programs which run under the operating 
system for a particular monitoring application should be modular. so that they 
are simple enough to understand. and can be changed without unexpected effects. 
For example. a user may wish to change the way heart rate is calculated. This 
change should not affect the way other data is averaged or recorded. 

There is one critical area, however. where the attributes of a monitoring 
system for this application are unique: timing. 

Clock time is necessary, not only for calendar functions. but for precise 
timing of measurements. If the system controls patient monitoring. a whole new 
set of complex tasks must be implemented: frequent sampling of the transducer 
outputs; accumulation of data in some area of memory; and what may be called 
final calculations. in which manipulation is performed before storage and dis
play. While these routines can be written entirely into the application 
programs. it is becoming apparent that many of them belong in the operating 
system. 
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Many operating systems evolved from the batch processing mode. Each user 
had a job; the operating system executed them serially. Each job ran to com
pletion, or until it exceeded apreset time, and was replaced by the next in 
line. Execution was speeded up by writing to memory, and another processor 
handled output to the printer or other media. 

When languages like BASIC became available, a compromise was necessary. 
The computer serviced others while a user was deciding what to type at his con
sole. At present, the time between the characters sent to or received from his 
console can be usedl Partitioning of workspace in the computer is usually 
straightforward. Most systems reserve dedicated space for the user, and he is 
not allowed to exceed this allotment. Partitioning of time is more complex, 
because each user must share the same central processor. 

When an activity literally cannot wait (usually when making a measurement), 
an interrupt is programmed. A signal genera ted by an electronic clock or the 
measuring device interrupts whatever is currently being executed, saves one or 
two key registers, and gives control to a small program associated with the 
interrupt. When this program has executed, the registers are restored, and 
control is returned to the program which was executing. This approach works 
weIl if the interrupt program is short and simple, usually only saving acquired 
data for later use. 

Partitioning tasks which behave like users is more difficult, and extensive 
literature has accumulated around solutions developed for multiple users. 
Without becoming too detailed, it is sufficient to note that a common approach 
is timesharing. After a specified time has elapsed, the previously executing 
program is saved in midstream, and the next task is started. However, requir
ing the system to transfer at an arbitrary time makes the process complex. It 
is not uncommon for a multiuser operating system to consume half of the avail
able computer time in overhead, i.e. switching between tasks. 

In a simple system, with only one task executing, this problem is avoided. 
Instead, considerable programming effort is necessary to accomplish multiple 
activities with different time constraints, such as completing averaging for 
da ta just acquired over an interval, writing to a display screen, and providing 
calculations in response to a keyboard request. This solution is even less 
satisfactory if the tasks become complex; the program becomes a specialized 
operating system. 

However, there are some advantages to the timesharing approach. The 
software can be maintained and is relatively successful in protecting other 
tasks from programming errors in one task. Constraints can usually be relaxed 
by moving to a larger computer, an approach which is not unattractive to com
puter manufacturers. But, overhead is high and memory is not always used 
efficiently. 

Multitasking is an approach used early in the development of computers 
because of its efficiency. The fundamental difference is that the exchange of 
the task being executed occurs when a task is completed instead of at a prede
termined time. The changeover can be quite simple; a handful of status 
variables is all that needs to be retained. In our multitasking system written 
in polyFORTH, swapping tasks requires less than 30 millionths of a second, 
using a relatively slow processorl 
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Using a multitasking system does introduce some restraints. It is the 
responsibility of the programmer to design programs that finish tasks often 
enough to avoid monopolizing the computer. The total time of execution is not 
a problem; because overhead is enormously reduced, the effective capacity of 
the computer is increased. 

A careless programmer can have a significant effect on a multitasking sys
tem. However, in a monitoring system, all of the programs are already 
interrelated. Further, the partitioning between tasks separates functions 
which are asynchronous, as writing to disk, plotting, printing, and terminal 
communications. This results in simpler programs. 

Another consideration is that the value of data decays with time. The 
greatest detail is required immediately after measurement. The minimum detail 
is that required for the permanent record. Our data suggests that the decay 
from initial to final detail is exponential. Accurately characterizing this 
process and building it into the monitoring system can enormously reduce the 
size of the computer and data storage required, compared to that required with 
the historical technique of preserving the originally measured level of detail. 
Never postpone processing which can be immediate; delay usually slows execu
tion by introducing additional steps. 

A related issue is that the value of code which executes efficiently is 
relative. Minor inefficiencies in code which executes each time measurements 
are obtained can have a relatively enormous effect on the speed of program exe
cution. Conversely, routines executed infrequently can be relatively 
inefficient without adding significantly to the time required for program exe
cution. This latter group includes most of the code. Thus, careful attention 
to design permits writing much code in relatively inefficient ways, to make it 
easier to understand and to change, with little penalty. But the exceptions 
are of crucial importance. When possible, the exceptions should be protected 
in the operating system. 

5.0 The Partition Between the Operating System and Applications Programs 

We began with three elements, the hardware, the applications programs, and 
the operating system. The operating system, like a programming language, is 
fixed, but the applications programs can be changed as one learns more about 
the problem and its interpretation. To be successful, the operating system 
should be simple, consistent, and easily understood. It must also have suffi
cient flexibility to provide software tools powerful enough to allow simple and 
understandable applications programs. 

Functions wh ich relate to a particular application, or to understanding of 
the physiology, should not be built into the operating system. For example, 
the software which detects heart rate and makes it available for other calcula
tions should be part of the applications programs. Conversely, functions which 
are generic should be part of the operating system. There is no advantage to 
including code to operate the system clock or the analog to digital converter 
in applications programs. When and if specific physiologie calculations become 
so generally accepted as to become truly universal, they may be added to the 
operating system as trigonometrie functions are added to most computer 
languages. However, if the mode of calculation is uncertain or based on the 
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application or physiologie insights, it does not belong in the operating sys
tem. To include it is to guarantee a fatal weakness. 

Most physiologie monitoring systems available today do not meet these 
goals. Sometimes the operating system and the application are a single pro
gram. Often they are partially separated, but co-mingled, making evolution 
difficult or impossible. And often functions which should be in one area are 
in the other. Because the systems are designed for a specific application and 
configuration of hardware, these weaknesses mean that they cannot be 
transferred to other computers and institutions. And around the world, a rela
tively enormous degree of duplication of effort has resulted. 

My method of dramatizing the proper boundary between the operating system 
and application programs is to use the analogy of the alphabet and words creat
ed from it. The operating system is analogous to the alphabet; adherence to a 
common system with sufficient flexibility offers enormous advantages. 
Applications programs are analogous to words. Standardization is essential-
to communicate meaningfully, we must agree on the definition of left ventricu
lar end-diastolic pressure-- but definitions evolve with time and our 
understanding. Appropriate standards must allow a means for this drift to 
occur, and to be noted. [2] Applications programs contain this flexibility; 
operating systems do not. 

6.0 The Uses of Operating Systems 

The his tory of monitoring reveals a fascination with technique. However 
the primary incentive of monitoring is to acquire, order, and present the 
information in a way which eases decision making and allows it to occupy a 
bigger fraction of the user's time. 

The first step is to acquire the data. When this is done, choices must be 
made. Only a fraction of the possible measurements are useful. and sophistica
tion is necessary to determine which measurements are to be used. [3] 

Results should be ordered by reference to underlying goals, as outcomej 
and by reference to implementation, as alternative therapies. (The issue of 
whether or not to apply the therapy is clarified by this kind of linkage.) It 
is apparent that the appropriate structure will evolve with the user's under
standing. [4] Why then do so many on-line operating systems make this aspect 
of the approach inflexible? A needed attribute is the ability of motivated 
users to change the mode of presentation. Changeable attributes should be part 
of the application program, and accessible to review. 

Recent trends emphasize these considerations. Monitoring is an activity 
which is improved by the application of machine intelligence. Achieving com
puter intelligence requires knowledge, and accessible rules for using that 
knowledge. The ability to provide understandable explanations is one of the 
most important attributes of this approach. The lack of this ability is a 
major reason why physicians have refused to embrace programs performing clini
cal diagnosis, even when excellent performance has been demonstrated in 
clinical trials. [5] It is necessary for users to understand and appreciate 
the approach in order to trust the results and use them effectively. 
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In this way, the monitoring system can be used to reinforce or teach good 
practice. It has been suggested that personnel who learn to use a weIl 
designed monitoring system subsequently demonstrate an improved ability to man
age patients without it. 

Recent studies of scientific learning appear relevant to this clinical 
application. Students approach learning with extensive internal models of 
reality. After instruction in new concepts, they tend to return to prior theo
ries to solve problems which vary from the examples studied. Learners look for 
meaning, and will try to find order and regularity in their observations. Bits 
of information isolated from these ordered mental structures are forgotten, or 
become inaccessible to memory. Naive theories are inevitable, and must be con
fronted directly to be reconciled with more appropriate or reliable concepts. 
[6] 

These results suggest that an interpretive monitoring system which does not 
make its decision rules accessible cannot be easily reconciled with the user's 
concepts of reality. It certainly cannot be easily used to improve those per
ceptions, nor to stimulate discovery of inadequacies in its own decision rules. 

This is a powerful argument for making operating systems more modular; so 
that specific changes can be made without destroying the integrity of the sys
tem, and so that specific applications, as the calculation of rate, averaging 
interval, or such indices as the viability ratio or S/DR (supply/demand ratio) 
[3] can be easily implemented, reviewed, altered, or rejected as experience 
grows. Decision rules which are both appropriate and isolated from other parts 
of the system are easier to understand, and the effects of changing them are 
clearer, and more easily implemented. 

The capability of evolution is an essential attribute. Structures and 
attributes reserved for the operating system should be those regarded as most 
basic, widely applicable, and generally accepted. Capabilities which are like
ly to evolve should be in the applications programs which run under the 
operating system. And the system should favor both modular intellectual struc
ture, and portability to other hardware systems. 

Most presently used operating systems for patient monitoring are less 
modular and general than is desirable. This has led to the same problems being 
solved repeatedly by different investigators, and different groups, even by the 
same individuals at different times for slightly different applications. It is 
evident that substantial benefits will accompany the development of operating 
systems for monitoring wh ich are general, modular, maintainable and portable. 
Attributes which appear highly desirable include multitasking, the use of high 
level programming languages, and rules of data analysis which are accessible 
and understandable to clinical users, while the system is in~. 

By necessity, this discussion has been brief. Our companion presentation, 
defining the development of a-specific real-time operating system which is now 
in its second generation, provides insight into our biases in implementing the 
proposed techniques. 
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On the Use of Computers in the Practice of Anaesthesia 

D. Daub and K.A. Lehmann 

1. Introduction 

Computers are entering euery sector of Dur daily and profes
sional life and they won't spare Anaesthesiology. Administra
tion, stock-keeping, documentation are already partially done, 
and, ~n the uery near future, will surely be performed exclus
iuely, by means of computers. Other tasks like medical corre
spondence and similar secretarial work will be performed by 
text editor systems,and euen Dur scientific papers will be 
typed, corrected, edited and printed by such a system. There 
is no need to discuss those applications in detail because 
they will follow the extramedical deuelopment, and we will 
haue to accept the solutions which are worked out in other 
disciplines and other sectors of human life. 

A special design, howeuer, is needed for specific medical 
problems such as the monitoring of critically ill patients. 
Although industry and business haue already taken the leading 
position and the forces of the free market are actiue in di
recting further moues, we are able to influence the future 
deuelopment in monitoring. But the range of Dur influence is 
limited. As a matter of fact, most problems regarding data 
acquisition, data-base or computing facilities haue been 
solued and we haue to acknowledge the fact that the technical 
tool we are provided with by the industry is on a much higher 
leuel than Dur medical knowledge, i.e. we are rarely able to 
use to their full extent all the possibilities which are in
corporated in a well-designed system.( 4)There are indeed 
some aspects which can be improued in the design of man - ma
chine interface regarding data input and also data represen
tation, both problems not being specificaliy medical ones, 
which are sure to be solued in the near future. For the moni
toring purpose the development is also proceeding and the 
computer will be an int~grated part of euery future monitor
ing system - like it or not, and there is no use discussing 
problems which haue already been solved, or are just on the 
point of being solued. We shan't stop the process in progress 
and Dur possibilities to interfere, or euen merely influence 
it, are limited. The quest ion we really should be concerned 
with, and the solution of which will demand the utmost effort, 
is: How can computers be implemented into anaesthesiology, 
and is it worthwhile doing it? Will the introduction of that 
new technology really improue Dur daily routine work as an-
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aesthesiologists? The answer is that there is a lot of work 
to be done to make anaesthesiology ready for the data-process
ing approach. This paper will report on our 10-year endeav
ours, our successes and failures in establishing a model 
ready for the computer to ass ist us in performing anaesthesia. 

2.1. Descriptive Approach 

The first attempt at structuring the rather amorphous know
ledge in anaesthesiology was based on documentation.( 3 ) The 
fundamental concept of that first approach was to gather data 
of all anaesthesias performed in the department, to process 
them and by that to make available to every single member of 
the department the full extent of experience gained by the 
whole staff. This approach, which today can only be judged 
when reviewing the situation of medical data processing as 
it used to be ten years ago, was considered promising because 
no phase im the period of hospitalization and illness is as 
well-documented as anaesthesia. A real-time on-line documen
tation and monitoring system was installed all over our hos
pital and every site of action was equipped with a colour 
visual display and a keyboard, over which all data could be 
entered durinQ anaesthesia and intensive care. A special data 
bank was established and a self-learning programme system 
processed all data entered. We had our specially designed 
text editor and sophisticated presentation devices to make 
access and handling as comfortable as possible to the un-

trained user. 

The results were disenchanting. It was an illusion to believe 
that we could gain a much clearer insight by processing all 
the data gathered. We could only show the incoherent varia
bility of actions leading to the well-defined state of an
aesthesia. There was not even the faintest aspect which was 
common to all anaesthesias reported and there was not a 
single fact extracted out of the data bank which we didn't 
know before. One fact was obvious: we did not collect the 
data concerning anaesthesia itself but only the possible 
side-effects. Most of our documented data did not reflect 
the process of anaesthesia proper but the physical state of 
our patients regarding their basic functions. These data 
used to be crucial in the days when anaesthesia was a bal
anced intoxication but were not essential for a modern uni
versity department. 

The only information extracted out of the data bank which 
actually concerned anaesthesia proper revealed the dosage 
habits of the.staff members, and that, at least, was con
sidered to be helpful to newcomers. The analysis of the drug 
administration led to the anaesthetic time-dose curves as 
introduced by KEERI-SZANTO (9 ) for every single drug. How
ever, the injection of the different drugs according to those 
curves did not effect a more stable or efficient anaesthesia. 
We ended up concluding that only one half of the anaesthesias 
performed following that scheme were satisfactory. This was 
probably an averaging effect, and it re-occurred when analyz
ing sub-sets of our patients according to the type of oper-
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ation and anamnestic data. The result of five years of work 
was the realization that anaesthesia is too complex a process 
to be described by documentation only, that the mapping of 
that process onto the records is poor and that the variabil
ity of response for every individual is enormous. 

2.2. Pharmacokinetic Approach 

The second attempt towards an optimated anaesthesia was based 
on the commonly accepted conception that there are plasma 
levels of drugs which - being above a certain level - ensure 
a stable anaesthesia. Thus, the ideal anaesthesia would be 
achieved by using a fixed regimen for every drug under con
sideration, which can easily be controlled and simulated by 
a computer. But before the implementation of this concept 
into the existing system, those plasma and organ levels would 
have to be defined for each of the drugs whose cooperation 
resulffi in clinical anaesthesia. Therefore a programme was 
started to establish the pharmacokinetic data which were 
needed to evaluate that concept. But those threshold concen
trations could not be found, neither could, for example, the 
analgesic plasma level of fentanyl (13) nor the sleeping 
level of diazepam ( 5). These findings are in contrast to 
some other results published (7,8,20 ), and a certain evalu
ation of these divergences must be inserted in this context, 
even if leading away from the subject in question, namely 
computer application. 

Since the beginning of the 19705, pharmacokinetics has gained 
considerable importance in anaesthesiology.(12,19) With the 
methodological tool provided by this discipline, conclusions 
have been drawn regarding the uptake, distribution and eli
mination of drugs, but attempts were also made to predict how 
the effects and side-effects would progress over aperiod of 
time on the basis of representative Qroups of measured data. 
(19) This concept can yield substantial success: not only 
can half-life values, distribution, clearance and bioavail
ability be calculated, but they can also be used as variables 
for any extrapolation. Such sets of curves seem so relevant 
and plausible to most observers that two fundamental pre
requisites are often forgotten: 

First, the parameters for the kinetic calculations are aver
ages of numerous individual data, often with considerable 
scattering, which usually makes an average curve irrelevant 
for clinical cases (problem of biological variability). 
Secondly, the desired predictions appear conceivable only 
when the site of action coincides with one of the compart
ments represented (problem of receptor theory). 

The pronounced biological variability, demonstrated for fen
tanyl consumption and fentanyl plasma concentration during 
routine neuroleptic anaesthesia in fig. 1 and 2, is the rea
son why attempts to optimize dosage on the basis of pharmaco
kinetic parameters have been unsuccessful. The attempts to 
use drug concentrations in plasma or in specific compartments 
have failed because 
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- there is no generally valid corre~ion betwcen plasma level 
and pharmacodynamic effectj 

- the subdivision of tissues of the human body into compart
ments is not related to r~al organs, but their number or 
size is varied in such a way that a mathematical approxi
mation of the model to the more readily accessible blood 
level measurements can be achieved by the simplest possible 
means; 

- there is no proven and constant relation between brain con-
centrations and pharmacodynamic effect either. 

The good correlation between plasma level and effect, which 
is required for the practical use of that concept, is cer
tainly shown in the case of medications which work in the 
plasma itself, like heparin. It is questionable in the case 
of drugs that non-specifically affect all cells, like halo
thane, and is extremely improbable in those whose operation 
is mediated by receptors. Nevertheless, even for diazepam or 
fentanyl have such correlations been confirmed repeatedly in 
experiments. We ourselves have found such correlations for 
diazepam (5 ) and fentanyl (fig.3 ), HUG ( 7) found a good 
correlation of fentanyl level and respiratory depression, 
and so did others. However, this is only valid when the phar
macodynamic and kinetic parameters are compared in a group 
under the same limiting conditions at the same time. If equal 
concentrations are set in relation to their effect at differ
ent times, they generally correlate no longer (fig. 4). 

Numerous other factors, like additional drugs administered, 
psyche, circadian rhythms, eating, may modify the pharmaco-

dynamic effect without any connection with plasma levels. 
But even the plasma levels are extremely variable. The plasma 
concentrations to be expect8d after i.v. administration of a 
dose of fentanyl, standardized according to body weight or 
even blood volume, can be predicted only within an order of 
magnitude. Thus, al ready in this very first step, a certain 
variability is inherent. Those variations alter any pharmaco
kinetic modelling considerably as they are the basis on which 
the whole system is established. 

If individual groups of patients are observed separately, 
significant differences appear: for example, fig. 5 shows 
that the plasma level during halothane anaesthesia at any 
time after a bolus injection of fentanyl is twice as high as 
in ethrane anaesthesia. KORTILLA (10) was able to show that, 
without injecting another dose, serum diazepam levels rise 
after the patient's having a meal and that this rise is sig
nificantly higher after a,carbohydrate-enriched meal than 
after one containing a lot of fat. These are mly two examples 
showing how difficult it is to really ensure equal conditions 
for every member of your set about to be tested. In a clini
cal study this prerequisite will never be fulfilled regard
ing all the aspects wh ich should be considered, namely the 
different drugs, infusion and nutrition regimens, individual 
drinking habits, physical and psychological conditions. 

There are, however, some explanations for the variability in 
serum concentrations after application of a normalized dosis 
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of an anaesthetic drug. The smaller volume of distribution 
under halothane is partially due to the reduced blood flow 
through the liver as demonstrated by THULIN (21). Dur group 
has been able to show that also the metabolism of fentanyl, 
whose importance for the kinetics has been underestimated in 
favour of redistribution mechanisms,is altered by halothane 
and a lot of other different drugs used in anaesthesia and 
the perioperative period.(14) Great attention has been lav
ished on pH changes or pH gradients at interfaces, which re
sult in iron trapping of the easily diffusable weak bases. 
This phenomenon is weIl supported (19) for the secretion of 
fentanyl into the acid gastric juice. But pH gradients, which 
admittedly are not so pronounced as in the area of the stom
ach wall, also appear in other organs during anaesthesia. 
However, the greater mass of the organs is definitely able 
to hold back large quantities of drugs, as shown by our group 
for the muscle tissues in rats. (15) This leads us to the 
problem of depot formation, whieh plays a eonsiderable role 
inthe variability of plasma eoneentrations. Various studies 
(15) show that large quantities of intravenously injeeted 
drugs are temporarily stored in tissues with good blood eir
culation sueh as the lungs, but are also easily and flexibly 
released again. Every change in tissue perfusion ean thus 
result in a ehange in blood level. 

Blood pharmacokineties, whieh is at present employed univer
sally, is eertainly not able to describe the charaeteristie 
effeets of drugs whieh aet via receptors. Signifieantly deep
er insights into the aetual events are expected from the 
study of receptor kineties, although there presently exist 
only model concepts, especially in the area of opiate and 
benzodiazepin reeeptors. The diffusion of anaesthetic drugs 
through the various membran es from the eapillaries to the 
reeeptors is obviously possible without interferenee. The 
rapid onset of effeets eonfirms this. Dur own investigations 
on erythroeyte membranes show an equalization of eoneentra
tions between intra- and extraeellular spaees through the 
membranes almost immediately. The erythrocyte membrane (and 
this should also serve as an example for other membranes) 
thus represents no obstaele for the diffusion of the free 
base fentanyl. 

The stability of the specifie bonding of fentanyl to the 
opiate receptor is unknown. It is certain (as has been shown 
by tne radiographie studies of LADURDN (16))that the fentanyl 
reeeptor complex ean again dissoeiate,in contrast to lofen
tan~l, whieh undergoes irreversible bonding. Consequently, 
among other things, the rate of assoeiation of the moleeule 
to the reeeptor and that of the dissoeiation of the fentanyl 
reeeptor eomplex are of importanee for receptor kineties: 

fentanyl + reeeptor~fentanyl-reeeptor eomplex 

This simple relation deseribes only very unsatisfaetorily the 
interrelation of the moleeule and the reeeptor sinee we must 
regard the receptor not as a statie system, 'whieh is solidly 
and unehangeably loealized on a membrane," bl:Jt as adynamie 
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process. The receptor molecule is synthesized in the Golgi 
apparatus, brought by intraneuron transport to the membrane, 
where it has the capacity to react with the opiate molecules 
for a limited time and under limited circumstances, and then 
is again transported away and transformed or decomposed. This 
process can be affected by various mechanisms. For example, 
a high concentration of opiate molecules or antagonists can 
lead to internalization of the receptor molecule, thereby 
liminating the pharmacodynamic effect. This is only one ex
planation for how the receptor can be present either in an 
active or inactive form. The factors that influence the pro
cess at the receptor are essentially unknown, but they may 
playa role in the variability in the effect of fentanyl. 
Which mechanisms appear after activation of the receptor and 
mediate the intrinsic activity is completely unidentified.(11) 

Receptor kinetics is an area where intensive research has 
been carried out because it promises to explain the receptor
mediated effect of opiates. This hope will probably not be 
fulfilled because there are too many findings which cannot be 
explained by pharmacokinetics, includin~ receptor kinetics. 
Thus, for example, the time of action of lofentanil, which 
does indeed undergo irreversible bonding with the recptor, is 
not identical with the conjectured turnover of the receptor 
molecule. In Dur above-mentioned investigation of the effect 
of diazepam, we were able to determine that with increasing 
occupancy of the receptors the pharmacodynamic effect de
creases.( 5) We explain this discrepancy between pharmaco
kinetics and pharmacodynamics on the basis of the pronounced 
capacity of the central nervous system for autoregulation. 
Dur medications do not act on a rigid system, as when a sheet 
is rolled from a block of steel, but on a highly flexible 
system, which has the ability to correct any intrusion ( = 
medicinal effect) within a certain amount of time. It is this 
adaptive power of the central nervous system,and the speed 
with which it is able to adjust to altered conditions, which 
appear to determine the duration of effect of drugs that act 
on the central nervous system. The duration of effect is not 
determined by pharmacokinetics, which at best can explain 
only how the drug reaches the receptor. It is thus inevitable 
that,in research on such complex processes as the effects of 
drugs which act on the central nervous system, pharmaco
kinetic methods must be combined with pharmacodynamic ones. 

For this reason, HULL (8) introduced a pharmacodynamic com
partment into his pharmacokinetic model, wh ich enables him to 
adapt his model to the effect which is observed. Dur group 
proceeded one step further, neglecting all mathematical 
modelling and pharmacokinetics and solely relying on pharmaco
dynamics. Tho pharmacodynamic approach is basod on clinical 
experiences, which have al ready enabled anaesthesiologists 
to provide a reliable service for some decades. We are all 
able to recognize conditions in which an additional injection 
of funtanyl is necessary to restore a steady-state anaesthesia, 
which means there must have been signs that previously anal
gesia was insufficient. The statement is similarly true for 
the other components of anaesthesia like cortical depression 
or muscular relaxation. 
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2.3. Pharmacodynamic Approach - Steps towards a Model 
of Anaesthesia 

Dur extensive investigations on pharmacokinetics were planned 
to establish a computer model for the process of anaesthesia. 
This approach failed - not because of inadequate technical 
facilities but exclusively because of tbe unrealistic expec
tations we placed in pharmacokinetics. Starting out from this 
realization, we remembered the clinical basis of our daily 
work and concentrated on the measuring of the desired effects 
(which are variable, too). Most of these more recent investi
gations also make use of computers, but in the more limited 
form of single purpose processors integrated in a monitoring 
device,such as an averaging processor for evoked potentials 
and similar devices. 

In the studies to be described next, the testing conditions 
were kept as constant as possible and only one parameter was 
changed in every new phase. We studied the components corti
cal depression and analgesia - both elements of a balanced 
anaesthesia - in awake young male volunteers, st~dents of the 
Aachen Technical University, aged 25 ~ 2.2 years, with com
parable intelligence, motivation, physical fitness, psycho
logical situation. None of them had a history in any psycho
logical impairment, they never took psychopharmacological or 
any other drugs over a longer period. None was addicted to 
alcohol, heavy smokers were also eliminated. The investiga
tions were performed in an identical manner, in the same en
vironment, and started at the same time of day. The volun
teers were requested to have anormal sleeping per iod in the 
night preceding the tests and, after that, to have only a 
light meal. Summing up, we can say that we really tried hard 
to establish as nearly identical testing conditions as poss
ibIe, which it had been impossible to ensure in the clinical 
set-up we had used to do Dur previous studies. 

A set of tests was used in the investigations on cortical 
depression: electrophysiological tests such as acoustically 
evoked potentials of the brain stem and cortex, as weIl as 
a smoothed RMS-voltage of the EEG and of the HF-activity 
(1DD-3DDD Hz) of the biosignal gained from a P - A lead 
from the skull. Apart from this collection of 5bjec€ive data, 
subjective tests were conducted to evaluate the volunteer's 
mood during the different testing phases including activation, 
desactivation, state anxiety, concentration, depression, self
confidence, and so on. In addition, the test also included 
the flicker fusion frequency and the d2-test (18,22,5). 
Sedation was induced by two normed doses of diazepam ac cord
ing to bodyweight ( 6), the blood concentration of which was 
determined at relevant points of tne in the course of the 
test procedure, and, in a follow-up study, by acupuncture of 
the sedat ion points Neiguan and Sanyinjao on both sides. 

The results of this investigation on cortical depression 
showed that diazepam produces another effect than acupuncture, 
which makes the two incomparable: diazepam pro duces desacti
vation and a reduction of cortical functions whereas acu-



puncture more specifically produces relaxation. None of the 
elements of this set of tests enabled us to distinguish the 
effect of classical acupuncture and electro-acupuncture from 
placebo-acupuncture; only the oral examination of the volun
teers revealed a relaxing effect. 
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In the diazepam group there were only few significantly dif
ferent test results in relation to plasma concentration or 
dose administered. We found that the smoothed voltage of the 
HF-activity as introduced into that test setting by us (one 
experiment with cats and implanted electrodes has been report
ed so far (17)) proved to be a clinically applicable tech
nique to evaluate the component cortical depression, which 
we need to perform an adequate anaesthesia. 

There has indeed been done a lot of work to introduce electro
physiological methods into anaesthesia, the EEG being a fa
vourite one. But the aim of the investigations always was to 
measure the complex process of anaesthesia itself, and not 
one specific component. For that reason, most of the litera
ture cannot really be compared with our results and conse
quently a comparison is not attempted here. 

Contrary to our expectations, we found a fairly good corre
lation between plasma diazepam level and our new parameter. 
This was, however, only the case when effect was correlated 
to plasma levels at given times during the fixed course of 
the procedure. If you generally compare plasma level with 
effect at any chosen time, then the two parameters no Ion ger 
correlate. This might be one explanation for the contradic
tory reports in literature: Some scientists rely on data 
gained within a fixed frame of an experiment - others ran-

domly measure blood levels in a clinical setting and com
pare them with clinical effect. 

Similarly contradictory results are obtained when one exam
ines the second component of our vector anaesthesia, namely 
analgesia, in a comparable test set-up (same restrictions 
in choice of volunteers etc.). Fig. 3 shows the time-courses 
of awake male volunteers, displaying a rather parallel shape 
of pain reduction course (scored by an analogue visual scale) 
and fentanyl plasma concentration course. These findings con
trast with most of our other investigations, especially with 
those where the data were sampled within a clinical setting. 
We were not able to define an "analgetic plas~a-fentanyl 
level", neither during anaesthesia nor in the post-operative 
per iod when we used the on-demand-analgesia computer. Also, 
the correlation between fentanyl plasma concentration and 
respiratory depression, as expressed by arterial pC0 2 , is poor. 

We are now trying to develop a technique to measure objective
ly the noxious input into the CNS, weIl knowing that pain 
is too subjective a phenomenon to be described by neurophysi
ology. But so far, our numerous studies on evoked responses 
- noxiously evoked or not - have not provided us with the 
reliable tool we need to optimize balanced anaesthesia. 
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Muscle relaxation, the third essential component of balanced 
anaesthesia. was not investigated in a single-drug study be
cause this is not feasible in living organisms. But the Train 
of Four method ( 1) of measuring the function of the neuro
muscular junction is a reliable tool and easily applicable in 
the clinical setting. The tests make it evident that muscle 
relaxation is also variable and is influenced by a number of 
other factors. for example by other medication. This suggests 
the conclusion that the different components of anaesthesia 
cannot simply be reassembled in an additive process since an
aesthesia evidently is partially due to synergisms. So our way 
of establishing a pharmacodynamically based model of anaes
thesia must be viewed with certain reservations. 

3. Future Developments of Computer Application 
in Anaesthesiology 

The prospective development concerning the implement at ion of 
computer technology into anaesthesia is bound to be ambigu
ous. Considerable improvement in solving detail problems of 
clinical anaesthesia is to be expected. But the fundamental 
solution - providing a reliable model of the process of an
aesthesia - will not be reached in the foreseeable future. 
The reason for this is that there is no commonly accepted 
theory, not to mention a common practice. of anaesthesiology 
itself and therefore even the most refined technical equip
ment cannot be fully put to use. Anaesthesiology has to pro
vide its scientific basis first before anaesthesia can be 
operated by a computer. Therefore. basic research - perhaps 
of the kind we have just reported about - must illuminate 
the obscure fundamentals of our "art". At the time when this 
will be accomplished, all problems we had to cope with re
garding response-time, man-machine interface, problem-ori
ented presentation of data and results will surely have been 
solved for other fields of medicine. which will then provide 
the computer with reliable and accepted models. At present. 
anaesthesiology must rely more on experience and skill than 
on science. 
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COMPUTERIZED DATA ACQUISITION AND DISPLAY IN ANESTHESIA 

Beneken~ J.E.W., Blom~ J.A., Meijler~ A.P., Cluitmans~ P. 

SPierdijk; Joh., Nandorff; A., Nijhuis; R., van Kessel; H.M. 

SUMMARY 

x Division of Medical Electrical Engineering, 
Eindhoven, University of Technology, the Netherlands 

+ Department of Anesthesiology 
Leyden University Hospital, the Netherlands 

In a collaborative effort to investigate the impact of computer supported 

and centralized data acquisition and display in anesthesia on the quality 

of care and on the task performance of the anesthesist, such a system has 

been designed and this will be described. A total of 32 primary variables 

can be handled. After data reduction and feature extraction a maximum of 

64 derived variables are stored on floppy disk every 15 seconds. 

A variety of display formats are available showing subsets of all signals 

on two color displays in numericalor graphical form. 

Selecting these subsets and their respective alarm limits is done by 

means of a standard keyboard using simple statements and is supported by 

a so called helpfile. 

Interventions and other relevant information can be entered using the 

same keyboard, thus opening the possibility for eliminating manual record 

keeping. 

A standard or special anesthesia re cord can be generated for accompanying 

the patient or for documentation. 

The different approaches to the evaluation of the system will be 

described. 

It is recognized that coupling of such bedside units both for remote 

surveillance and for communicating administrative and other not 

continuously available information, improves the versatility of the 

system. 
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INTRODUCTION 

There is a tendency of an increasing number of signals and derived 

variables to be incorporated in the monitoring of patients during 

anesthesia and in intensive care units. The addition of new signals 

hardly ever leads to thedeletion of other signals. This is probably 

based on a feeling of insecurity. 

We must realize that each new signal that is being monitored brings 

along its cost, in terms of risk to the patient, investment and time. 

It is therefore essential to assess the relative contribution of this 

new signal to the quality of the monitoring process; i.e. given the set 

of signals already in use, what is the improvement when a new signal is 

added? Beyond a certain point the addition of new information leads to 

new uncertainty and degrades the result (Ream, 1981) 

In the diagnostic process, it is possible to evaluate "result" in an 

objective, qualitative way. The changes in the sensitivity and 

specificity of the diagnosis as a result of the addition or deletion 

of a certain variable can be calculated on the basis of false negative, 

false positive, correct negative and false negative scores. Different 

methods for multiple regression analysis have been implemented on 

computers (Gelsema, 1981) which can support such decision processes. 

In monitoring, the situation is much more complex. Many definitions of 

monitoring have been given; the common denominator is that monitoring 

is a continuous diagnostic process based upon a (semi)continuous flow 

of information. This makes simple assessment methods useless. From 

failure analysis (Gravenstein et al, 1980, section 4, Failure to monitor) 

some conclusions can be drawn with respect to the importance of measuring 

certain variables. A similar conclusion can be drawn from mortality 

studies.(Lunn and Mushin, 1982) Such approaches yield useful information 

but not specific enough to support decisions as to what should we monitor. 

A different aspect, which in general terms is not related to the choice 

of a particular set of signals, is the degree of signal processing. 

Depending on the type of signals, its processing will yield a set of 

derived variables. In some cases, this set consists of a larqe number of 

new signals, e.g. following frequency- or power spectral analysis. 
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Hewever, in most cases the derived variables represent certain features 

of the signal, such as maxima, minima and mean values, intervals between 

events (R-R) or values sampled at certain instants such as end-expiration 

(Blom et al.,1982). 

Essential for the proper functioning of a patient-monitoring system is 

a good quality of the measured signals. This quality control can be 

performed on the derived variables. Error detection algorithms have been 

developed that use the statistics of the individual variable to detect 

sudden changes of unexpected magnitudes or duration (Jorritsma et al.,1979) 

By looking at simultaneous changes in a number of variables, it may 

become feasible to distinguish between equipment failure and a change 

in the state of the patient. Some degree of self-assessment of the 

equipment becomes possible, however the saying, "garbage in, garbage out" 

is still a fundamental and valid statement. 

It is a fact that human visual perception is very well trained to per form 

pattern recognition, while it becomes a very laborious task if performed 

by a computer. On the other hand, numerical operations, comparisons and 

memory functions are very well performed by computers. Based on such 

considerations, it is felt that the initial quality control of the 

signals should be done by the anesthesist using an analog display. This 

is not a time-consuming task, since no numeric evaluation of the curves 

is needed that can reliably be done by the computer. 

Once reliable information is available, the automatie detection of trends 

in (derived) variables is an important extension of the power of 

monitoring systems. Trends can be caused by changes in the state of the 

patient or they can be induced, in which case they represent responses 

of a patient to treatment (Beneken et al., 1983). In both situations one 

is interested in an early detection with an estimation of the time of 

onset and an indication of the accuracy of the estimated slope. Coin

eidences in the onset of trends is important diagnostic information. 

Where feature extraction and trend detection are operations performed 

on a single variable or a signal, the next important step is the study 

of (inter)relations between different variables anQ/or their character

istics. Many of these relations can be treated in an heuristic way, 

using as much apriori information as possible; e.g. peripheral resist

ance can be calculated from mean arterial pressure and cardiac output, 

lung- and thoraeie cage compliance can be derived from respiratory 

pressure and -flew. 
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Many variables will show a high degree of correlation, indicating the 

presence of redundancy in the available information. This may lead to 

omission of one of the variables, unless this redundant information is 

utilized to improve the reliability of the data acquisition system as 

a whole. Two examples: 1. A discrepancy between heart rate derived from 

the ECG and from the arterial pulse may uncover loose electrodes or a 

clogged arterial line. 2. A high correlation between end-expiratory gas 

concentrations and bloodgas values is normally present. Yet, an increase 

in the difference between the two sets of values contains important 

diagnostic information about ventilation, perfusion and diffusion. 

A more systematic ~proach to the study of interrelations leads to 

mathematical formulations of models. Such models will, in general, 

represent only apart of the patient's behaviour since only a limited 

set of variables is available. This leads to the design of so called 

input-output models, where inputs are drug dosage, infusion rates and 

other quantifiable interventions1 the outputs are the measured signals 

and their derived variables. Such models can be used for the prediction 

of the effect of planned interventions and support the development of 

an optimal treatment. The degree of predictability is a measure of the 

completeness of the model i.e. of the completeness of the set of 

measured variables. This way, we have an objective indicator for the 

quality and completeness of the monitoring process. 

Besides quality and information content of the available signals, the 

information transfer between the monitoring devices and the human 

supervisor (nurse, intensivist, anesthesist) is at least equally 

important. 

Fundamental aspects, such as visual perception, readability, use of 

colours and lay-out should be considered in the design of displays. From 

the functional point of view, the mixture of momentary values, time 

history and visualisation of relations between different quantities is 

certainly not unique. There is a large subjective element in the design 

of displays and of man-machine interfaces. A thorough clinical 

evaluation of proposed solutions is therefore a great challenge. 



TBE DEVELOPED SYSTEM 

When developing a monitoring system one can choose between two possible 

configurations: 

1: A central computer, which processes the data of several beds or 

operating rooms; 

2: A stand alone system. 

The system we developed is astand alone system. Data collection, 

processing and displaying are done at the bedside, without the need of 

a central system. There are two advantages of this design: 

1: Processor time is fully available for processing the data of one 

patient. Time need not be shared with other patients. More signals 

can be monitored and more processing can be done at shorter inter

vals~ 

2: A connection between bedside apparatus and the central processor 

is not needed, eliminating one possible source of error which may, 

in case of failure, disrupt the entire bedside monitoring. 
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For most of the measured signals the usual front-end equipment is present 

and performs same specific preprocessing: e.g. fram the arterial 

pressure, the front-end equipment determines diastolic, mean and systolic 

pressure. The latter three are fed into our system. Our data acquisition 

and display system is therefore supplement4ry to the front-end equipment. 

The system configuration is shown in fiq. 1. The input signals of the 

system are analog electric signals. A maximum of 32 of these signals are 

Bar/Graphical 
Display 

Numeric display 

Olstl..II'bance message. 
Commumcatlon messages 

Fig.1. configuration. 
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digitized by the Analog to Digital Converter. These are sampled by the 

dataprocessor with a frequency of 50 Hz. The dataprocessor calculates 

derived variables and after some data processing every variable gets its 

own status. Every 15 seconds variables with their status are stored on 

floppy disko At regular intervals variables and status are sent to two 

display processors 1 they take care of the data presentation. The way 

.of presentation is discussed later. 

A keyboard is attached to one of the display-processors for man-machine 

interaction. 

Everything that is typed in, is also stored on floppy disko 

DATA PROCESSING. 

Data processing is performed to determ1ne the dynamic properties of the 

signal. Subsequent processing assigns a status to the variables, 

basically we distinguish between: invalid, valid and stahle. 

Initially, all signals are invalid. When a connection is made, the 

corresponding signal can be declared valid. It will then receive the 

status: learning. On this signal seme disturbance detection is performed. 

During monitoring the running average x(K) and the running deviation 

d(K) from a signal are calculated (Jorritsma et al., 1979). Whenever a 

new input sample x(K+l) is greater then x(K)+4 d(K) the processing 

routines will give the signal the status Rsudden change Up". When 

x(K+1) < x(K)-4 d(K) the signal will get the status "sudden change downn • 

This we call "dynamic error detection". 

It is also detected if a signal is exceeding static alarm limites, if so, 

the appropriate status (above higher or below lower alarm) is given. 

These alarm limits can be set by the anesthetist. 

Whenever one of the above mentioned fault conditions lasts longer than 

15 seconds, also an error message is generated as well as presented on 

the lower display screen. 
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When no fault condition is present, the signal has the status "stahle", 

The following schematic sums up the different signal conditions; a signal 

has always one status out of the seven underlined possibilities. 

Valid 

Invalid /"'" Stable 

dynamic test static test 

~l~qe a17~ 
Learning ~ down above high below low 

INTERACTIONS BETWEEN SYSTEM AND USER. 

Users interact with the system by means of a k.eyboard and two colour 

display screens. A pervasive design decision has been, that use of the 

keyboard should be minimal: inexperienced users will nicely get along 

with a minimum of effort. Another design decision was to enahle 

experienced users to have access to all information in their own 

preferred format, though this may require some more effort. 

Two categories of keyboard entries exist: commands and data. Commands 

order the system to per form some function, e.g. to start processing a 

new signal or to generate a new display. Data entered at the keyboard 

consists of drug dosages, infusion rates, surgical events etc. We cannot 

fully explain our keyboard entry method here, but we want to mention 

some of its features: 

- dedicated function keys allow entry with a minimum of keystrokes. 

For instance, the command "ON C02 PART", which tells the system that 

the capnograph and the arterial line are connected and that their 

signals must be processed, takes four keystrokes: three function keys 

and the "ENTER" key. 

- experienced users can enter a command in one line, while novice users 

will be prompted for each following entry with a question as long as 

the command is not complete. The latter method, though initially 

slower, is virtually self-learning. 
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- at any time pressing the "HELP" key provides the user with detailed 

information on how to proceed. 

- in case of erroneous entry the system pinpoints the error and shows 

the valid alternatives. Pressing "HELP" gives a more complete 

explanation on how to proceed. 

The two colour screens serve three purposes. In the first place, part 

of one screen serves as a terminal, that echoes keyboard characters, 

prints prompting questions and in general serves the interaction between 

system and user. A second part of this screen serves as the alarm system: 

it provides static alarms, dynamic alarms and computer errors (a full 

floppy disk, a cable disconnection, etc.) Alarm messages are as specific 

as possible. Lastly, the major part of both screens is dedicated to the 

presentation of the state of the patient. This information presentation 

is organized in a hierarchical fashion, as is shown in figure 2. 

Physiol. 
system 

Sub

systems 

Survey: Alarms 
Barl IKeyboard I 

Numeric -TerminaT 

~ 
" 

",' ...... 
, 
" , " " ............................ " " , , 

Trend Comment 
, 

\. , , 
" graphs list ' ....... " , , , 
" , - --- ---- ---------_ -------t> Synopsis --------t> (Record) 

Fig. 2. Organisation of the presented information. 
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There, the full drawn lines connectoptionaldisplay formats. The inter

rupted lines indicate that the anesthesia re cord can be generated either 

on-line, during the operation or off-line, after the operation. 

In some of the more complicated operations a tremendous quantity of 

information is potentially available, which can only be assimilated 

if presented orderly. The default presentation is a survey of the state 

of the patient. Two fields are visible. Upto 40 variables or derived 

quantities are presented numerically on what we call the numeric display, 

which shows momentary values only. 

In figure 3 a possible lay-out of the numeric display is represented. 

Four columns and ten rows and separation lines that can individually be 

placed, facilitate grouping of variables into functionally related 

blocks of numeric values. 

The variable name and value are not shown when their status is invalid. 

When an alarm condition of one or more variables is detected, the back 

ground colour of the corresponding name area turns red. 

Below the numeric field, two area's of the screen are reserved for alarm 

messages; one serves as terminal in relation with the key board. 

PSYS : 130 TCORE : 35.9 C02EX : 5.0 TINS : 1.0 

MAP : 100 TSKIN : 32.5 C021N : 0.2 TPAUS : 1.0 
PDIA : 80 02EX : 40.0 TEXP : 3.0 -------- --------

MPAP : 20 SV : 40 RRATE : 12.0 
--------

MlAP : 10 PR MX : 35.0 TIVOl : 600 

PRMI : 0.0 MIVOl : 7.2 

MCVP : 7 HRECG : 90 

Fiq. 3. Numeric Display. 
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The second screen shows as bar display the ten most important variables 

in a therapy-oriented way: is the variable in its normal range, how far 

is it from the alarm limits, how is the trend and is it stab1e now? 

One glance at this display gives this quick overall picture. We expect 

that this survey, together with the alarms, will be the most relevant 

display most of the time, Therefore, we will descr~be the disp1~y in 

more detail. 

Fig. 4 gives one of the bars showing core temperature data. Every bar 

gives the behaviour of one variable over the last three hours on a 

logarithmic time axis. The present va1ue is shown f1ashing. 

va, T. co'. 
n,m 37.0 
p.v 37.2 

i nterval 

f ( o - 15 sec) 

2' ( 15 - 45 sec) 
3' ( 45 sec - 2". min ) 

~ ( 2',. - 6 "'. mln ) 

6' ( 6"'4 - 20'1. mln ) 

8' ( 20". - 60"'. mln ) 

r ( 60",. - 182 ". min ) 

Fig. 4 Bar graph display. The six data points on the 1eft 
represent the behaviour of the variable over the past three hours. 
The corresponding time intervals are given. The data point on the 
right represents most recent 15 sec. interval. 



The value of the variable is presented on a linear vertical axis. The 

upper and lower fields represent two red alarm area's. In the middle of 

the bar the blue normal area is presented. The space between the blue 

and red bands are black attention area's. Below the bar the name of the 

variable, its normvalue and its present value are displayed. 

When a proper choice of the 10 variables has been made this display 

gives in one glance a survey of the status of the patient. 

Sometimes more detailed information is necessary. In that case the 

survey display is (partially) removed and a more specific display is 

generated. First of all, trend graphs of selected signals will be 

important. Adefault trend display exists, but the user can choose any 

combination of signals, and their scaling and the scaling of the time 

axis can be selected from 15 min. to 4 hrs. full scale. 

The comment list will present (all or a selection of) the data entered 

at the keyboard. Entries can then be added, deleted or changed. 
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The development of the organ oriented displays is still in a planning 

stage. This system type will group all relevant information about a 

system, e.g. the circulation, on one screen. Even more detailed in

formation, e.g. about the mechanical heart function, will be provided 

by the sub system displays. These displays will in general provide their 

information in a mixed format: partially graphs, numerical values of 

variables and derived, calculated quantities (e.g. indices), events, 

relevant injections and infusions, etc., if available. 

At this time our system does not handle the analog displays of the raw 

signals like ECG and blood pressures, because the front end equipment 

provides those. We do recognize the great importance of these displays 

because of the signal quality control that they provide and therefore 

(parts of) these curves will need to be integrated with the more 

specialized display types. 

A synopsis, which is as yet not implemented, will show the anesthesia 

record as it is being built up using a plotter. It will have the same 

format as is used for the manual record and is meant to replace it. At 

the end of the operation it is complete. 
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An off-line editing program allows each user to specify his own defaults 

for the layout of the various displays. With relatively little effort 

this allows adjustment of the data presentation to different groups of 

patients, type of surgery, available operating room front end equipment 

and individual preferences, thus minimizing peroperative data entry 

effort and maximizing the usefulness of the displays. 

AUTOMATED RECORD KEEPING 

Documentation of anesthetic data is needed under a number of distinctly 

different circumstances and for different purposes, such as: 

- pre-operative - for recording of pre-operative information 

- during anesthesia - to show preanesthetic information 

- for recording of measurement results 

- to discover trends, inconsistencies etc. 

- for recording observations and interventions 

- to assess responses to treatment 

- to force attention to the patient 

- post operative - for transfer of information to the I.C.U. or 

recovery room 

- to assess complications, immediate or delayed 

- to reveal information for future anesthesia 

- for legal purposes 

- general use - clinical research, e.g. technique, drugs 

- medical statistics 

- teaching 

Each of these applications may require a different record with different 

degrees of detail. Should we be able to reconstruct the course of events 

from the recorded information? The opinions differ. If the answer is yes, 

the discussion about which information should go on record, runs parallel 

with the discussion about which signals should be monitored during 



anesthesia. However it is good to realize that personal observations 

remain extremely important. Subtle ehanges may be observed without 

realizing it. Yet, they play their role in deeision making but will 

never go on reeord. 
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Irrespeetive of the importanee of personal observations, assessment of 

the eondition of a patient, only on the basis of the monitored variables, 

both eontinuous and intermittent, is impossible if not at the same time 

the inputs to the patient (drugs, ventilation, other interventions) are 

reeorded properly with the same degree of aeeuraey with respeet to timing 

and quantity (Beneken et al., 1983). 

Reasons for automation have often been listedl relevant for the 

anesthesia reeord are: 

- reduetion of administrative load 

- more time available for patient eare 

- improvement of the quality of the doeument 

It is obvious that automatie generation of anesthesia reeords is only 

possible in the presenee of a eertain sophistieation level of the 

monitoring equipment. 

Signals and information from all further sourees that are being surveyed 

during anesthesia, should be stored in some memory. 

When an adequate and interaetive display system is available, the 

presenee of an anesthesia reeord during anesthesia is no longer neeessary. 

All relevant information ean be retrieved from memory and be displayed 

upon request. Most of the above listed purposes ean be performed 

automatieally and different solutions are available for entering 

non-numerie data and observations (Baetz et al., 1979). Attention to 

the patient ean be drawn in many different ways. 

Nothwithstanding the degree of automation in the O.R., the patient who 

is being transferred to the post-operative eare unit should always be 

aeeompanied by a written or printed information sheet, unless a fully 

integrated patient data management system is operational whieh eneom

passes hoth the O.R. and the post-operative unit. 

During the transition per iod from manual to automated reeord keeping one 

is likely to find differently equiped O.R.'s in the same department. It 

is helieved to he essential that during this per iod the automated systems 
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produce (e.g. at the end of the operation) an anesthesia record that is 

highly similar to the manually completed record, both with respect to 

general lay-out and information content. This is an important safety 

measure. The lay-out of such a standard record will thus be determined 

by the local circumstances and procedures. 

In addition to this standard record, the full exploitation of the power 

of automated, computer supported data acquisition systems can yield 

an extension of the standard record while keeping the general design 

of the lay-out. Such an extended re cord can show more details, such 

as pre- and post-event time plots of any number of variables, or numeric 

values at shorter intervals, etc. Such arecord can be made as a patient

tailored anesthesia record by handling the data interactively at a 

computer terminal, each patient and/or each situation requires different 

data for assessment. 

The future then will show no record keeping during anesthesia. Data 

acquisition systems will store all information into memory devices 

(e.g. floppy disks) and will produce records containing only the infor

mation needed for the transfer of the patient and for other post-opera

tive purposes. 

Additional information, e.g. for research or teaching, is, at all times, 

available and can be edited and printed in accordance with the specific 

purposes. 

EVALUATION. 

Many technicians and anesthetists are engaged in the development of 

systems for the automation of several tasks of the anesthetist. Most 

progress on this subject is made independently and thus different aspects 

are being emphasized in the different designs. 

The automatic generation of the anesthesia record is a starting point 

for some of the designers (Frazier et al., 1981). 

Others favour the centralized registration of their patients' state and 

the therapy (Kontron Ltd.). Optimal man machine interaction that is, the 

facility to easily enter and recall interventions and information is also 

considered an important aspect (Rau 1982). On line monitoring is the main 

interest for again another group (Demeester 1982). 
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In the development of the DADS system described above, priority was qiven 

to the aspect of on-line monitorinq. It was tried to stimulate pattern 

recoqnition by implementinq special display facilities and hierarchical 

alarm structures. 

All those various systems will have their impact on the functioninq of 

the anesthetist and thus (possibly) on patient care. It is clear fram 

the effort beinq put forth in the development of those systems that there 

is perhaps a need for them. Or, if not really a need, the evolution in 

intensive care units and operatinq rooms is in astate ready for the 

introduction of this kind of system. In the first part of this paper 

certain as ects, such as the number and quality of signals and their 

deqree of processinq, which have led to this evolution, were mentioned. 

For the introduction of these systems to be justified it has to be proven 

that they are a necessity fram a medical point of view and economically 

acceptable. The criteria for assessment used by people differ: 

- an improvement of morbidity and/or mortality of the patients, 

- a significant decrease of incidents and 

- the improvement of the work situation of the anesthetist, 

are the different gradations. 

The directly visible design demands are mostly directed toward a lower 

workload for the anesthetist (by recordkeepinq for instance), better 

monitorinq of patients (especially when one anesthetist serves more than 

one operatinq room), or more efficient reqistration of patient data. 

Besides the justification, it will be very valuable to test the perfor

mance as such, to find achi11es hee1s and 100se ends so as to carry out 

essential improvements. 
At present our DADS is beinq evaluated (Meyler et al., 1983). The 

Objective is in particular to make judqements with respect to incidences 

and worksituation. In addition the performance is tested. The approach 

to the evaluation procedure is based upon both literature and practice. 

_. A review of incidents and their associated factors can provide items 

for investiqatinq whether the system helps in obviatinq or detectinq 

them and if that is not the case whether it is possible to implement 

such a possibility as yet. Cooper et al.,(1978) show that most of the 

preventable incidents involve human error (82%) with amonqst others, 

druq-syrinqe errors beinq a frequent problem. If, for instance, one 
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could attach a barcode to all syringes which would have to be read 

before administration, some inadvertent swaps could be prevented. As 

associated factors they mention amongst others: fatigue, failure to 

perform a normal check and distraction. These can certainly be 

improved by systems which reduce workload and present the essential 

information in an ergonomic fashion. 

- With respect to the worksituation (carriage, fatigue of the eyes etc.) 

a thorough literature study on ergonomics in connection with the 

system is essential. 

- A study on the task analysis of the anesthetist is done to get to 

understand the decision processes. This is a necessity to find out 

for instance whether the correct variable set is presented in an 

optimal way. Besides, it can function to detect weakness in the 

anesthetic procedure and workload. 

For instance 10-15% of the time is spent on recording (Kennedy et al., 

1976) 

The studies will result in achecklist of items against which the DADS 

is being tried. If unavoidable, items will have to be checked with the 

anesthetists, but unobtrusive methods will have preference. (for instance 

the use of data on disk). 

The intention is to get results that are generally applicable and if 

possible,statistically significant. In the future one could hope that 

all the different systems could melt into a few standardized types. 

Perhaps followed over a longer period of time something can be said as 

weil about morbidity and/or mortality which in fact are of the utmost 

importance for the patient. 

DISCUSSION. 

The Eindhoven-Leyden data acquisition and display system was designed 

as a flexible system to study the usefulness of such apparatus in the 

operating room and the intensive care unit. 

Although we chose to make a stand-alone system, we do recognize the 

usefulness of communication between systems. We forsee a network of 

independently operating bedside units (or O.R. units) with options 
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for data communication to other bedside units for remote surveillance 

or consultation and for data communication with the clinical laboratory 

and an administrative information system. Because of bedside processing 

and -storage, a high reliability is obtained which is not dependent upon 

this network. 

The described system offers many facilities in terms of displays, alarms, 

user interactions and patient- or specialist tailored records. Such a 

system is basically not realistic for every day use in a peripheral 

hospital, nor even in a university hospital. 

The built-in, software based, flexibility allows for a systematic study 

of the wishes and needs of the clinicians and attending personnei, and 

of the benefit of such systems in terms of improvement in the quality 

of care. The results of this study will yield design criteria for future 

monitoring systems. 

The following ten demands sum up the conditions that have to be met by 

a clinically useful data acquisition and display system: 

1. Measurements of continuous variables should be performed 

automatically and not manually. 

2. Intermittently available quantities and non-numeric information 

should be easy to enter. 

3. A rapid and easy check on the quality of the inputsignals should be 

supplemented by automatic tests on quality and internal consistency 

of the data. 

4. Easy access to sub sets of data concerning one or more organsystems. 

5. Hierarchical alarming structure, based upon both fixed and variable 

alarm limits. 

6. Facilities should be available to reveal interrelations, coincidences 

and other systematic patterns. 

7. Lay-out of displays, the use of colours and other features should be 

consitent. 

B. The system should monitor its own performance. 

9. All interactions between the user and the system should be stored 

and saved. 

10. It should be simple to learn how to operate the system. 
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MICROC0rfPUTER BASED AUTmfATIC CAPTURE OF SIGNALS FROn 
NON-INVASIVE INSTRUMENTS. 

N. H. NAQVI, F.F.A.R.C.S. 
DEPARnfENT OF ANAESTHETICS, 
BOLTON ROYAL INFIRMARY, BOLTON, LANCASHIRE, U.K. 

Development of microprocessors during re cent years and 

their extensive use has significantly improved the performance 

of electronic instrumentation. One such example is the recent 

increased availability of non-invasive blood pressure recorders 

for measuring systemic, systolic and diastolic arterial blood 

pressure, heart rate and mean arterial pressure. Such a 

device incorporating a microprocessor and using oscillometric 

principle was described in 1978 (Tompkins and Webster, 1981). 

Since then, significant developments in integrated circuit 

technology have refined and enhanced their performance. One 

important advantage of this new generation of instruments is 

that the required parameters can be measured and docume~ted 

automatically, with accuracy and consistency. Many problems 

which are inherent in the manually opera ted simple blood 

pressure apparatus are removed. Their acceptance has been 

slow as physicians are traditionally conservative and cautious 

in accepting a new development. There is no doubt that micro

processors are here to stay, not as the latest vogue but on 

the merit of sophistication and cost effectiveness. This is 

one development where prospective users cannot afford to 

delay acceptance. Any hesitation, or further delay, might 

deny them a very useful tool. One problem facing medical 

users of the microprocessor-based medical equipment is the 

same as that facing users outside medicine. The manufacturers 

due to severe competition, are not developing uniform standar

dised products. They are striving to outdo each other rather 

than help the consumer by producing equipment which in inter

changeable and machines that can 'talk' to each other. 
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Unfortunately medical users have been unable to influence this 

but have to spend their limited funds to acquire recorders and 

printers for their monitors if they want to keep and maintain 

accurate recordings. Freedom of choice among clinicians to 

use whatever equipment they choose must remain. Any restric

tion in this respect would hinder further developments and 

therefore would be strongly opposed by the profession. 

The value of accurate record-keeping is weil established 

and this is always desirable for good patient care. Any form 

of technological help which can contribute to accuracy and 

automation in record-keeping deserves examination. Hesitation 

and unwillingness of doctors to produce medical records for 

self-audit has been criticised (Lunn and ~1ushin, 1982). This 

hesitation would be unnecessary if records are automatically 

prepared and preserved. For medico-legal purposes, legible 

and accurate records of events are always advisable. Some 

doctors are notorious in preparing notes and re cords using 

illegible writing. Any records prepared in such a way that 

are not legible and cannot be understood by others have 

limited value. 

Invasive monitoring of vital signs during anaesthesia and 

intensive care is now widely practised. It has its own 

advantages, dis advantages and dangers. Invasive monitoring 

is generally considered to be accurate and more comprehensive. 

But it is also true that accuracy is dependent upon diligent 

maintainance of equipment and correct application of trans

ducers. This problem is multiplied when mainframe computers 

are used with invasive monitors for data collection and 

processing. These systems require continuous technical back

up which greatly increases expense. Such justified 

restrictions make invasive ystems only suitable for large 

institut ions where technical help is available. 

Non-invasive monitors are in common use both in general 

hospitals and in specialised centres, and no doubt this type 

of monitoring is most suitable for the needs and requirements 

of routine day-to-day work in most hospitals. These techniques 

should be employed more often, on the merit of simplicity, 



46 

safety, and consistent performance. To fulfil the increasing 

need for reliable, cost effective non-invasive monitors, 

sophisticated hardware is now available. Manual collection 

of data which is displayed by non-invasive monitors at desired 

intervals is quite laborious and time consuming. If this task 

is automated it will release the medical and nursing staff 

for other more important duties in patient care. Moreover 

such automation would also improve accuracy, consistency and 

legibility in medical records. Since the manufacturers do 

not conform to a uniform standard, problems arise when data 

needs to be processed for storage and recall, if a range of 

non-invasive devices are in use. At present it is difficult 

to find a way to integrate signals from different non-invasive 

devices for display in real time, and also to store the data 

for future retrieval and reference. Such a need can be ful

filled by using a suitable microcomputer and interfacing it 

with various non-invasive monitors of choice. The signals 

from monitors are captured, integrated and communicated to 

microcomputer for display in real time in a Buitable format 

and can also be stored. A facilty based on this principle 

can easily overcome many problems of incompatibility of 

medical instruments, produced by various manufacturers. 

~1icrocomputer interfacing would also be useful for some of 

the non-invasive instruments used in doctors' offices and 

laboratory for simple investigation, but such tailor-made 

interfacing hardware is not yet available. One manufacturer 

has recently introduced a dedicated interface which only 

displays respiratory parameters captured from an electronic 

ventilator, Some other users of microcomputers have designed 

and built their own interface. Table 1 offers examples in 

which non-invasive monitors and other devices have been 

successfully interfaced with a microcomputer utilising 

hardware available off the shelf. Some of these systems are 

commercially available and can be purchased with all 

facilities of backup services and maintainance. They are 

flexible enough to be updated in future if required. Others 

are still at research and development stage. 



TABLE 1 

1. VITAL SIGNS MONITORS 

a) Blood pressure monitor. 

b) Thermometer. 

c) Carbon dioxide analyser. 

d) Respiratory monitor. 

2 • GAS AND ANAESTHETIC VAPOUR MONITORS. 

a) Oxygen analyser. 

b) Anaesthetic vapour monitor. 

3) LABORATORY AND OFFICE INVESTIGATIONS 

a) Computed spirometry. 

b) Computerised obstetric measurements. 

4) QUALITY CONTROL 

a) Instruments "Watch Dog" 

VITAL SIGNS MONITORS 

It has been mentioned earlier that microprocessors have 

been used extensively in non-invasive blood pressure monitors, 

to measure display and re cord systolic, diastolic, blood 

pressure, heart-rate and mean arterial pressure. Quite a few 

of these machines have appeared in the market. Some of them 

provide the facility of built-in recorder or printer, while 

others offer these as an option. The format of hard copy 
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varies from a digital print-out to a variety of trend recordings. 

These machines utilise various physical principles to sense 

or detect systolic and diastolic arterial pressure. A large 

majority of them are based on an oscillometric principle, 

while others utilise doppler, infrasound and audio-frequency 

sensors. Since most of these provide the facility to be con

nected with recorders,. it is possible to make use of the 

analogue signals available at the output sockets and interface 

them with a suitable microcomputer. Some of the very latest 

models also incorporate a standard interfacing facility like 

a RS 232 (Electronic Industry Association Standard) to make 

interfacing a lot easier. 
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Apart from blood pressure monitors other non-invasive vital 

signs monitors cornmonly used during anaesthesia and intensive 

care are: thermometers, respiratory monitors to measure 

respiratory parameters like rate of respiration, tidal volume 

and airway pressure. Gas analysers to display end expired 

carbon dioxide concentration and oxygen analysers which monitor 

oxygen percentage in fresh gas flow. 

Microcomputer based capture and processing of signals 

related to above mentioned parameters, using a range of 

monitors, has been described (Naqvi, 1982). The system is 

built around a compact computer, Hewlett-Packard 85 (HP 85). 

The computer is small enough to be accommodated on an anaes

thetic machine and can display the data in real time during 

the intra-operative period. Figure 1 shows computer and 

various monitors assembled on an anesthetic machine. It 

provides a printout in graphie and digital form and also 

stores the data for future retrieval. Communication between 

computer and monitors is achieved by an electronic system or 

interface specially designed for this purpose. The hardware 

components of this interface are enclosed in a small box or 

can be accommodated inside the computer after some modification. 

The interface is assembled by using printed cards which can 

be purchased. A six channel analogue to digital converter is 

used to receive signals from an electronic thermometer, 

carbon dioxide analyser and ventilator. The respiratory 

parameters are captured from output socket of an electronic 

ventilator like Servb 909 B. Software is designed to process 

these signals to display the data on computer screen in a 

traditional graphic form. A printout in digital form is 

produced simultaneously by the built-in printer (Figure 2). 

The data can be stored either on built-in cassette or floppy 

disco The hardware in the interface can also be adapted to 

read a suitable electronic ventilation monitor. This makes 

it possible to use a non-electronic mechanical ventilator. 

The respiratory values are monitored electronically with a 

separate less expensive instrument. A prototype, soon to be 

marketed, of such arespiratory monitor has been interfaced in 



Fig. 1. Photograph of H.P. 85 and 

various monitors assembled 

on an anaesthetic machine. 
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Fig. 2. A typieal hard eopy of 

graphie and digital reeord 

of vital signs. 



place of the electronic ventilator, with the system described 

above. 
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In order to receive signals from a non-invasive blood 

pressure monitor a two-channel RS 232 is used. Two commercially 

available blood pressure monitors Dinamap and Sentry have been 

successfully interfaced and some others can be used without 

major alteration in software and hardware. The building blocks 

of this interface are shown in Figure 3. Apart from the cards 

which receive signals other ready made circuit cards required 

to process the signals and interpret them in a format suitable 

for HP 85 are Intel 8085 and a card with small random access 

memory (RAM). Intel 8085 is used as buffer and sets flag for 

the RAM whenever the HP 85 is ready to receive data. This 

system is connected with the computer through an industry 

standard interface called microface. The microface is a 

specially designed communication device producing logioal 

communication between monitors and HP 85. Software is designed 

for this system to process data in real time. The visual 

display unit displays achart which is traditionally prepared 

by anaesthesiologists, when they prepare anaesthetic record 

manually. Six digit hospital number for identification, 

patient's description and other information regarding pre-op 

assessment, premedication and breathing system, etc., can be 

entered using the computer keyboard. The drugs used and post

operative comments are entered by resetting the menu for 

relevant data in a question answer sequence. Retrieval of any 

one stored re cord is extremely quick and easy. A program for 

statistical analysis can be prepared and added a~ sub-routine 

to the existing system. Hard copy of a comprehensive anaes

thetic re cord can be prepared with the help of a plotter, 

using a preprinted blank re cord form. This offers a complete 

anaesthetic record in a matter of seconds. Moreover this 

system can help to organise storage and retrieval of anaesthetic 

records within the department, utilising minimum space. 

Manual filing of records is always a difficult problem, 

specially in a small general hospital. Using a system where 

data is automatically acquired, recorded and stored in a small 
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Fig. 3. Diagrametic representation of 

the interface used with H.P. 85 

and non-invasive vital signs monitors. 
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space would greatly enhance not only patient care, but help 

research and self-audit. There is no doubt that such a system 

would prove to be cost effective. The system is particularly 

suitable for a small general hospital, where non-invasive 

monitoring is commonly used and preferred to invasive 

techniques. The computer is not dedicated and can be used for 

other purposes within the department. 

Work is in progress to interface a neuromuscular monitor, 

and a suitable anaesthetic vapour monitor to measure percentage 

of volatile anaesthetic agents. 

COMPUTED SPIROMETRY 

Many dedicated systems for computed spirometry are avail

able, not only for use in the office of respiratory physician 

but also for use in pulmonary function laboratory (Robischon, 

1982). The cost and limited lifespan, at present prohibits 

wider use of these dedicated systems. They can be cost 

effective if a large number of tests related to spirometry 

are requested. At present the overall picture of computerised 

spirometry still confuses most potential users. But the 

value of such non-invasive investigations is accepted. 

A relatively cheap and workable system has been designed 

and marketed by Vitalograph. It is based on a popular micro

computer, Apple II, which is interfaced with the standard 

spirometer. Spirotrac II has achieved acceptability among 

respiratory technicians. There are several reasons for this 

ready acceptability. It provides the analogue trace of the 

test in the way which technicians were accustomed to watch 

be fore the computer was added to it. It does not provide a 

jargon of numbers and calcu1ated results, as some of the 

dedicated systems are built to do. The system has volumetrie 

discrimination of 0·0025 litres. Its reasonable cost is also 

a strong factor. The microcomputer used is a popular model 

and its large memory is available for many other additional 

needs. Software for this system is designed to make calcula

tions and present them on the screen and store the data on 

floppy disco A hard copy can be produced by printer. The 

data can be subjected to statistical analysis if desired. 
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The system is extremely useful when respiratory parameters 

are being studied under controlled conditions using different 

drugs. It makes an extremely useful research tool for quick 

controlled comparisons. The system has the flexibility to 

be updated according to the developing future needs in 

respiratory therapy. The software can be enhanced to 

individual requirements. Figure 4 shows the system used 

in arespiratory laboratory and Figure 5 gives schematic 

details of the interface. 

COMPUTER OBSTETRIC MEASURING SYSTEM 

Use of ultrasound equipment in the obstetric department 

to monitor the well being of mother and foetus has been a 

success story. The foetal heart monitors and sensor of 

uterine contractions have been in use for over a decade, in 

all obs tetric hospitals. Such non-invasive monitoring 

during labour has significantly contributed towards the 

safety of mother and quality of foetus. Monitors based on 

ultrasonic detection are in common use but linking these 

timetested monitors with a microcomputer has received little 

consideration as yet. But microcomputers have been interfaced 

with the static ultra sound scanner, which is widely employed 

for monitoring foetal development. 

The system is designed by Sonicaid Limited and called 

Sonicomp. Again an Apple microcomputer is used. The software 

and hardware is designed to display a static scanning picture 

on the computer visual display unit. Its 8 - bit digital 

converter can be used in conjunction with many earlier linear 

array real-time scanners and smaller, low cost scanners 

without a frame freeze facility. It can be used to upgrade 

older scanners to the standard of modern ones at a fraction 

of the replacement cost. The image is displayed on the 

computer screen and can be frozen whilst measurements are made. 

Accuracy is enhanced because the measurements are made directly 

on to this frozen image with the help of an electronic graphie 

tablet with stylus and computer generated small cursor. This 



Fig. 4. SPIROTRAC 11 used in a 

respiratory laboratory. 
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removes errors due to parallex or picture distortion. It is 

simple to use and no special training is required to operate 
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the system. It allows essential obstetric measurements extremely 

fast and high degrees of accuracy. More than 20 separate 

measurements can be made at one examination, which are stored 

and can be retrieved for comparisons with others taken at 

later visits. In this way the Sonicomp provides accumulated, 

accurate and comprehensive information to the obstetrician 

regarding foetal development. The user can review and edit 

the data if necessary. One floppy disc can accommodate 

obstetric records of over 500 patients. Hard copy can be 

produced at any time by a silent printer. The hardware 

remains non-dedicated and offers as a bonus the advantage of 

48K Apple memory for any other use within the obstetric unit. 

Figure 6 shows a hard copy of various obstetric measurements 

obtained from the Sonicomp. 

QUALITY CONTROL 

Microcomputers are extensively interfaced with all types 

of electronic instruments in industry for quality control. 

Their use for this particular purpose in medical field is not 

yet popular. In laboratory environment quality control is 

fairly easy. If a delicate instrument, like blood gas 

analyser is used in an isolated way, like an intensive care 

unit, operation room or a baby care unit, its performance 

needs to be watched with strict standards. In these circum

stances a microcomputer using a suitable software can provide 

the essential requirements to maintain quality control, 

acting as "Watch-Dog". 

DISCUSSION 

Sophisticated mainframe computers are only available to a 

few medical centres with a reputation of excellence. Their 

use and maintainance requires highly trained and skilful 

personnel. They are not considered suitable for small general 

hospitals where routine and day-to-day work is carried out 

using simple and less expensive equipment. For the purpose 
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of monitoring and investigations, non-invasive techniques are 

safer and advisable unless indicated otherwise. If non-invas

ive devices are employed, which are designed by different 

manufacturers it becomes a difficult problem to prepare auto

matic records for data management. This task can be made easy 

if a suitable microcomputer is selected and interfaced to 

these devices for real time display and data processing. 

Some of these applications have been described in this chapter. 

Although the microcomputers are extensively used in medicine 

for data collection, management and statistical analysis etc., 

those described here are chosen speciallyon the basis where 

microcomputer directly communicate with monitors and instru

ments through skilfully designed hardware and software, and 

parameters are measured and tested non-invasivelv.These 

systems are developed fairly recently and have not gained 

wide acceptability. It is observed that such a system needs 

highly motivated staff to make maximum use. A lot of effort 

and time is required to train the staff. Maybe in the near 

future system based on "turn-key" principle are introduced 

which need minimum effort and understanding to operate. 

Microcomputers do not conform to various recommendations of 

medical standards of safety, although they are safe devices 

to be used in offices and hornes. If microcomputers are inter

faced with medical instruments then safety regulations might 

be endangered. This problem is worrying those who want to 

interface the microcomputer with instruments. No doubt it 

needs further e=~amination by recognised bodies. The non

invasive monitors and other equipment which have been inter

faced ar.e isolated from patients and conform to International 

Electrotechnical Commission 601 and its equivalent British 

Standard 5724. If microcomputers are interfaced with these 

equipments then the computers are not connected to the 

patient directly. Even after these precautions the micro

computer can also be isolated with the help of an isolating 

transformer. 
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Another problem is of the inter-changeability of medical 

instruments. It is highly desirable that manufacturers should 

start providing uniformity at output signal. It would be 

extremely helpful to the users of various monitors if a 

standard interface like RS 232 may be provided as standard 

device, so that interfacing for the purpose of collecting 

data is made easy with microcomputers. They are extremely 

useful tools available at low cost compared to mainframe 

computers. They can be used with minimal technical expertise 

and can fulfil many needs of anaesthetic department and 

intensive care units. 
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PHYSIOLOGIC MONITORING OF CRITICALLY ILL PATIENTS: Computerized data 
acquisition, outcome prediction, organization of therapy and prospective 
elinical trials. 

William C. Shoemaker, M.D. 

INTRODUCTION 

Postoperative patients often develop sudden, unexpected cireulatory 
problems in the perioperative period. The urgency of these unantieipated 
life-threatening emergencies should require our most serious seientific 
effort. Various studies have claimed improved efficacy in resuscitation, 
but these studies were often seriously flawed beeause they have not 
rigorously developed an appropriate experimental design; e.g., use of 
historical rather than concurrent eontrol values, prospeetive alloeation 
of patients, ete. Physiologie criteria of therapy and measurement of the 
relative efficaey of specific clinical management would be greatly 
facilitated by the development of an accurate, reproducible index of 
severity (or outcome). This severity index also could be used as a 
"proxy outcome" to evaluate various therapeutic modalites. 

DEVELOPMENT OF PREDICTIVE OR SEVERITY INDICES 

Several severity or prognostic indices have been developed for 
various conditions including trauma (1-5), myocardial infarction (6), 
and intensive eare (7-16). These have reeently stimulated considerable 
interest in this subject as feasible and effective approaehes to the 
management of critieally ill patients. 

Many predictive indices are based either on retrospective eorre
lations or normative standards generated by panels of experts. sophis
ticated approaches to pattern recognition involve cluster analyses and 
other complex computer programs; others require only hand-held calcula
tors for ealculation of their predictions. The present paper summarizes 
our attempts to evaluate the critically ill postoperative and post
trauma patient in the surgical ICU setting, to develop and apply pre
dictors in a systematic therapeutic approach, and to evaluate the 
effectiveness of this approach to improve ICU patient care. 

Evaluation of Various Monitored Variables 

Because shock is common to cardiovaseular diseases, fatal acci
dental and surgical trauma, and all fatal acute illnesses, cardio
respiratory variables are an appropriate basis for study. Moreover, 
hemodynamic and oxygen delivery (D02 ) measurements can be frequently and 
repetitively monitored. Finally, these monitored variables were found 
to provide crucial information on underlying physiologie meehanisms 
useful for prognosis and therapy. 
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The usefulness of invasive cardiorespiratory monitoring has been 
compared with the conventional monitoring using as the criteria the 
capacity to anticipate death or cardiopulmonary arrest. For example, 
preliminary studies showed that the conventionally monitored variables 
(ECG, mean arterial pressure (KAP), heart rate (HR), hematocrit (Hct), 
central venous presure (CVP), urine output, and blood gases) may be 
useful descriptors of the end stage of cireulatory failure. However, 
they have not been found to be as sensitive or aecurate in early warning 
of death in critieally ill postoperative patients (17,18). 

TABLE 1 

NUHBER AND PER CENT OF PATIENTS WITH 
TWO OR MORE VALUES IN THE NORMAL RANGE 

NONSURVIVORS 
Number % 

Mean arte rial pressure 29 78 
Heart rate 30 81 
Central venous pressure 35 95 
Pulmonary wedge pressure 11 30 
Cardiae index 35 95 

Mean of these variables 76 

SURVIVORS 
Number % 

68 89 
66 87 
72 95 
21 28 
64 84 

75 

Values of the most eommonly monitored variables (vital signs, MAP, 
HR, CVP, pulmonary artery wedge (WP) and eardiae output (CO» are shown 
for survivors and nonsurvivors in aseries of critically ill post
operative survivors and nonsurvivors of life-threatening conditions 
(Table 1). With vigorous therapy, we were able to bring the values of 
the nonsurvivors baek into the normal range in 76%, but they still went 
on to die. By eomparison, the survivors had two or more normal values 
in 75%. Clearly, either we were measuring inappropriate variables, or 
we had the wrong eriteria for separating survivors from nonsurvivors 
(17-19). 

Criteria for Evaluation of Physiologie Variables 

Although a few eontro1led studies have Qeen performed, the major 
problem in this area is to determine criteria for: (a) which variables 
are most relevant to biologie endpoints, such as survival or death; 
(b) in what circumstanees are these variables appropriate; (c) what 
combination of variables are most useful for the initial resuscitation 
as weIl as subsequent monitoring in critical periods; (d) which vari
ables are valuable for elinical decision-making, such as institution of 
specific therapy and titration of therapy to optimal goals; and (e) 
whieh variables are needed for routine surveillanee of noncritical, 
uncomplieated patients (18). 

Correct prediction of outcome for each cardiorespiratory variable 
is the most rigorous criterion of its biologie signifieanee as weIl as 
its relevance to elinical management. Thus, if a variable is unable to 



differentiate the dying patient from the patient who survives, it is 
not very useful or appropriate. However, if it is a good predietor of 
outeome, it may refleet an important pathophysiologie problem and, 
therefore, is relevant to therapeutie deeision-making. The pereentage 
of eorreet outeome predietions for eaeh eardiorespiratory variable was 
evaluated at eaeh stage and over all stages (20-22). Unfortunately the 
most eommonly measured variables were the poorest, least relevant 
predietors. The advantage of the outeome predietors is that they are 
heuristiea11y or phenomenologiea11y determined and do not depend on 
"elinieal opinion" or "party line". They are not dependent on a given 
probability distribution; in this sense, the statistieal analyses are 
"distribution-free". 

The eardiorespiratory variables with the largest and smallest 
eapability of predieting outeome at eaeh stage were evaluated as the 
pereentage of eorreet predietions (20). These pereentages ehanged from 
stage to stage, indieating their stage-speeifieity. For example, pulmo
nary vaseular resistanee index (PVRI) is a good predietor in the early 
stage (B, low), but not in the middle or la te stages; MAP is a poor 
predietor in the early stages, but a good predietor in the late stage. 
In the late stage, most variables prediet outeome we11, but elinieal 
judgment at this time also may be exeellent and the elinieal usefulness 
of predietions is less (20). 

Physiologie Basis for Predietion 
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Physiologie reaetions that provide eompensations to maintain eireu
latory integrity must be identified, deseribed, and evaluated. For 
example, physiologie responses, such as inereased eardiae output, may 
be a eompensation for redueed Het, redueed Pa02 , or redueed tissue 
oxygenation. If it is established that inereased eardiae output is a 
eompensation with survival value, then therapy might better be direeted 
toward augmenting this response rather than returning eireulatory values 
to the normal range. Thus, it is of major importanee to understand the 
interactions of physiologie variables that are eommon to surgieal trauma 
as well as other eritieal illnesses. 

Maintenanee of general physiologie responses to stress may have 
great relevanee to a11, or most a11' eritiea11y i11 patients. Even 
though partieular meehanisms are known to be direet1y eoneerned with 
the origin of a speeifie disease, it may be neeessary to provide general 
support to the physiologie eompensatory responses. The leu provides an 
opportunity to provide aneillary support. 

The Traditional Approach 

The traditional approach to therapy of shoek and trauma states has 
been foeused on relatively superfieial manifestations of shoek, such as 
BP, HR, evp, Het, Pa02 , ete. When physiologie measurements are made, the 
eonventional approach is often simply to eorreet physiologie defieits 
after their appearanee is deteeted, rather than to direet early or 
preventative therapy toward the most likely underlying pathophysiologie 
meehanisms. This approach gene rally ignores the pathophysiology and 
underlying regulatory meehanisms of shoek and trauma syndromes. 
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Deseription of Cardiorespiratory Patterns in Survivors and Nonsurvivors 

The basis for predietion and other pattern reeognition systems is 
a deseription of the natural history of the disease. The patterns of 
ehanges on hemodynamie and oxygen transport variables were retrospee
tively surveyed in a large series of eritieally ill postoperative 
patients to define the sequential physiologie patterns of survivors and 
nonsurvivors during periods remote from therapy (19). When the data were 
separated in temporal stages by objeetive eriteria, there were elearly 
defined eardiorespiratory patterns in eaeh etiologie eategory of shoek. 
Horeover, the sequential eardiorespiratory patterns of survivors were 
found to be different from those of nonsurvivors despite a wide variety 
of illnesses and an even wider speetrum of operations. We observed that 
in the early period of shoek and trauma syndromes, there was usually a 
normal or high eardiae output (unless limited by hypovolemia or myo
eardial funetional impairment) as weIl as inadequate oxygen transport. 

These data and other experimental findings led us to eonelude that 
the basie physiologie defeet in shoek states is not low flow, as eardiae 
output may be high, normal or low; rather, it is a maldistribution of 
flow that results in inadequate oxygen transport. Sy eontrast, the late 
period of shoek (terminal and preterminal stages) had hypotension and 
low eardiae output. We have used oxygen transport variables as measures 
of tissue perfusion, and ehanges in oxygen transport as measures of the 
therapeutie effeetiveness in eomparative studies of various agents; in 
the studies evaluating therapeutie effieaey, the patients aet as their 
own eontrols. 
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TABLE 2 

CARDIORESPlRATORY VARIABLES: ABBREVIATIONS. UNITS. CALCULATIONS. 

Volume-Related 
Variables Abbreviations Units 

Hean arterial pressure MAP mm Hg 
Central ven. pressure CVP cm HzO 
Central blood volume CBV mI/Hz 
Stroke index SI mI/Hz 
Hemoglobin Hgb g/dl 
Hean pulmon • art. press. HPAP mm Hg 
Wedge pressure WP mm Hg 

Blood volume BV mI/Hz 

Red cell mass RCM mI/Hz 

Flow-Related Variables 
Cardiac index CI liter/mineHz 
Left vent. stroke work LVSW geH/HZ 
Left cardiac work LCW kgeH/Hz 
Right vent. stroke work RVSW geH/HZ 
Right cardiac work RCH kgeH/Hz 

Stress-Related Variables 

System. vasc. resist. SVR dyneesec/cmseHz 

Pulmon. vasc. resist. PVR dyneesec/cmseHz 
Heart rate HR beat/min 
Rectal temperature temp °F 

Oxygen-Related Variables 
Hbg saturation SaOz % 
Arterial COz tension PaCOz torr 
Arterial pH pH 
Hixed venous 0z tension PvOz torr 
Arterial-mixed venous C(a-v)02 ml/dl 

0z content difference 
0z delivery DOz ml/mineHz 
0z consumption V02 ml/mineHz 
0z extraction rate 02 ext % 

Perfusion-Re la ted Variables 
Red cell flow rate RCFR 
Blood flow/volume ratio BFVR 
0z transport/red ce II mass OTRM 
Tissue 0z extraction TOE 
Efficiency of tissue 0z ext ETOE 
0z transport/red ce II flow OTRF 

a Hct corrected for packing fraction and large vessel hematocrit/total 
body hematocrit ratio. 

b Venous pressures expressed in mm Hg. 
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NORMAL VALUES, PREFERRED VALUES , AND PREDICTlVE CAPACITY 

Measurements Normal Preferred Percent 
or Calculations Values Values Correct 
Direct measurement 82 - 102 > 84 75 
Direct measurement 1 - 9 < 5 62 
CBV = MTT x CI x 16.7 660 - 1000 > 925 61 
SI = CI .. HR 30 - 50 > 48 67 
Direct measurement 12 - 16 > 12 66 
Direct measurement 11 - 15 < 19 68 
Direct measurement o - 12 > 9.5 70 

BV = PV .. (l-Hct)a x SA men 2.74 > 3.0 76 
women 2.37 > 2.7 

RCM=BV-PV men 1.1 > 1.1 85 
women 0.95 > 0.95 

Direct measurement 2.8 - 3.6 > 4.5 70 
LVSW = SI x MAP x .0144 44 - 68 > 55 74 
LCW = CI x MAP x .0144 3 - 4.6 >" 5 76 
RVSW = SI x MPAP x .0144 4 - 8 > 13 70 
RCW = CI x MPAP x .0144 0.4 - 0.6 > 1.1 69 

SVR = 79.92 (MAP_CVp)b .. CI 1760 - 2600 < 1450 62 

PVR = 79.92 (MPAP-Wp)b .. CI 45 - 225 < 226 77 
Direct measurement 72 - 88 < 100 60 
Direct measurement 97.8 - 98.6 > 100.4 64 

Direct measurement 95 - 99 > 95 67 
Direct measurement 36 - 44 > 30 69 
Direet measurement 7.36 - 7.44 > 7.47 74 
Direet measurement 33 - 53 > 36 68 
C(a-v)Oz = CaOz - CVOz 4 - 5.5 < 3.5 68 

DOz = CaOz x CI x 10 520 - 720 > 550 76 
VOz = c(a-v)Oz x CI x 10 100 - 180 > 167 69 
0z ext = (Caoz - CVOz) • CaOz 22 - 30 < 31 69 

RCFR = CI x Het 0.6 - 1.8 > 1.3 72 
BFVR = CI + BV 0.6 - 1.8 > 1. 7 75 
OTM = VOz .. RCM 0.06 - .18 > 0.25 79 
TOE = avDOz .. RCFR 1.8 - 6.6 > 5.7 75 
ETOE = avDOz .. RCM 0.06 - .18 > 1.3 91 
OTRF = VOz .. RCFR 1 - 7 < 3 71 
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This approach was taken to: (a) deseribe the pattern of nonsur
vivors and define eriteria for early warning of impending disaster to 
permit immediate maximal therapeutie effort; (b) deseribe the pattern 
of survivors and define objeetive eriteria for therapeutie goals, thus 
basing therapeutie decisions on empirieally derived evidenee, rather 
than on opinion based on aneedotes, philosophy, or a party line; and 
(e) determine whieh variables differentiate between survivors and 
nonsurvivors (Fig. 1). Thus, the capacity of a variable to prediet 
outeome was used as a measure of its relevanee and usefulness in making 
elinieal deeisions (17-19). 

The most eommonly monitored variables, BP, Pa02, CVP, HR and Het 
were very poor predietors of outeome, and, therefore, should be of 
limited value in therapeutie management (18). Cardiae index was slightly 
better than KAP in predieting outeome; survivors had values whieh were 
5~% in exeess of normal. PVRI, 02 delivery (0°2) and 02 eonsumption 
(V02) were better predietors; 02 delivery and V02 were better maintained 
in survivors. They were redueed in the nonsurvivors and in the ca se of 
V02 subsequently inereased in eompensation. These patterns were remark
ably eonsistent despite the wide variety of illnesses and the even wider 
variety of operations (Table 2). However, no one variable was eompletely 
adequate as apredictor. Sinee shoek is a multifactorial problem, it 
requires multivariate analysis (16,19,20-22). 

Rationale for the Predietive Index 

Our approach to predietion is based on the age-old aphorism that 
if you know everything that is important about a system, you should be 
able to prediet the outeome, and if you ean prediet outeome, you should 
be able to modify it. Translated into eontemporary scientifie terms, 
adequate deseription of eireulatory events of surviving and nonsurviving 
emergeney patients will provide the basis for a pathophysiologie under
standing of the disease. Physiologie studies also help to interpret 
meehanistieally the sequential physiologie events of aeute eireulatory 
failure assoeiated with tissue hypoxia. Systematie and objeetive evalu
ation of therapy may then be based on these physiologie deseriptions 
and the ehanges produeed by speeifie therapeutie interventions. Sub
sequently, organized eoherent therapeutie protoeols were proposed and 
tested prospeetively (21,22). 

Major Premise 

The major premise is that death in eritieal illness follows well 
defined eardiorespiratory patterns assoeiated with the well known stress 
response. These physiologie patterns are independent of the speeifie 
elinieal diagnosis and the speeifie type of operation. That is, 
irrespeetive of the illness or injury, a finite number of physiologie 
events mark the downhill lethal course and distinguish it from the 
physiologie pattern of the survivors. Furthermore , eomplieations of 
life-threatening illnes~ are assoeiated with physiologie derangements 
that may be deseribed quantitatively andplaeed in temporal relationship 
to the primary etiologie event and its eompensations. 

Several diselaimers should be stated: the predietor and ultimately, 
the therapy is designed to "optimize" physiologie variables thought to 
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be the major faetors in morta1ity. This is not a panaeea; i.e., it will 
not prevent iatrogenie disaster , misdiagnoses, drug or transfusion 
reaetions, hospita1-indueed infeetions, ete. 

Hypothesis 

The major hypothesis of the e1iniea1 studies is that a systematie 
eoherent physiologie approaeh to management of the life-threatening 
i11ness based on e1iniea1 and physiologie eriteria defined operationa11y 
from retrospeetive analysis of eritieally ill trauma patients will 
improve morbidi ty and mortali ty. Three essential eomponents of this 
hypothesis may be examined within this eontext: 

First, the eardiorespiratory patterns of surv1v1ng patients are 
distinet1y different from those of nonsurvivors despite the wide 
speetrum of e1iniea1 diagnoses and the even wider speetrum of surgiea1 
operations, aeeidenta1 trauma, hemorrhage, sepsis, ete. 

Seeond, the monitored eardiorespiratory pattern of survivors of 
1ife-threatening illness provides objeetive physiologie eriteria that 
may be used to deve10p goals of therapy for the eritiea11y i11 patient. 

Finally, these operationally defined goals may also be used to 
deve10p a eoherent systematie protoeo1 for therapy of aeute eritiea1 
i11ness. Idea11y, a protoeo1 may be expressed in terms of a braneh ehain 
deeision tree; the branehing ehain defines (i.e., preseleets) e1iniea1 
groups and sequentially applies therapeutie eriteria in a eoherent 
temporal order defined by the survivors I physiologie pattern in order 
to obtain the most effeetive and most appropriate elinieal deeisions. 

Assumptions 

The under1ying assumptions to this hypothesis are: 

First, failure of eireulatory funetion is responsible for most 
postoperative deaths. Critieally ill patients more often die of physio
logie derangements, rather than the anatomiea1 or struetura1 aspeets of 
their primary disease or the teehnieal features of the disease. 

Seeond, the eireulatory system, like other fluid systems, ean be 
eharaeterized by measurements of pressure, flow, volume and physiologie 
funetion. These ean be measured easily and repetitively by eurrently 
available teehnology and used to eharaeterize physiologie patterns of 
survivors and nonsurvivors. 

Third, funetional aspeets of the eireulation are best assessed by 
measurements of oxygen transport and metabolism, beeause oxygen tran
sport is: (a) essential to life, (b) eonsistently impaired in shoek 
states, and (e) eonsiderably different in survivors and nonsurvivors. 
This is partieularly relevant from the teehnologieal standpoint beeause 
oxygen has the highest extraetion ratio of any blood eonstituent and, 
therefore, is the most flow dependent; oxygen eannot be stored, nor ean 
a sizable oxygen debt be aeeumulated for signifieant periods of time. 
These and other experimental studies have suggested that V02 is the 
eontrolling or regulating meehanism in the three types of tissue hypoxia 



(stagnant, anemic, hypoxic) described in Barcroft's classic studies. 
That is, V02 , reflecting the sum of all oxidative metabolism as weIl as 
the adequacy the circulatory delivery system, remains normal or somewhat 
elevated while hemodynamic compensations, such as increased HR, CO, and 
02 extraction, occur to preserve V02• When these compensations fai!, 
V02 falls and death rapidly ensues. Measurements of oxygen metabolism 
are the most sensitive and specific of the monitored cardiorespiratory 
variables for acute circulatory failure (17,18,20). 

Finally, the longer the patient has circulatory deficits, the 
longer he will be critically ill, and the more likely he will have 
complications including multiple vital organ failures (renal, respi
ratory, hepatic and CNS failure), sepsis, and nutritional problems. 
Post-traumatie deaths most frequently occur after prolonged critieal 
illness which starts with eireulatory impairment, but then leads into 
multiple organ failure. 

Formulation of a Predictor 
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A predictive index based on the probability distributions of each 
variable was developed using a simple algorithm (16). The relative 
distance of the value of a given variable from the 90 percentile of 
nonsurvivors to the 10 pereentile of survivors' values was calculated 
according to an algorithm. The sum of the weighted scores of each 
variable gives an Overall Severity (Predietive) Index, which serves as 
a yards tick that teIls how far it is to the brink of disaster and how 
far to safe territory. The sole criterion of this empirie analysis was 
survival. 

Prospective Evaluation of the Predictive Index 

Since this Overall Pr~dictive Index was developed retrospectively 
in a large series of postoperative patients at Cook County Hospital in 
Chicago and at Mount Sinai Hospital in New York, it was necessary to 
test the validity of the predictor in a fresh series of eritieally ill 
postoperative patients. Table 3 shows the results of this predictive 
index applied prospectively to a new series of 300 eritically ill 
postoperative patients during the first 5 years of the surgical ICU at 
Harbor-UCLA Medieal Center (20,22). Only about 2% of our surgieal 
patients were monitored; these were critieally ill, high-risk, high
mortality patients. As seen from this standard truth table, this index 
was 93% correet. All 8 incorrectly predicted to die died of la te compli
eations or eareinomatosis; the 13 who were predicted to die but who sur
vived, had their catheter removed in less than 18 hours postoperatively. 
Thus, the Predietive Index was found to be valid and reprodueible over 
a wide range of socioeconomic levels, private vs. publie institutions, 
and in various clinieal m:i,.xes. 

DEVELOPMENT OF PATIENT CARE PROTOCOLS 

Definition of Therapeutic Goals 

Description of the sequential hemodynamic and O2 transport patterns 
also allowed us to define optimal therapeutic goals for each variable as 
the median value of survivors of life-threatening surgical operations. 
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TABLE 3 

RESULTS OF PREDICTORS AFTER SURGICAL OPERATIONS 

Last Available Predicted Value 

Survival Death Total % Correct 

Actual Survived 206 13 219 94* 
Outcome Died 8 73 81 90** 

Total 214 86 300 93 

% Correct 96*** 85*** 

*Sensitivity, percentage of survivors with correctly predicted 
outcome 

**Specificity, percentage of nonsurvivors with correct1y predicted 
outcome 

***Predictive accuracy, percentage of survivors among patients pre
die ted to live 

****Predictive precision, percentage of nonsurvivors among patients 
predicted to die 

The most important of these optimal values are: (a) BV 500 ml in excess 
of normal, (b) CI 50% in excess of normal, (c) O2 delivery and V02 25% 
in excess of normal, (d) PVRI less than 225 dyne e sec/cmseH2, and 
(e) nutritional support (16-20). 

Development of a Branch Chain Decision Tree 

Therapy of the critically ill trauma patient initially revolves 
around: (a) volume and choice of fluid therapy and transfusions, 
(b) vasopressors or vasodila tors, cardiotonic agents, and diuretics, 
(c) correction of hypoxemia, inadequate tissue perfusion, and inadequate 
tissue oxygenation, (d) correction of acid-base problems, and hyper- or 
hypo-carbia, and (e) alpha and beta adrenergic agents. It i5 possible 
to define indications and contraindications from their known physiologie 
actions as well as the optimal goals of therapy. 

The median values of the survivors were considered a first approxi
mation to optimal goals of therapy. They were placed in their temporal 
priorities and expressed in a branch chain decision tree or wall-map 
algorithm (Fig. 1). The criteria for each therapeutic intervention are 
specified within each diamond decision point according to the priorities 
derived by the Predictive Index. 

EFFECT OF THE DECISION TREE ON OUTCOHE 

Evaluation of Efficacy 

This clinical decision tree was then tested prospectively against 
concurrent control patients in 223 consecutive postoperative patients. 
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Figure 1 
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The hypothesis tested was that if physiologie values were brought into 
the survivors' pattern, they would have a higher survival rate as com
pared with control patients who had normal values as their therapeutic 
goals. Table 4 summarizes the results of this clinical trial: 35% of 
the control patients and 12.5% of the protocol patients died. This was 
statistically significant at the 2% level of confidence (20,22). 

Number of patients 
Number of nonsurvivors 
Mortality (%) 

TABLE 4 

OUTCOME OATA 

Control 
143 

50 
35 

Protocol 
80 
10 
12.5 

Even though the patients were properly allocated to control and 
protocol groups according to a prearranged schedule worked out in 
conjunction with our statistician colleagues, it ~s still necessary to 
demonstrate that the protocol patients were at least as siek as the 
control patients (20,22). Table 5, which was developed prior to the 
onset of the studies, details clinical criteria for identification of 
preoperative associated severe illnesses. The protocol patients had at 
least as many associated i11nesses as did the control group. 

TABLE 5 

COMPARISON OF CLINICAL OATA OF THE SERIES 

Control Protocol 
(N=143) (N=80) P-Value 

Age (years) 56 ± 20* 51 ± 19* N.S.** 

Males, number (%) 89 (62%) 51 (64%) N.S. 

Lowest MAP (mm Hg) 53 ± 23* 49 ± 19* N.S. 

Time in hypotension (h) 2.2 ± 2.7* 2.4 ± 2.1* N.S. 

MAP < 50 mm Hg, number (%) 48 (34%) 37 (46%) N.S. 

Patients with associated 
severe illness, number (%) 46 (32%) 50 (62%) < 0.01 

Total number of associated 
severe illnesses 63 96 < 0.01 

Number of associated 
severe illness/patient 0.45 1.21 < 0.06 

*Me an ± so. 
**N. S ., not significant. 



Table 6 details the major clinical criteria of severe associated 
illness and demonstrates that the clinical findings of the protocol 
group were at least as severe as the control group (20). 

TABLE 6 

ASSOCIATED SEVERE ILLNESS 

1. KAP < 50 mm Hg with systolic pressure 
< 75 mm Hg 

2. Multiple trauma-injury of > 3 major 
organs or > 2 organ systems 

3. Head injury with coma; Le., unconscious 
and unresponsive to verbal or painful 
stimuli 

4. Gunshot or stab wound to major organs 
(i.e., heart, brain, lungs, liver, 
spleen, intestinal tract, kidney) with 
bleeding > 1000 ml 

5. Respiratory failure due to chest trauma, 
head injury, or nonthoracic injury neces
sitating intubation and mechanical venti
lation 

6. Massive acute blood lass - loss of > 
4000 ml or Hct > 25; slow or chronic 
blood loss and renal failure not included 

7. Septic shock - KAP > 60, temperature 
< 96°F or > 101°F, and WBC < 4000 or > 
12,000 

8. Cardiogenic shock - acute MI, CHF or 
dysrhythmia documented by ECG, 1aboratory 
resu1ts or autopsy 

9. Renal failure 

10. Hepatic failure 

11. CNS coma (stroke) 

Total number of criteria identified 

Total number of patients with one or 
more criteria 

Control Protocol 
(N=143) (N=80) 

12 (8%) 17 (21%) 

19 (13%) 14 (18%) 

4 (3%) 3 (4%) 

1 (1%) 10 (13%) 

5 (3%) 4 (5%) 

7 (5%) 19 (24%) 

11 (8%) 13 (16%) 

1 (1%) 5 (6%) 

1 (1%) 3 (4%) 

2 (1%) 7 (9%) 

1 (1%) 

63 96 

43 (30%) 48 (60%) 
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Postoperative Complieations 

Table 7 lists the postoperative eomplieations in the protoeol and 
eontrol groups in their order of frequeney. The data indieate signifi
eantly less eomplieations in the protoeol group. 

TABLE 7 

COMPLICATIONS OF CONTROL AND PROTOCOL GROUPS 

Control 
Complieation (N=143) 

Respiratory failure 
(requiring ventilation) 66 

Sepsis, systemie 44 
Cardiogenie problems, ineluding 

pulmonary edema, eardiae arrest, 
arrhythmia 22 

Renal failure (requiring dialysis) 25 
Disseminated intravaseular eoagulation 8 
Pulmonary emboli sm 2 
Hepatie failure, eoma 3 
Delirium tremens 1 
Upper GI hemorrhage 7 
Urinary traet infeetion 5 
Postoperative bowel obstruetion 2 
Deeubitus uleer 1 
Careinomatosis 
Pneumothorax 
Bronehopleural fistula 1 
Panereatitis 2 
Metabolie alkalosis 1 
Allergie reaetion 1 

Total 191 

Average no./patient 1.34 

SUMMARY 

Protoeol 
(N=80) 

27 
11 

9 
5 
3 

1 

1 
1 

1 
1 
1 

61 

0.76 

Total 
(N=223) 

93 
55 

31 
30 
11 

2 
4 
1 
8 
6 
2 
2 
1 
1 
1 
2 
1 
1 

253 

1.13 

Application of multivariate analysis is partieularly appropriate 
to the multifactorial problems of the severely ill ICU patient. This 
approach was found to provide a reasonably accurate method to prediet 
outeome in a prospeetive series of patients (22). The advantage of 
predietors is that they analyze the eomplex ICU problems with no 
preeoneeptions and an absolute minimum number of assumptions • It is 
heuristieally determined solely by observed values of eritieally ill 
trauma and postoperative patients who survived and those who subse
quently died. 

In conelusion, postoperative deaths are assoeiated with physiologie 
alterations whieh ean be identified and deseribed. Seeond, the median 



eardiorespiratory values of survivors may be used as therapeutie goals 
in eritieally ill postoperative patients, as these inereased eardio
respiratory values represent eompensatory responses that have survival 
value. Third, there was marked and signifieant improvement in both 
morbidity and mortality when these physiologie goals were used in a 
prospeetive eontrolled elinieal trial. 
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We believe, therefore, that the high-risk, intra- and postoperative 
patients should be treated by titrating therapy to aehieve optimal goals 
empirieally defined by the survivors patterns, not the normal values of 
restinghealthy adult volunteers. Cardiorespiratory variables should be 
monitored prophylaetieally to maintain these objeetively derived goals 
rather than to wait for physiologie defieits to oeeur and then to 
attempt belatedly to eorreet them. 
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SET UP AND RESULTS ICU DATABASE. 

J.A. LEUSINK, M.D., Dept. Anesthesiology, 
R. VAN STADEN, 
St. Antonius Hospital, Utrecht, The Netherlands. 

INTRODUCTION 

In re cent years many studies have been published to assess the 

treatment of patients on intensive care units (ICU). The "Therapeutic 

Intervention Scoring System" (TISS) introduced by Cullen et al (1974) 

and revised by this group in 1983 (Keene et al 1983) is a well-known 

and widely-used method which measures the overall intensity of ICU

treatment. TISS is used for the classification of ICU-patients in 

different ICU's. TISS gives no direct information about the severity 

of illness. The therapeutic interventions used in TISS constitute an 

indirect measure of the severity of illness. Examples of the therapeu

tic interventions are given in table 1. 

Hypotheses are (1) the same treatnent for patients with the same ill

ness from hospital to hospital, (2) all therapeutic interventions des

cribed in TISS must be available in all hospitals using this system. 

It is arguable whether changes in time c.q. a more frequent use of 

pulmonary artery catheters (resulting in higher TISS-points) are an in

dication of more severe illness. 

Knaus et al (1981) recently introduced the "Acute Physiology And Chronic 

Health Evaluation" (APACHE). In this system the severity of the acute 

illness of.a patient is recorded in the first 32 hours after admission 

on the ICU, while using 34 criteria which indicate the severity of ill

ness. Examples of the parameters used in APACHE are shown in table 1. 

Also the chronic health situation of the patient be fore the illness 

which leads to the lCU-admission is described in terms of daily acti

vities, a method comparable to the NYHA- or ASA-classificationsystem. 

In this system complications accurring after the first 32 hours on the 

ICU are not recorded. 

In 1980 we started organizing an ICU-database. Lack of data concerning 



Table 1. 

Comparison TISS* and APACHE** 

4 pnts 

3 pnts 

2 pnts 

1 pnt. 

TISS 

IPPV 
pulmon~ry art.cath. 
vasoactive drug infus. 
IMV or CPAP 
CVP 

stable hemodialysis 
ECG monitoring 
tracheostomy care 

APACHE 

he art rate ;. 180 
PaC02 ;. 70 
he art rate 141-179 
PaC02 61- 69 
heart rate 111-140 
PaC02 50-60 

* CUllen et al 1974; Keene et al 1983. 
z* Knaus et al 1981. 

Table 2. 

ICU Admission - Discharge Form. 

Name 
M/F 

date of birth 

Indication for admission 
Emergency 

operation 
perop.complications 

Table 3. 

Definition "Complications" 

Subsystem 

cerebral 
circulatory 

respiratory 
renal 

BP 
Lv. medic. 
rhythm 
IPPV 
diuresis 

creatinineconc. 
microbiological infections 

bloodbalance 
fever, WBC 
loss 
transfusions 
albumine/plasma 

Criteria 

coma 
hypotension> 6 hr Eö. 80 
catech. > 2 hr 
disturbances 
> 2 d 
oliguria < 400/24 h 
anuria < 50/24 h 
> 250 mHol/l. 
severe (sepsis, peritonitis, 
mediastinitis, multiple in
fections) 
pos. culture sputum 
> 390 C> 6 hr; WBC > 10 
> 3000 ml 
> 10 units 
> 10 units 

BP = blood pressure 
IPPV = intermittent positive pressure ventilation 
WBC = white blood count. 
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many aspects and/or results of the treatment of patients on our leu 

was the main reason. 

AIi~. 

Aims to set up the leU database were: 

1. the analysis of the composition of the leu-patient population. 

2. the frequency of situations that threaten the patient's life, further 

defined as "complications" (see below) . 

3. mortality and the relation of "complications" with mortality. 

4. (retrospective) investigations concerning leU-problems. 

We defined "complications" as either partial or total lack of normal 

function of organ(system)s (e.g. renal function) or as the therapeutic 

interventions needed to support or to compensate this lack of function 

(c.q. dialysis, administration of catecholamines, lPPV). 

The "St. Antonius Ziekenhuis" in Utrecht, The Netherlands is a general 

hospital with 633 beds, specialized in cardiopulmonary and vascular 

surgery. The hospital has an leu of 25 beds. The treatment of patients 

is multidisciplinary. The department of anesthesiology is in charge 

of the daily management of the leu. 

METHODS. 

At admission of the patient on the ICU, descriptive data are filled 

in on the so-called "Admission and discharge form-leU" (table 2). 

At the patient's discharge from the ICU the occurrence of "complica

tions" during the whole ICU-period is tested with the help of defined 

criteria. These criteria (table 3) are compared with the possible 

life-threatening situations of the patient's subsystems (cerebral, cir

culatory, respiratory, renal, microbiological, blood-balance devia

tions). For each patient 74 items could be described. The time spent on 

writing in the forms was usually 2 - 5 minutes, for patients after a 

long and protracted stay on the leu it sometimes took more than 10 

minutes. 

INPUT OF DATA AND MANIPULATION OF THE ICU-DATABASE. 

For input and retrieval of the data a database-program called 

"ADAMO" was used. This program was developed at the Department of Medi

cal Informations (Free University, Amsterdam, The Netherlands) and 
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published by Hasman et al (1982). This database program can easily 

be used for all kinds of research applications. Special programs have 

been written for the editing and monthly reports of all inserted data. 

Of each patient 74 items could be described. ltems could be free text 

(a maximum of 30 characters e.g. description of complications), num

bers (e.g. units of bloodtransfusions) or code (0 to 9, e.g. 0 = normal 

spontaneous respiration; 1 = insufficient spontaneous respiration; 

2 = mechanical ventilation ~ 48 hours; 3 = mechanical ventilation 

> 2 days). 

Via the ICU-terminal all data were inserted; the terminal was connected 

with a PDP 11/34 computer. Passwords were used to secure the database 

and the programs. Weekly copies were made of all inserted data and 

programs. 

RESULTS. 

The results of our investigation during 1982 are shown below. 

1. Composition ICU patient population. 

~ne number of admissions on the ICU was 2197, 83% men, 27% women; 

16% emergency admissions. Of the 2197 patients, 91% were postoperative. 

The mean age was 57 years, < 20 years 3%, 20 to 40 years 8%, 40 to 60 

years 40%, 60 to 70 years 35% and ~ 70 years 15%. The admission cate

gories and the mean duration of the ICU-period are shown in table 4. 

Of the 2197 patients 3% remained on the ICU for more than 14 days. 

2. Mortali ty • 

OVerall mortality was 5.1%. Mortality for postoperative patients 

was 3%, for non-postoperative patients 27%. The mortality rates for 

the different patient-categories are shown in table 5. The mortality 

for emergency admissions was 22%. A clear relation exists between age 

ahd mortality. Below 60 years 3% mortality, 60 to 70 years 5%, 70 to 

80 years 12% and .. 80 years 16%. The mortality of patients staying for 

more than 10 days was 26% •. 

3. Mortality and "complications". 

In table 6 the mortalify rates in patients with "complications" are 

shown. The highest mortality rate was found in patients with anuria 

(81%), followed by coma (72%). A mortality rate of about 50% was found 

in patients with hypotension, oliguria, severe infections or after many 

bloodtransfusions or many albumin or plasma-infusions. A mortality rate 
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Table 4. 

Composition lCU patient population and mean duration of the 
lCU-period 

postoperative 
cardiac surgery 
pulmonary surgery 
vascular surgery 
general surgery/trauma 

non-postoperative 
pu-lmonary and/or cardial 
internal and/or neurological 

Table 5. 

Mortality rate 

Postoperative: 

cardial surgery 
pulmonary surgery 
vascular surgery 
general surgery 

Non-postoperative: 

t 
2% 
3% 
6% 

13% 

pulmonary/cardial 32% 
internal/neurological 17% 

Table 6. 

% days 

62 4.54 
11 4.27 
12 5.27 
7 4.14 

5.5 7.28 
3.5 4.91 

Occurrence of "complications" in all lCU-patients and the 
mortality rate in patients with these complications. 

Criteria 

coma 
hypotension 
catecholamines 
rhythmdisturbances 
lPPV > 2d 
oliguria 
anuria 
creat.conc. > 250 
dialysis 
severe infections 
pos. cult. sputum 
fever + WBC > 10 
bloosloss > 3 1 
bloodtrans. > 10 units 
alh. /Plasma > 10 units 

occurrence 
% of 2197 

4 % 
5 % 

11 % 
30 % 

7 % 
2.5% 
2 % 
5 % 
2 % 
1.5% 
6 % 
6 % 
2 % 
1 % 
1.5% 

mortality 
% 

72% 
54% 
35% 
10% 
37% 
45% 
81% 
48% 
49% 
52% 
18% 
30% 
39% 
50% 
51% 



Table 7. 

Mortality rates in patients with combinations of "complications" 
of two different subsystems. 

Subsystem x 1 2 3 4 5 6 
x 

1. cerebral 72% 
2. circulatory 83% 35% 
3. respiratory 68% 54% 37% 
4. renal 79% 68% 65% 48% 
5. microbiol. 73% 51% 51% 75% 30% 
6. bloodtransf. 74% 36% 46% 57% 45% 18% 

x 1 coma, 2 = catech. > 2 hr., 3 = IPPV > 2 d, 4 creat. >250 
5 fever + WBC> 10, 6 = transf. > 5 units. 

Table 8. 

Mortality rates in ICU-studies 

compos i tion mortality 
postop.(%) non-postop.(%) % 

Phillips et al (I979) 43% 577- 8% 
Pybus et al ( 1982) 60% 40% 11% 
Snyder et al (1981 ) 88% 12% 19% 
Teres et al ( 1982) 17% 
St. Antonius (1983) 91% 9% 5% 

Table 9. 

Comparison of criteria for "complications" and the mortality rates 
in patients with tnese complications (Teres et al 1982; our study). 

criteria 

Teres 

coma > 48 hr 
BP ~ 90 + catech. 
IPPV >4 d 
crea t. conc. > 330 
hemodialysis 
1 infection 
2 or > infections 
temp ... 400 C 
bloodtrans. 5-9 Uno 

id. ... 10 

St. Antonius 

coma 
BP..:s:: 80 > 6 hr 
IPPV > 2 d 
> 250 mMol/l. 
dialysis 
pos. cult. sputum 
severe or multiple 
ii=- 390 C + WBC > 10 
5-10 Units 
> 10 Units 

mortality (%) 

Teres 

77% 
55% 
51% 
57% 
41% 
18% 
47% 
61% 
14% 
30% 

St. Ant;onius 

72% 
54% 
37% 
48% 
49% 
18% 
52% 
30% 
12% 
50% 
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of about 30% was found in patients treated with catecholamines, mecha

nically ventilated longer than 2 days or with fever and leucocytosis. 

In table 7 the mortality rates in patients with combinations of two 

"complications" of different subsystems are shown. In these calcula

tions we used one complication of each subsystem that occurred fre

quently (~ 4%). The highest mortality rates were found in patients 

with coma and circulatory insufficiency (83%), or coma and renal in

sufficiency (79%). The mortality rate in patients with renal insuffi

ciency and a microbiological problem was high (75%). Also high mortali

ty rates were found in patients with circulatory insufficiency and re

nal (68%) or respiratory (65%) insufficiency. 

DISCUSSION. 

The ICU-database has supplied us with many data about the patient 

population, complications and intensity of treatment. In our opinion 

the severity of illness can be discribed in the way shown. 

The overall mortality of 5.1% is low when compared to the results of 

many other authors (table 8). The composition of the ICU-patient popu

lation strongly influences the mortality rate. In all studies the morta

lity of postoperative patients is lower than that of non-postoperative 

patients. Also mortality in ICU-patients after complicated general sur

gery is higher than after cardiac surgery. Also the definition of morta

lity: ICU-mortality versus hospital-mortality can explain different re

sults. 

The relation between "complications" and mortality is clearly shown. The 

high mortality rate after acute renal insufficiency is reported by many 

authors (Sweet et al 1981, Teres et al 1982, Pybus et al 1982). 

A comparison of mortality in relation to complications in ICU-patients 

is possible with the data of Teres et al (1982) (table 9). 

Although the composition of the patient population in the study of 

Teres i~ not exactly known, the mortality rates in patients with coma, 

hypotension, dialysis, moderate and severe infections, multiple blood

transfusions are exactly the same. The differences in the mortality 

rates for IPPV, creatinine-concentration and fever can be explained by 

differences in the definition of "complications". 

The cumulative,effect of. coma and renal insufficiency was also shown in 

a study of Pybus et al (1982). Sweet et al (1981) showed a synergistic 

effect of renal and respiratory failure on mortality. 
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Also in our study the mortality rate in patients with respiratory insuf

ficiency (37%) increased after addition of renal insufficiency (65%). 
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AN INTERACTIVE INFORMATION SYSTEM FOR ANAESTHESIA 

G. L. OLSSON 

1. INTRODUCTION 

In the midsixties a computeraided anaesthetic record-keeping system 

was designed at the Karolinska Hospital (1). The goals of this system 

was presented at the Forth World Congress of Anaesthesiologists in Lon

don 1968: "The medical goal is to create possibilities for a systemic 

follow up of the routine anaesthetic activities ••.•• The administrative 

goal is to create a sound basis for rational planning and use of the 

available resources" (2). 
This system today contains information from approximately 220.000 

anaesthetics and it has been widely used for description of anaesthetic 

werk, clinical follow up and research, in education and for administra
tive tasks such as planning of rebuildings, on-duty work etc. During the 

elapsed 16 years the development of computer technique has been fast, 
and arevision of the system became desireble to overcome some drawbacks 
of the originally designed system. 

Therefore, a new system was designed during 1982 at the department of 
paediatric anaesthesia St Görans Hospital, Stockholm. This new system 
will soon be introduced within the County of Stockholm including 13 hos
pitals and approximately 100.000 anaesthetics per year. 

2. METHODS 

2. 1. The computer system 

The County Council in Stockholm has built up an extensive ADB system 

within the field of medical services. The basis of this information sys

tem is a data bank drawn from several different registers. One includes 
all residents of thecounty,approximately one and a half million, and 
contains both details of their registered addresses and the most impor
tant medical information about the hundreds of thousands of persons 
who have recieved treatment at any of the county council hospitals since 



1968. Another is a register of patients presently admitted to hospitals 

while another contains various kinds of medical data. The system is 
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also used for a number of laboratory analyses. The display terminals 

connect the hospitals to the computer system which is gradually being 

expanded to link more and more units to the ADB system and thus makefull 

use of its many possibilities. In many cases the computer is part of the 

daily routine. Within a few seconds details of a blood group, any pre

vious examinations and the result of laboratory tests can be produced. 

One data service bureau is responsible for the ADB-activities in the 

County Council, which is called L-DATA. 

2. 1. 1. Equipment. The central machine configuration is composed of 

two computers IBM 3031 with 5 and 6 MB memory. One is a 3031 AP. To the 

computers are connected disc drives 3350 and 3380. They are accessable 

from bothcomputersvia control units 3830. There are two high speed prin

ters 3211, one laser printer 3800, two 3203 and two card readers. The 

data communication is controlled by four 3705 communication controllers. 

Besides these two IBM 3031 there is also one 360/168. The 360/168 is 

among many otherthingsused during the designing of new applications. 

At the department of paediatric anaesthesia at St Görans Hospital we 

use a display terminal for registration and communication with the 

360/168. This is an IBM 3276 connected through a modem and the telephone 

net to the computer located at L-DATA 8 km away. Reports are printed on 

the laser printer 3800. 

2. 1. 2. Prosram products. L-DATA uses the operation system MVS with 

JES2 (IBM). The user communicates with the operation system with the 

aid of TSO (Time Sharing Option). For database/datacommunication L-DATA 

uses IMS and DL/1. 

2. 2. The anaesthetic system 

2. 2. 1. Resistration. Selection of data: Our system is to be used 

by many departments and we preferred to start with a limited amount 

of information pieces in order not to force a heavy, timeconsuming sys

tem upon collegues that possibly do not have our own interest in and 

knowledge of information technique. Table 1 shows the data that were 

selected in collaboration with all anaesthetic departments in the area. 
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TABEL 1. Information pieces that are to be registered. 

patients personal registration number 
name 
date of operation 
clinic/department 
inpatient/outpatient 
elective/emergency 
risk classifikation (ASA) 
time for start of anaesthesia 
time for termination of anaesthesia 
performed operation (code) 
anaesthetic technique (code) 
locality of the performance 
results, complications, comments 

Coding systems for anaesthetic technique and performed surgical ope

rations are produced by the national Board of Health and Welfare and are 

widely used in Sweden (3, 4). A new code-list for anaesthetic consulta
tions i. e. cannulation of vessels, cardiopulmonary resuscitations, etc 

has been constructed. This will cover interventbnsperformed by anaesthe
tists not including anaesthesia. In addition to these data a free in

formation field will be available where an anaesthetic department can 

registrate any information of interest. It is also a great advantage if 

the system is flexible and easily permits the introduction of additional 

information fields when the users recongnize new relevant data. 

Programs for registration: During the designing of the system at 
St Görans hospital a program tool called APE (APL Prototyping Environ
ment) was used. This system facilitates easy construction of terminal 
screens for registration. 

Personel: Our opinion is that the registration should be done by per
sonel belonging to the staff of the anaesthetic department. This will 
minimize misinterpretations when transfering data from the source to 

the system. At st Görans hosptial anaesthetic nurses make the registra

tion when spare time is available. The time required for the registra

tion is approximately 45 seconds per record. The display terminal is 
located inside the operating ward. The items to be registered are read 

from a copy of the anaesthetic chart and no additional form is used to 
transfer data from where it was created to the information system. 

Controls: The system checks the values of registered data according 
to preset limits e. g. in the field for clinic/department only exi~t

ing departments are accepted, the operation cannot take place be fore 
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date of birth etc. The personal registration number is also checked 

against a central register by means of the system. An anaesthetic nurse 

checks with the operating list that no anaesthetic record is missing. 

2. 2. 2. Retrieval. The reports constitutes the results of the infor

mation system. This is the aim of the projekt and we must start with 

planning the presentation of all the measures that will become available 

when the system is running. It is a great advantage for the staff to 

be able to use the system interactively whenever needed and to be able 

to execute those retrievals that currently are of interest. This is 

especially important du ring the early phase of implementing the primari

ly designed system. At St Görans hospital this has been achieved with 

the aid of the general purpose inquiry facility ADI (APL Data Interface) 

that operates under VS APL in the TSO environment. This system is de

signed for users who require ready access to information stored in APL 

Data Interface files. After registration the information is stored in a 

sequential file which with a simple command is converted to an APL Data 

Interface file. This transposed file concept is used to increase the 

speed of fileaccess. With standard sequential or keyed files, all data 

from one record are processed be fore any of the next are processed. 

This processing is wasteful when you wish to access only a few fields 

in many records. A transposed file has the elements from a single field 

from many records grouped into one logical record. The advantage of this 

organisation is that only the fields of interest are read, ignoring all 

other fields. 
The functions of ADI provide a relatively simple way to interactively 

access, analyse, manipulate, and report on information stored in on

line files. The functions allow you to select data using "and/or" logic, 
relational terms such as "less than" or "equal to" and computed values. 
Combining these functions can significantly reduce the need for appli

cation programming. Besides providing powerful selection capability, 

there are many functions that operate upon the data extracted from the 

files. You can summarise, count, obtain frequency distributions, accu

mulate statistics, sort, cross tabulate, rank and subtotffi.Knowledge 

of APL is not necessary, although the full power of APL is available. 

At St Görans hospital three of the anaesthetic nurses, without any pre

vious knowledge of computer technique has learned to use ADI and to 

produce reports. Already after a couple of hours training retrievals 
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of reports were possible. ADI is used in full screen mode and the active 
workspace size is approximately 3 MB. 

2. 2. 3. Presentation. It is essential to present results in an 
attractive and readable mode. No sign or letter should be presented 
that an anaesthetist could not interpret and the paper should not be 
striped as a pyjamas. Therefore a word/text-processing system, DCF 
(Documentation Composition Facility, IBM) was used for the presentations. 
Figures 1 - 6 are photos of tables from the various reports. 

2. 2. 4. The future. When the system will be introduced in all the 
other anaesthetic departments in Stockholm County the system will be 

incorporated in the general medical systems and the information will 

be stored together with medical data !rom other medical fields. This 
database is working·in the IMS environment and the use of ADI will not 
routinely be possible. On the other band all the reports then are 
settled and there will also be possibilities to interactively retrieve 
stored information on the display terminal at the anaesthetic depart
ments. It will also be possible to combine anaesthetic information 
with other medical information such as outcome (total hospital mortali
ty), staytime, diagnoses, complications etc. The registration will be 

performed by a secretary at the anaesthetic clinic and she will also 
take care of the correction of missing or erroneous data. Progress is 
also achived in using microcomputers as display terminals in order 
combine the field of applications of a micro with the power of a big 
computer. 

3. RESULTS 
3. 1. Annual report 

During 1982 6140 records were registered in the system. This corre
sponds to 4474 patients. There were 4486 anaesthetics performed, not 
including local infiltration anaesthesia. 4978 surgical operations and 
1021 anaesthesia consultations were recorded. Information on these inter
ventions are presented in the annual report in 71 tables. Figure 1 shows 
the first part of the table of content of the annual report. The table 
presents information from all clinics together and first are all kinds 
of interventions presented together. After this the anaesthetics are 
presented in 7 tables. Figure 2 constitutes an example (table Aa7, 

complications and risk classification). 



FIGURE 1. First part of the 
table of content of the annual 
report. 
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Aa7.Resulh and cOllpllcallon. / rllkclalllfication 
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FIGURE 2. Anaesthetics. Tables from the annual report 1982. Complica
tions and risk classification. 
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Consultations are presented in 5 tables and figure 3. (table Ak2 and 
Ak3) presents emergency/elective, inpatient/outpatient and an age and 

sex distribution. The anaesthetic consultations are mostly venous can
nulations, performed by anaesthetic nurses on children in a ward needing 
i.v. infusions. FinaIly, performed surgical operations are presented in 

7 tables. Figure 4 presents time consumption of common surgical inter

ventions (first page of table Ao7). 

FIGURE 3. Anaesthetic 
consultations. Tables 
from the annual report ~:~~:~ r::~:.!~82 
1982. Emergency/elective 
and inpatient/outpatient, 

Depl. P •• d. An •• llh. 
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80x 12500 S-I1281 Slockhol. 
1113-04-25 

14 
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I "".1 45 35 10 

3-4y 45 47 .2 

So, Y SI 43 102 

10-14, 45 43 BI 

U5y S I' 21 

tol.1 .20 401 1021 

After these tables the annual report presents each clinic separately 

with the same tables. This makes the annual report a comprehensive docu
ment but the logical disposition will facilitate the search for demanded 

information. 



FIGURE 4. Surgical operations. Table 
from the annual report 1982. 
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A monthly report is produced as soon as possible after a turn of the 

month. This is important in order to avoid lag in registration. The re

port consists of 4 tables and permits a continous follow up of the 

daily work. 
There used to be two paediatric surgery clinics in Stockholm but in 

April 1982 the clinic 2t the Karolinska Hospital moved to st Görans hos

pital_ The number of surgical operations in the clinic of 

paediatric surgery, as represented in the monthly reports 

of January 1982-March 1983, was expected to increase by 50% 

after the move. A certain increase was seen already in April 

1982 but not until February 1983 the full effect of the move 

was seen. 

3. 3. Personal report to the surgeons 

The codes for performed operation are delivered by the surgeon to the 

anaesthetist who record it on the anaesthetic chart. Quarterly the sur
geons get areport on the interventions they have participated in as 
first surgeon or as assistent. Figure 6 shows the first page of such a 

report. This report includes anaesthetic time consumption. 
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3. 4. Clinical follow up 

The surgeons often use the system to find a special patient or graups 

of patients. Such a retrieval is accomplished in a couple of minutes. 

The system also facilitates a more accurate follow up of various tech
niques used i. e. the yearly report teIls us that 82 cases of arterial 

cannulation were performed during the year and a study of complications 

is readily performed. 

3. 5. Clinical follow up - education 

The system is continously used at the staffmeetings to retrieve in

formation on recently occurred complications during anaesthesia. Interes

ting cases are easy to find. Students, residents and nurses thus are 

taught with a close reality as a basis. 

4. DISCUSSION 
Essential for the maintaining of a high reliability of an information 

system is that a fast feedback of information to the personel that crea

tes and records data is obtained. The reports to the surgeons, the month

ly report and the continous use of the system at the weekly staffmeetings 

are examples of our solution of this issue. ADI has facilitated the 

designing of a system that will be used by many other hopitals. With the 

exper~ence fr.om the system used at the Karolinska Hospital as a basis 

we think we have designed a system that creates possibilities for a 
systematic follow up of the routine anaesthetic activities and creates 
a sound basis for rational planning and use of the available resources. 
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FIGURE 5. Personal report to the surgeons. 
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Departments of Anesthesiology and Biometry 
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ABSTRACT 

Automated real-time monitoring of the heart's relative contractile state was 

achieved simply and cost effectively through automated analysis of the esophageal 

accelerogram (EA) and electrocardiogram (ECG). Previous work showed that the 

first major complex of the EA contains information which is a sensitive indicator of 

the left ventric1e's mechanical activity. An automated system was developed 

around a small, inexpensive, personal computer through the application of current 

software engineering design and implementation techniques. The resulting system 

has freed the physician from tedious, time consuming data analysis in the operating 

room. The ECG and EA analog signals are obtained from conventional physiologic 

monitors and processed by the system to yield an index of the relative contractile 

state every five seconds. This discrete index is trended along with heart rate (HR) 

by plotting the last twenty minutes of data. In addition, the most current numeric 

values of HR and the contractile index are presented. The system is contained on a 

single cart, and therefore, is easily rolled into the operating room (OR). Operation 

of the system was designed to be simple and unoccupying in the sometimes hectic 

environment of the operating room. System performance was tested and found to be 

accurate when supplied with correct analog signals. Electrocautery device 

generated electromagnetic interference of the ECG or EA caused the system to 

produce an appropriate error message and ''hold'' until an acceptable signal was 

obtained. Due to the minimally invasive nature of the esophageal probe, monitoring 

of the heart's relative contractile state is performed on a routine basis with minimal 

risk to the patient. 

1. INTRODUCTION 

The ability to routinely monitor the contractile state of the anesthetized 

patient's heart remains a difficult task. Through invasive means we are able to 

monitor contractile indices such as left ventricular dp/dt max1,2, mean 

electromechanical.6P!.6t3,4, the collection of force-velocity-Iength indicators.5, and 
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pressure-volume-stress relationships to name a few.6,7 These indices provide 

useful information, but owing to their invasiveness are inappropriate for routine 

monitoring. There is also a variety of indices which can be obtained noninvasively; 

primarily, systolic time intervals (STI)8 and the echocardiography techniques.9 Df 

these noninvasive techniques only the STIs have been automated10,11 to produce a 

real-time monitor for the operating room. Even STI monitoring is limited in 

application due to the rather critical transducer positioning. 

Recently there has been some work done12,13,14 with a variety of transducers 

placed in proximity to the heart via the esophagus. There exists a great potential 

for producing a simple, automated system from these techniques. Several important 

features are 1) minimal invasiveness, 2) simple transducer electronics, and 3) analog 

signals which are appropriate for straightforward computer analysis. Pinchak et 

al15 first placed a miniature accelerometer in an esophageal stethescope and 

demonstrated that high quality signals produced by the mechanical activity of the 

heart and great vessels could be obtained with relative ease. Further work by this 

laboratory has established very strong relationships between the indices derived 

from the esophageal accelerogram (EA) and more conventional cardiovascular 

parameters, e.g., dp/dt max, mean electromechanicalAp/At, and STI. 

Dur goal, however, is not to establish merely a correlate with a variety of 

"indices of contractility." Dur intention is to produce a clinically useful tool for the 

anesthesiologist by providing an automated system for monitoring the relative 

manifest contractile state of the heart. In this paper we will present the 

development of such an automated system. The automated system receives ECG 

and EA waveforms as inputs, and outputs three myocardial contractile indices 

(Me!). 

2. SYSTEM DESCRIPTION 

It is our design philosophy to configure systems from commercially available 

and supported components which are truly pin-for-pin compatible. Dur intent is to 

produce a simple and inexpensive system requiring a minimum of user integration 

and virtually no modification. This philosophy, we feel, makes the system readily 

available to a variety of institut ions and interested users. It provides a flexible 

environment in which a system can evolve. There is also the advantage of being 

able to use a competitive pricing structure for the various components to keep costs 

down. We have therefore constrained the system to be: 

1. inexpensive, 

2. simple to operate, 
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3. easy to maintain, and 

4. portable. 

2.1. Hardware Configuration 

The hardware system consists of three parts: 1) an esophageal accelerometer, 

2) two physiologic amplifiers, and 3) a microcomputer system. Below are detailed 

descriptions of each of these. 

2.1.1. Esophageal Accelerometer. The principal transducer of the system is 

an accelerometer positioned in the distal end of a conventional esophageal 

stethescope. See Figure 1. The original acoustical properties of the stethescope 

MOllon of Acc~ 1- S, ~'h 
Comb,no"on ~condoty 
o H~otl ond Gt~' 

Tub,n9 '0 
,",,,.,,,,,', E""~ 

~~~~;.o<-.--'Tub,n9 8 Ba lIoon 
of Convenllonol 
Esoph0geol S'e'hescope 

ESOPHAGEAL ACCELEROMETER 

FIGURE 1. Esophageal accelerometer recording system. 

are retained and aid in properly positioning the accelerometer. The accelerometer 

used is manufactured by Entran Devices, Inc. (Model No. EGAXT2-R-50-D). This 

device is abiaxial piezoresistive accelerometer which employs a fuHy active 

semiconductor Wheatstone bridge. A less expensive single axis version can be used 

to keep costs to aminimum. The semiconductor circuitry is fuHy compensated for 

temperature changes in the environment. The high output from this deviee aHows 

readily available OR physiologie amplifier systems to be used with exceHent signal

to-noise ratios. The accelerometers are internaHy damped and have a flat 
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frequency response of greater than 600 Hz. The accelerometer has overrange 

protection to 10,000 g. 

2.1.2. Physiologie Amplifiers. Two separate amplifiers are used by the 

system. One is for obtaining the ECG analog signal, and the other is a standard 

bridge amplifier to drive the accelerometer. Most commercialy available pressure 

transducer amplifiers are of this type. Both amplifier systems are available as a 

single physiologie monitor with one ECG channel and one pressure channel. In the 

operating room we use the Datascope 870 with the P3 module. For our animal work 

we use Gould 1113-461.5 series amplifiers. Any amplifier may be used if an analog 

output between .:!: 2 • .5 volts is available. In addition the bridge amplifier must 

produce an excitation voltage between .:!: 7 • .5 volts. We have purposefully chosen 

commercially available units which most, if not all, anesthesia departments possess. 

An additional advantage is that all such deviees have already passed the electrical 

tests for patient contact. 

2.1.3. Microcomputer System. Again in adherance to our design philosophy, 

we configured the computer portion of the system from commercially available 

hardware. We selected an Apple lI-plus with a monitor and two .514 inch disk drives. 

FIGURE 2. Block diagram of the hardware 
system configuration. 

2.2. Software Configuration 

To this basie system we 

added a 16K RAM card, a 

printer with interface, areal 

time c1ock, and an analog-to

digital converter (ADC). For 

testing purposes we tempora

rily incorporated a digital-to

analog converter (DAC) to 

facilitate synchronization of 

data acquisition with our 

Gould 2600 strip chart 

recorder. Figure 2 shows a 

block diagram of the system. 

Like the constraints imposed upon the hardware system, the software portion 

of the monitoring system must be: 

I. easy to maintain and modify, 

2. simple to operate, and 

3. resistant to user error. 
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Much time and energy was spent designing and implementing a similar system 

with identical constraints.11 It was decided to test the flexibility of this previous 

design by modifying it to meet our current application. The modified system's 

physical structure chart 1s shown in Figure 3. Those module!: requiring modification 

are denoted by an asterisk under the name. One module, GETDIST, is a completely 

new module which was added. This approach saved much time by minimizing new 

design efforts and unnecessary implementation cycles. We also experienced the 

advantage of building upon a clinically tried and tested system. 

fhI·"OGIIA~-----------------

..J 

FIGURE 3. The MeI system physical structure chart. Notation follows Myers (16). 

The software system was designed, implemented, and tested according to the 

principles and methodologies of structured design I 6 and top-down 

implementation.17 The software environment for development and operation was 

the Apple Pascal system. Only a few speed-critical modules were written not in 

Pascal, but in the 6502 assembly language. 

The resulting single-user system is composed of an executive module (THE 

SYSTEM) which receives commands from the keyboard and then executes the 

appropriate functional module. The seven functions implemented were: 
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1. INITIALIZE ••• sets to initial state, 

2. INPUT ••• receives patient identification information, 

3. CHANGE ••• modifies operating parameters (display rate, printer on/Off, 

initial ADC conversion rate), 

4. TEST ••• verifies quality of ADC and identification algorithms, 

5. MONITOR ••• acquires and displays HR and MCIs, 

6. HELP ••• lists valid system commands, 

7. QUIT ••• exits system. 

All modules are highly independent in that they perform only single functions. This 

allows the system to be configured as a collection of functional modules. By 

contrOlling intermodule communication through strictly defined interfaces we 

reduced any ripple effect that might be introduced from modifying or adding 

modules. 

TEST allows the user to decide if the analog-to-digital converter and the 

landmark identification algorithms are performing correctly. This is accomplished 

by plotting the raw digitized signal and the landmarks selected on the video monitor. 

MONITOR continuously cycles through the acquisition and display of HR and 

the myocardial contractile indices. It is fully automated and does not require user 

interaction. 

2.2.1. Signal Analysis. Both the QRS detection and EA landmark detection 

algorithms use multiple stage, slope analysis techniques. In short, each waveform is 

represented as a one dimensional array of integer values. By comparing the value at 

index i in the array with the value at index i plus some look ahead offset it is 

possible to detect the presence, magnitude, and direction of a slope. See Figure 4a. 

TIME 

(a) (b) 

FIGURE 4. a) Depiction of amplitude comparison for a given offset. b) Decomposi
tion of EA into sequence of right triangles. 
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By basing processing control decisions on polarity and magnitude of this slope one 

may determine the location and value of the waveform peaks and valleys. The 

characteristics of this algorithm are tuned by changing the look ahead offset and the 

slope response. 

2.2.2. QRS Detection Aigorithm. For the purpose of monitoring we typically 

use lead 11 or lead V. The algorithm takes advantage of this fact by being less 

general than many diagnostic algorithms. The result is increased execution speed 

and smaller size; both being important considerations for an eight-bit 

microcomputer. The module FINDQQ (see Figure 3) receives as input the array 

which contains the digitized ECG waveform. This array is processed to determine a 

cardiac cycle denoted QQ'. To accomplish this it must find two consecutive Q 

waves. This is done by the following algorithm: 

I. Search and skip until apreset positive threshhold value is exceeded. 

2. Back up and crudely search for upstroke of R wave. 

3. If R wave is found, back up and finely search for onset of Q. 

3.1 If first Q is found then search for second: 

3.1.1 Skip over first QRS. 

3.1.2 Search for second Q in same manner as for first. 

3.2 Else write error message and exit. 

2.2.3. EA Analysis Aigorithm. The myocardial contractile indices produced by 

the system are designated as MI through M3. Given the series of triangles formed 

in Figure 4b, MI equals the sum of the ratios Y:X for each triangle. M2 and M3 are 

the average acceleration and the root mean square average acceleration, 

respectively. M2 and M3 are calculated directly from the raw digitized waveforms 

and require no sophisticated waveform analysis. Since MI requires interpretation of 

the waveform as aseries of triangles it is necessary to detect the corresponding 

peaks and valleys. This is accomplished by: 

1. Search and skip within a specific window begining with the Q wave until 

a ~rude slope value is found • 

• 2. If the slope found is positive then 

2.1 Search for value and index where the slope turns negative 

2.2 Record value and index in vector as a peak. 

3. Else (slope is negative) 

3.1 Search for value and index where the slope turns positive 

3.2 Record values and index in vector as a valley. 

4. Repeat until not in window. 

At this point in time the system serves mainly as a research tool to aid us in the 
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characterization of the various EA indices. For this reason we calculate and display 

all indices. In the purely clinical version we will calculate and present only the most 

useful indices. 

3. RESULTS 

3.1. System Hardware 

We are satisfied that the hardware system has met our computing needs while 

being constrained to be inexpensive, simple, and portable. All the components of 

the hardware system are engineered for the "personal" computer market. The result 

is an inherently simple system. It is easy to connect, operate, and maintain the 

components. The operation manuals are reasonably weIl written and do not require 

special technical knowledge to understand. Our main concern was durability in the 

equipment-hostile environments of critical care medicine and animal research 

laboratories. To date we have experienced no serious environmental effects. 

Hardware reliability has been excellent. The only hardware failure was the early 

demise of a single integrated circuit on the Apple Language Card. This was 

remedied the same day. The system tolerates the continual moving from room to 

room. 

Another concern was the extreme interference generated by the operation of 

electrocautery devices during surgery. The older spark-gap devices are not 

tolerated but hardware damage was not observed. The newer, solid state devices do 

not adversely affect the computer system's operation. They do, however, induce 

much noise in the ECG analog signal. 

The primary hardware limitation is the slow access time of the floppy disk 

drives. This, however, did not significantly impact our software design. The .5"'-in. 

diskette format is useful since it is desirable for each user to keep the resulting 

patient data diskette. 

3.2 System Software 

Our decision to use the Apple Pascal language for the development and 

operation of our MCI monitoring system has produced no major regrets. Pascal, 

being a strongly typed and structured language, facilitated adherence to the 

principles of software engineering. Its block structure and flexible control 

structures made the desired high modularity simple to achieve. Clearly defined 

module interfaces were forced by excluding global variables and passing all 

information (whether control or data) as parameters. This approach is fully 

supported by Pascal. We encountered no major operating system bugs. The constraints 
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imposed by the operating system were in keeping with our philosophy of structured 

design and top-down implementation and thus were accepted. The clock routines 

supplied by the manufacturer, however, reflected inflexible design and 

unmaintainable coding. 

3.3 MCI Monitoring System 

To obtain a preliminary evaluation of the system's performance six patients 

were selected at random for evaluation from our OR schedule. The cases selected 

included abdominal and extremity procedures, but no thoracic procedures. The 

esophageal accelerometer was positioned in accordance with our Human 

Investigation Committee approved protocol 117914-A-79. The ECG and EA analog 

signals were recorded on a Teac R-71 FM recorder. These recordings were used 

later to evaluate the system's performance by comparison with manual data 

reduction. Using the digital-to-analog converter, a Gould 2400 strip chart recorder 

was synchronized to the data acquisition cycle of the MCI system. This allowed a 

direct comparison between manually derived MCI and system calculated MCI. The 

manual processing of the strip chart recording was accomplished using a Houston 

Instruments Digitizer driven by an Apple lI-plus. (Maximum resolution for this 

system is .001 in.) Twelve determinations of each MCI were made from each 

patient by both methods. The data from each patient were then correlated using a 

simple linear model. The resulting r2 statistics ranged from .89 - .96 for MI, .92 -

.98 for M2, and .91 - .98 for M3. 

The behavior of the system was tested with extremes of inputs. The system's 

response to high amplitude noise was either a message correctly detecting no ECG, 

or a false reading. These false readings are easily distinguished from valid 

physiologie readings by their generally absurd values. Low amplitude noise (i.e. 

below threshold value) produced a message stating that no complexes were found. 

Grounding of inputs gave the same response. The system is highly resistant to 

erroneous input and will not crash due to bad analog signals. The worst case is an 

erroneous "MCI value." 

4. CONCLUSION 

In contrast to the difficulty of noninvasively monitoring contractile indices the 

system has performed very weIl. Our evaluation was based upon three criteria: 1) 

ease of use, 2) clinieal utility, and 3) ease of configuration. Ease of use was 

established by simple observation and user comments. Out of six users none found 

the system confusing or intimidating. All were able to operate the system from 
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either the manual alone or 10 minutes of verbal instructions. Clinical utility was 

confirmed by the value of the indices themselves and the minimally invasive nature 

of the esophageal probe. Our work in animals indicate that MCI will be extremely 

useful in the management of patients that require a sensitive balance between 

positive inotropic state and afterload control. Finally, the system can be configured 

without an engineer. By far the most complex part is the packaging of the 

accelerometer since prepackaged devices are not yet available. The amplifier 

systems are already widely used by most clinicians. The vast and rapid acceptance 

of the personal computer speaks for itself. The minimal requirement on the user is 

that the cables necessary to connect these three subsystems be provided. 

Such a system will allow us to quickly and extensively evaluate the clinical 

utility in the EA contractile indices in a broad spectrum of patients and surgical 

procedures. 
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INFORMATION TRANSFER FROM OPERATING ROOM TO ICU 

RICHARD M. PETERS, M.D. 

The per iod from the termination of anesthesia until completion of 

transfer to the lCU is one of high risk. Not only is the patient emerging 

from the stress of surgery and anesthesia and being moved, but management 

is also being transferred to a new professional team. A safe and effective 

patient management system requires appropriate monitoring of patient state 

and transfer of information. Unfortunately, under usual conditions the 

information transfer is often incomplete and even haphazard, as is the 

monitoring. Automation has the potential of improving the quantity and 

quality of information transfer. 

Information about patient state with its variance during the operative 

procedure is essential to management of the postoperative period. The 

patient is acutely ill during operation. Postoperatively the operative 

record is an important infqrmation set for appropriate care. The present 

system creates an anesthesia record in an obtuse code, often not available 

and more often difficult if not impossible to interpret. 

Some of you may think this information is relatively irrelevant or, 

if available, would not be used. Reed Gardner and his colleagues at 

Latter Day Saints Hospital in Salt Lake City, Utah, have shown the fallacy 

of this conclusion. During cardiopulmonary bypass, intraoperative 

information is entered into the computer and is available to the ICU 

nurses while the case is proceeding. When the nurses discovered this 

information was available without prompting, they began to monitor this 

information to evaluate how soon and in what state the patient will be 

on arrival in the cardiac surgery lCU. 

What information can we make available in a usable format, and how 

can this be done in 1983, or perhaps in the year of George Orwell, 1984? 

I believe we have passed the day when such services were available only 

to rich developers of such systems. The microprocessor has radically 
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changed this situation. Change has occurred both in cost of systems hardware 

and software, and, most fmportant, in user attitude. The nurses and 

physicians whose 10-year-01d chi1dren are programming and p1aying with 

computers can no longer admit to being threatened by them. Their chi1dren's 

greater aptitude is a constant reminder of their inadequacy. They want 

effective systems. We have on1y to make information usefu1 and operation 

facile. 

Over the past year we have been transferring programs former1y 

avai1ab1e on1y on our Hew1ett-Packard patient monitoring system to the IBM 

PC computer. The cost at present of such a computer with color video 

graphics printer is around $5000. We anticipate this will fall by 20 to 

30 percent over the next 12 to 18 months. Now we have modular computer 

hardware that can be at each bedside or each operating tab1e. Our job is 

to catch up with the avai1ab1e resource hardware and the fast deve10ping 

software. We must 1earn how to use the information that will be avai1ab1e. 

Tab1e I i11ustrates the information that may be needed during anesthesia 

for a camplex patient. The starred information is that needed for all 

operations. To speed deve10pment and maintain f1exibi1ity, we have had 

ru1es for the deve10pment of our PC system. (1) No systems program wou1d 

be written if one cou1d be purchased. (2) Program transfer wou1d start 

with direct patient monitoring and testing, supp1emented by keyboard-

entered information. 

The fo11owing is a list of the present1y avai1ab1e programs: 

B100d gases 

Cardiac output 

Lung water 

Hemodynamics 

Ventilation and work 

Pu1monary wedge pressure 

Figures 1 and 2 are examp1es of some of the reports. 

We must decide how to inc1ude another vital piece of information, the 

intake and output. I propose that each information acquisition start on 

the PC in the operating room, and that the disc accompany the patient to 

the ICU, where co11ection and interpretation will continue. 

With computer cost and capabi1ity removed as a barrier, the next issue 

is what front end hardware shou1d be used for data co11ection. We can 

reach our goal in steps starting re1ative1y simp1y and adding modules for 
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Fig. 1 ICU Pati~nt Testing ~ rnformation System 

Hemodynam~c Ca1cu1ations 

10 11 12345 Name Doe 
Date @5-11-83 Time @@:@@ 

Cardiae Output (L/min) 
Heart rate (Imin) 

Systemie Arteri al Pressure Cmm Hg) 
Mean Arterial Pre!i5Ure (mm Hg) 

Central Venous Pressure (mm Hg) 
Pulmonary Artery Pressure (mm Hg) 

Mean Pulmonary Artery Pressure (mm Hg) 
Pulmonary Artery Wedge (mm Hg) 

Cardiae Output (L/M) 
Stroke Volume (mI) 

Total Periph Resist Idyne sec emA -5) 
Pulm Vnseular Resist Idyne sec emA -5) 

Left Ventneular Stroke W.,rk (g M) 
Right Ventrieular Stro~e Work Ig M) 

Normal values in parenthe~~s. 
*** = value outside normal range. 

John 

8.5 
81!! 

120/ 
95 

4 
45/ 
30 
1@ 

Value 
8.5 

1@6 
856 
188 
123 
37 

80 

22 

60- 9111) 

7@-1@S) 
@- 4) 

9- 19) 
5- 13) 

(8@0-15@@) 
( 105-165) 

*n 

Index 
4.2 12.5-4.3) 

52 I 35- 45)*** 

U* 
61 40- 55)*** 
18 7- 1@)*** 

F1g. 2 ICU Patient Testing ~ Information System 

BLoon GAS CORRECTIONS ~ CALCULATIONS 

10 11 12345 NAME Doe John 
DATE @5-11-83 TIME 14:36 

INPUT 
TemplC) 38.0 (36.5-37.5) Heta 35 (35-48) 

pHa 7.45 (7.37-7.43) Hgba (12-16) 
Pa07 75 (80-1@i!l) Sa02(%) 195-100) 

PaC02 34 (35-45/ Ca02(vol%) (15.5-22) 
pHv 7.44 (7.35-7.411 Hetv (35-48) 

Pv02 35 (35-40) Hgbv <12-16) 
PvC02 36 (41-51 ) SvD21%) (71-79/ 

FiD2(%) 21 (20-11110) CvD2(vol%) <13-17) 
(A-V)DD2 n.5-5) 

CDRRECTIONS ~ CALCULATIDNS 
pHa 7.44 pHv 7.43 (A-V)D02 4.2 

Pa02 80 PvD2 38 Base ExeessCmEqll ) -0. Ii! (-2-+2) 
PaCD2 36 PvCD2 38 Biearb(mE"q/l) '23 (22-77) 

SaD2 96 SvD2 7i!l Shunt[ QsGlt] 111.1111 «.1<15) 
CaD2 15.2 CvD2 11.1 (A-a)DD2(t.orr) 25 (0-30) 
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new information. We can start by having the anesthesiologist enter data 

using the keyboard instead of a pen at the frequency of the anesthesia 

record, q 5 min, blood pressure, pulse, respiration, drugs, fluids and 

events. This will be displayed on the CRT in color distinctive for each 

parameter and stored on a disco If the patient is a candidate for a 

Swan-Ganz catheter, PWP and PAP should be entered with blood pressure. 

When cardiac output is done q 15-30 min, all hemodynamic parameters will 

be calculated and displayed with the abnormal values highlighted (Fig. 1: 

Hemodynamic Report). In the future, with further development for patient 

with arterial lines, respirator monitors, and automatie infusers, much of 

this information would be automatically acquired and edited to give 

information on significant change in state. Für example, windows could 

be set around blood pressure values and, if they fallout of the window, 

an automatie display made. The time, type, and amount of fluid infusion, 

blood loss and urine output for each half-hour per iod should be associated 

with a simple event record -- incision, ehest opened, etc. 

My concepts of how the functional state of respiration should be 

monitored depart most from present concepts. More morbidity and mortality 

occurs intraoperatively and in the ICU due to accidents of ventilation 

management than is acceptable. Such tragedies can be avoided by better 

testing. The nasogastric tube with a balloon catheter provides an 

additional sensor, without extra invasion. This simple modification of 

nasogastric tube permits patients undergoing major procedures to have both 

airway and intrapleural pressure monitored. (In the supine posture, the 

suggestions of Baydur and colleagues for positioning the balloon above 

the heart should be followed.) The pressures alone will give a great deal 

of information. During assisted ventilation, what is the concordance of 

airway and esophageal pressure? For example, a rise in airway pressures 

without an equivalent rise in esophageal pressure suggests a misplaced 

endotracheal tube. A concordant rise in both pressures may indicate 

pneumothorax or that the surgeons are leaning on the patient, both poor 

for the patient. A change in transpulmonary pressure, airway pressure 

minus esophageal pressure, indicates fall in compliance of the lung, 

airway obstruction or lung congestion. 

Respiratory monitor values should be recorded at least q 5 min and 

graphed to show the time course of change. A pneumotachograph to record 

flow allows calculation of tidal volume, respiratory rate, lung mechanics. 
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true filling pressure, preload, of the heart and true afterload. Since 
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the heart is in the chest, the preload is equal to pulmonary wedge pressure 

minus pleural pressure, and afterload, mean arterial pressure minus pleural 

pressure. 

The use of monitors of expired gases -- CO2, 02 -- will enhance 

anesthetic safety by preventing accidents. If blood gases are determined, 

the calculation of the A-A CO2 difference to correct end-tidal PC02 will 

permit estimation of arterial PC02 • However, in my opinion the most 

important function of CO2 monitor is to prevent anesthetic accidents. 

This requires a continuous monitor to determine that CO2 goes to zero at 

mid-inspiration and rises during expiration to near arterial levels. 

The transfer of the information about CO2 cycling will have little 

importance to subsequent care since it primarily indicates the skill or 

somnolence of the anesthesiologist. Blood gases and hematocrit when 

done should be entered to permit calculation of shunt, etc., as 

illustrated in blood gas report. 

Let me illustrate how such a system could work using as an 

illustration the subject of a talk I gave the last time I was in Rotterdam. 

A vigorous 50-year-old man with good pulmonary function and exercise 

tolerance is to have a pneumonectomy using a double lumen endotracheal 

tube. A nasogastric tube with a balloon, central venous pressure, 

and radial artery catheter are inserted. Let us consider how a computer 

system in which transferred information as described above might forewarn 

the lCU team of the risk of pulmonary edema. First review would be of 

intraoperative events. 

A review of the anesthetic record is given in Table 11. On first 

glance it again seems to portray a benign course, an easy operation with 

small blood loss. However, there are predictors of trouble. A right 

pneumonectomy for a patient who received fluids in excess of amounts 

required for resuscitation had a high intraoperative urine output with a 

net positive balance at end of operation of over 2000 cc. The pleural 

pressure, i.e., transpulmbnary pressure, is modestly elevated. The 

patient requires careful monitoring of his respiratory and fluid balance 

state. A more subatmospheric mean, end-inspiratory, and end-expiratory 

pleural pressure would indicate fall in lung compliance due to pulmonary 

congestion. In this patient, high fluid intake, high urine output, 
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greater transpulmonary pr es sure indicate high risk for postpneumonectomy 

pulmonary edema. The patient needs continued monitoring with insertion 

of Swan-Ganz catheter, not discharge from the ICU. 

Another area requiring new interpretation is the traditional measure 

of adequacy of cardiac function, the blood pressure. It has proven to be 

an inadequate and, on occasion, dangerous indicator of cardiac function. 

If drugs which alter blood pressure are administered, then blood pressure 

becomes at best a controller of the drug infusion rate. Without any drugs 

being given, excitation of the sympathetic adrenal system can maintain 

blood pressure despite dangerously low cardiac output. 

How should blood pressure be interpreted in 1983? As in use of all 

monitoring information, the importance is determined by physiology, not 

by signal. The level of blood pressure determines both the afterload on 

the heart and the perfusion force for various organs. However, a high 

blood pressure does not guarantee adequate organ perfusion. 

The question of critical importance to patient management in 1983 

is when should afterload, peripheral resistance, be manipu1ated? Afterload 

is a major determinant of cardiac output and the ratio of oxygen consumed 

by the heart to mechanical work done by the heart. Lowering afterload 

will increase cardiac output for the same preload. If afterload is to 

be manipulated, then information requirement goes up. We must know cardiac 

output and cardiac filling pressures. 

There are many instances when therapy degrades signals so knowledge 

of drugs given colors interpretation. All such information must be 

transferred. By using the same information format from the intraoperative 

to the postoperative period, the intraoperative risk factors will guide 

those responsible for postoperative care. For this stage of our development 

of automated data acquisition and information system, a common OR-ICU 

system is needed. Rather than transferring illegible sheets of paper with 

incomplete information, we can transfer plastic discs that permit facile 

and fast review of all the information together with interpretations. 

This type of information collection and transfer with increasingly 

sophisticated forms of interpretation must be our new standard in 1984. 
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Tab1e I 
Parameters to be Monitored 

1) Intake and Output 

a) Fluid infused type and 

b) '" B100d 10ss 

'" Other losses 

c) Urine output 

Urine osmo1ality 

'" d) Net fluid intake 

e) '" Fluid interpretation 

f) Rematocrit '" 
2) Cardiovascu1ar State 

a) 

b) 

c) 

d) 

e) 

f) 

g) 

'" B100d pressure 

'" Pulse 

Cardiac output 

Periphera1 resistance 

P-A pressure 

PWP 

A-V D02 
3) Gas Exchange 

'" amount 

a) 

b) 

c) 

d) 

e) 

f) 

'" Tida1 vo1ume, spontaneous and ventilator 

'" Respiratory rate, spontaneous and ventilator 

'" Tida1 CO2 and 02 interpretation 
+ pR, PC02 and interpretation 

P02, Sa02, SV02, Qs/Qt 

Musc1e force, fatigue 

4) Kidney Function 

Urine output, rate and vo1ume 

Urine osmo1a1ity 

5) Cerebra1 function 

State awareness 

'" Required on all patients 

+ A safety device that cou1d prevent anesthetic accidents 
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ENERGY METABOLISM 

BURSZTEIN S •• M.D •• BSHOUTY Z •• M.D. 
Intensive Care Department Rambam Medical Center. 
and Technion School of Medicine. Haifa (Israel). 

Without going through the details of the biochemical and thermodynamical 
basics and principles of energy production in man. for the matter of 
simplicity and understanding. it can be stated that the energy expendi
ture in man (energy metabolism). presented in the form of calories. is 
being constantly produced by the oxidation of the different nutritional 
elements. This calories can be liberated in the form of heat. or 
coupled with other reactions at the cellular level to drive such vital 
processes as synthetic reactions. muscular contraction. nerve conduction 
and active transport. or can be stored in the form of A.T.P. 
MECHANISM OF ENERGY PRODUCTION 
The nutritional elements producing energy are essentially presented to 
the body in the form of charbohydrates (CH). proteins (P) and lipids (F). 
Assuming a complete oxidation. 19ram of (CH) requiering 0.829 liters of 
02 (STPD) will produce 0.829 liters of C02 and 0.6 milliliters of water 
and will liberate 4.1 calories. Therefore. the following equations can 
be written: 

19(CH) + 0.829 L. 02 ~0.829 L. C02 + 0.6 ml H20 + 4.1 Cal (1) 

Imagining a situation where the only nutritional element metabolized is 
(CH). the amount of C02 pro~uced per unit time (VC02) will be egual ~o 
the amount of 02 consumed (V02). The Respiratory Quotient (RQ=VC02/V02) 
will then be equal to one. 
Similar equations can be written for the metabolism of proteins and li
pids respectively: 

19(P) + 0.966 L. 02 ~ 0.782 L. C02 + 0.41 ml H20 + 4.1 Cal (2) 

RQ = 0.809 

19(F) + 2.019 L. 02 ~ 1.426 L. C02 + 1.06 m1 H20 + 9.3 Cal (3) 

RQ = 0.71 

QUANTITATIVE EVALUATION 

There are basically two methods to evaluate the energy metabolism: 
1. Direct Calorimetry 
2. Indirect Ca10rimetry 
In general. the direct calorimetry measures heat 1055 whi1e the indirect 
ca10rimetry measures heat production. Bothmeasurements are equiva1ent 
if there is no change neither in the core body temperature nor in the 
body energy reserves during the time interval between both measurements. 
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1. DIRECT CALORIMETRY 
In the direct calorimetry the subject is placed in an isolated chamber, 
his heat 1055 is measured directly by recording the total amount of heat 
transferred to a weighed quantity of water circulating through the calo
rimeter. The oxygen intake, the C02 output and the nitrogen excretion 
in the urine and feces are also measured during the entire period of ob
servation (1). 

2. INDIRECT CALORIMETRY 
In the indirect calorimetry, the amount of heat produced, carbohydrate, 
protei~ and lipid metabolized and the amount of endogenous water produced 
are calculated by measuring: . 
02 consumption (V02), C02 production (VC02) and nitrogen excretion (NM), 
and by the resolution of the following equations (2): 

a) in the fasting state: 

ME = 4.1 dP + 4.1 dCH + 9.3 dF 

V02 = 0.966 dP + 0.829 dCH + 2.019 dF 

VC02 = 0.782 dP + 0.829 dCH + 1.427 dF 

H20m = 0.41 dP + 0.60 dCH + 1.06 dF 

dP = 6.25 NM 

b) in the postabsorptive state: 

ME = 4.1 dP + 4.1 dCH + 9.3 dF 

V02 = 0.829 dP + 0.829 dCH + 1.865 dF 

VC02 = 0.860 dP + 0.829 dCH + 1.311 dF 

H20m = 4.1 dP + 0.6 dCH + 1.06 dF 

dP = 6.25 NM 

The difference in the numerical factors, between both states, being 
attributed to the specific dynamic action (SDA) of each foodstuff (3,4, 
5,6). 

dP, dCH, dF = grams of totally metabolized protein, carbohydrate 
and fat per minute • 

. ME = energy metabolism in Kcal/min. 
V02 = oxygen consumption in liters/min. 

VC02 = carbon dioxide production in liters/min. 
NM = nitrogen excretion, in grams/min., in t~e urine. 

The resolution of these equations enables us to obtain the values of ME, 
dP, dCH, dF and H2Om. A spe~ial computer program has been written to 
obtain these data rapidly. V02 and VC02 being obtained by analysis of 
inspired and expired 02 and C02 concentrations and by measuring the 
expired gas volumes, all constructed into the apparatus shown in Figure 
1 (7). 
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MEAS ..... ING SYSTEM 

FIGURE I 

PROCESSES OF ENERGY PRODUCTION 

In order to be able to understand the processes of energy production in 
the acute and hypercatabolic patient, it is important to understand the 
processes of energy production and metabolic adaptation to starvation in 
the normal subject. A sudden, brief deficit of fuel is handled metaboli
cally by appropriating for energy some nutrients that would normally be 
used for other purposes. These sources are carbohydrates, lipids and 
proteins being converted in the intestine to monosaccharides, fatty acids 
and amino acids. To provide immediate fuel, more monosaccharides are 
converted directly to glucose; fewer are compounded to glycogen and nGne 
are converted to fatty acids. More fatty acids are processed in the 
liver for oxidation, fewer or none are stored as fat. More amino acids 
are stripped of nitrogen and converted for oxidation. If the emergency 
is brief, no harm is done. 
In starvation however, no further ingested nutrients are available and 
the reserve must be used. Carbohydrates provide a small but significant 
component of the body's fuel for only the first few days. Thereafter, 
protein and fat are the sole sources of fuel, the former contributing 
20% of the calories and the latter the balance (8). 
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A limited amount of glycogen is stored in the liver and in the muscle 
for quick depolymerization to glucose. Of roughly 500 grams of glycogen 
in a typical 70Kg adult male « 1% of body weight), 200 grams are stored 
in the liver and are available for systemic use. The rest are in muscles 
and are essentially burned there. This total glycogen reserve can 
maintain an individual for about only 24 hours. 
After the first day or two, free fatty acids become the primary source 
of fuel for the body, most of which flow to the heart, kidneys and other 
organs, where they are oxidized directly. About 25% are partially oxy
dized in the liver to produce ketone bodies,·which are burned in the pe
ripheral tissues. The typical adult male has 15% of his body weight as 
protein, a third of which is available for energy. In the first several 
days of starvation, muscle protein is utilized fairly rapidly. The pro
tein is split into amino acids, most of which are passed to the liver 
for gluconeogenesis to supply energy, especially to the central nervous 
system, glycolytic tissues and erythrocytes. Some amino acids are burned 
directly and others are reassembled as protein to maintain vital organs. 
If the process of starvation is prolonged further, the central nervous 
system is adapted to utilize the ketone bodies as a source of energy in 
an attempt to reduce the catabolism of protein to minimum (9). 
In the state of starvation, because of the fact that almost no glucose is 
being metabolized, the RQ will essentially be less than one (RQ of fat = 
0.706). In the postabsorptive state, as carbohydrates are being fed, 
glucose is being shifted towards the production of energy, glycogen and 
fat synthesis. In the production of glycogen there is neither consump
tion of 02 nor production of C02' while in the synthesis of fat from 
glucose there is arelease of 02, a process that will reduce the 02 
consumption relative to the C02 production and the RQ will essentially 
rise to va lues obve one (2). 
In extreme starvation, the body becomes drained of readily available 
protein. Certain organs are depleted first, and their amino acids are 
utilized both for energy and for protein repair in more vital organs. 
Muscle tissue atrophies early. Among the next organs to lose significant 
protein are the liver and the spleen, followed by the kidneys and by 
albumin and other blood proteins. Eventually, skeletal muscle is severe
ly atrophied. and where this wasting is associated with total weight loss 
of more than 20 or 30%,an inereased mortality has been observed (10). 
The organs proteeted to the last inelude the heart, adrenals and the 
central nervous system. 
In order to be able to administer enough energy and in the right eombina
tion to eritically ill patients, it is essential to first be able to 
measure it in an attempt to reduce their catabolic state xo minimum or 
even reverse it to an anabolic state. 
In injury or disease, as has been shown by several investigators, the 
metabolie rate is frequently inereased (11,12,13,14), causing an in
creased demand for energy. This in turn eauses an increase in 02 
eonsumption and accelerates the use of adipose tissue reserves and 
speeds the wasting of protein. This increased demand of 02 is provided 
by an increase in ventilation and/or cardiac output. In a critically 
ill patient where these two systems are affected, such an increase can 
lead the patient into astate of deeompensation and inevitable death. 
Connecting these patients to assisted ventilation has been proved to 
reduce the 02 consumption (12). 
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The protein wasting is caracterized by an increase in nitrogen excretion 
and by negative nitrogen balance. One sign of these combined effects is 
loss of body weight. Typically 4 to 8 % after elective surgery and not 
infrequently reaching 10 to 20% after major fractures, multiple injuries 
or septicemia. An increased weight loss of over 30% has been shown to 
be quite often fatal (10). 
An attempt to reduce the severity of this weight loss can be done by 
trying to achieve a zero or positive nitrogen balance. 
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Hypoxemia is a reeurrent complieation during anaesthesia and 

in intensive eare. In a review from 1975, Rehder et al., 

eoneluded that hypoxemia during anaesthesia may be eaused by 

alveolar hypoventilation, redueed eardiae output, true shunt 

(perfusion of non ventilated regions) and mismatehing 

between ventilation and perfusion (via mismateh). Sinee the 

time of that review additional information has been gained 

and today a sharper pieture of lungfunetion in anaesthetized 

man has emerged. Our deeper insight mainly coneerns the re

gional differenees in lung funetion that oceur in the verti

eal plane. The "physiologieal" inequality of ventilation 

and perfusion distributions that is seen during anaesthesia 

may also oeeur in patients with aeute severe pulmonary in

suffieieney and add to that eaused by their pulmonary di

sease, leading to severe hypoxemia. In the following, the 

"physiologieal" mismatehing is analyzed in IIDre detail and 

possible messures to eounteraet it are diseussed. 

Regional ventilation and perfusion in awake man 

In the healthy sUbjeet, ventilation inereases down the lung 

from top to bot tom. This is a consequenee of the sigmoid 

shape of the pressure-volume eurve of the lung and the vert

ieal plural pressure gradient (Milie-Emili et al., 1966). 

Dependent lung units are loeated on the lower, steeper part 

of the pressure-volume eurve, and non-dependent units on the 
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upper, flatter part. For a given increase in transpulmonary 

pressure, the lower lung regions expand more than the upper 
ones. However, in older subjects ventilation may be reduced 
in dependent lung regions, this being attributed to airway 

closure (Milic-Emili et al., 1966). Closure of the airway 
may occur when the peribronchial pressure exceeds that in 

the airway. Since the intrathoraeie, and thus peribronchial 

pressure is higher in dependent than in non-dependent re

gions, airway closure begins at the bottom of the lunge 

Intrathoraeie pressure increases during expiration, and this 

causes airway closure to spread up the lung during a susta

ined exhalation. In young subjects, airways close only dur

ing a deep expiration, below the functional residual capaci

ty (FRC). Under such circumstances the distribution of ven

tilation will remain unaffected during normal breathing. In 

older subjects, airway closure occurs at a higher lung vo

lume, within or even above the tidal volume. The distribu

tion of ventilation to dependent regions will thereby be af
fected, i.e. either reduced or abolished. 

A change from the upright to the supine position reduces the 

resting lung volume, i.e. FRC, by 0.5-1 litre (Briseoe, 
1964), While the lung vo1ume at which airways begin to 

c1ose, the c10sing capacity, remains essentia11y unaltered 
(Le B1anc et al., 1970, Craig et a1., 1971). Airway c10sure 

within or above the tida1 vo1ume may thus occur more easi1y 
in the supine than in the upright position. Taking into 

consideration both age and body position, it can be predict

ed that in the upright position airways will close above FRC 

in subjets aged 65 years or older, Whereas in the supine po

sition such closure will occur above FRC already in 45 years 

old subjects (Le Blanc et al., 1970, Craig et al., 1971). 

The distribution of inspired gas will also depend on the re

gional lung resistance. This is a function of regional vo
lume and inspiratory flow ra~e (Jonson, 1970, Bake e~ a1., 

1974). It increases with decreasing lung volume and incre-
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asing inspiratory gas flow. The smaller regional volume in 

dependent than non-dependent lung regions will thus increase 

the airway reistance, impeding the ventilation of dependent 

units. However, regional differences in airway resistance 

appear to have minor influence on gas distribution during 

quiet breathing (Rehder et al., 1981). 

In the healthy subject, perfusion also increases from top to 

bottom of the lung, this being due to hydrostatic forces 

(West et al., 1964). A small reduction in regional perfu

sion may be seen in the lowermost region of the lung (Ueda 

et al., 1964). This minor reduction in dependent lung per

fusion may be due to compression of extraalveolor vessels by 

interstitial oedema and, in case of airway closure, to hy

poxie vasoconstriction - diverting the blood flow to better 

ventilated regions (von Euler and Liljenstrand, 1946~ West, 

1977). The uppermost region may be poorly or not at all 

perfused if the pulmonary arterial pressure is low (so 

called zone I). 

Thus, both ventilation and perfusion increase down the lung, 

although there is a greater difference in perfusion than in 

ventilation between topmost and lowermost lung regions. 

But, if there is no preponderant airway closure in the de

pendent lung regions and no zone I (unperfused lung units) 

in non-dependent regions, a good "matching" between ventila

tion (V) and perfusion (0) ensues, the v/o ratio being close 

to ideal (0.5-5) at all vertical levels of the lung (Fig. 

1). This matehing ensures an optimum gas exchange. 

Regional ventilation and perfusion during anaesthesia 

and mechanical ventilation 

The distribution of ventilation is altered during anaesthe

sia, during spontaneous breathing as weIl as during mechani

cal ventilation. Thus, Rehder and Sessler (1973) showed 

that during spontaneous breathing under general anaesthesia, 
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more of the tidal breath was distributed to the 

non-dependent than to the dependent lung with the subject in 

the lateral position. The results were obtained by using a 
double lumen bronchial catheter and measuring the ventila

tion of each lung separately. Mechanical ventilation during 

anaesthesia, with or without muscle paralysis, resulted in 

much the same gas distribution as during spontaneous 

Anaesthetjzed 

Top 

!o 
VentilationMandBlood FIow(OI 

:!: 0.4 a6 
! 
LI.. 

I.~ 
Q.3 

0.4 

~-:S-o. 
~ 

i a2 
0.1 

1 lijä 
o ö' 0D1 0.1 1D 10 100 o BOD1 Q1 10 10 100 

Fig. 1. 
Schematic drawing of the vertical distribution of ventila
tion (V) and perfusion (a) of the lung in the awake and the 
anaesthetized subject (left and right upper panels), and the 
corresponding ventilation-perfusion distributions recovered 
by the multiple inert-gas elimination technique (wag~er e~ 
al., 1974), (lower panels). Note the increase in V and Q 
down the lung and the unimodal distribution of V/O in the 
awake subject, indicating a good match between ventilation 
and perfusion. During anaesthesia, dependent and 
non-dependent ~erfusion are reduced or abolished increasing 
the scatter of v/ö, from zero (shunt, aS/OT) and "low" 
v/ö-regions to "high" V/O. 
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breathing in the anaesthetized subject. Thus 60 % of the 

ventilation was distributed to the non-dependent lung in the 

lateral position (Rehder et al., 1973: Bindslev et al., 

1981 a). Moreover, during an end inspiratory pause, gas was 

redistributed from ~e less ventilated dependent to the 

better ventilated non-dependent lung, resulting in 68 % 
being delivered to the upper lung (Bindslev et al., 1981 a). 

A similar preference for non-dependent lung ventilation has 

also been shown for anaesthetized humans in the supine posi

tion, using radio-aetive Xenon (Rehder et al., 1977). 

Finally, with the application of positive end expiratory 

pressure (PEEP) of approximately 10 em H20, a uniform dis

tribution between the upper and lower lung was observed in 

the lateral position (Rehder et al., 1973: Bindslev et al., 

1981 a). How can this altered distribution of inspired gas 

during anaesthesia be explained? It was observed by Froese 

and Bryan (1974) that in the supine awake, spontaneously 

breathing sUbjeet the dependent part of the diaphragm made 

the largest exeursions during ventilation. On the other 

hand, in the anaesthetized mechanically ventilated subject 

the uppermost part of diaphragm was moving most during the 

ventilation. This observation has often been interpreted as 

demonstrating better ventilation of dependent regions during 

spontaneous breathing and of non-dependent regions during 

meehanieal ventilation. However, there are severa1 reasons 

why this ean not be true. Firstly, in the anaesthetized 

spontaneously breathing subject, the dependent part of the 

diaphragm makes the largest exeursions (Froese and Bryan, 

1974), but the ventilation is preferentially distributed to 

non-dependent lung regions (see above). Secondly, the more 

homogeneous ventilation with PEEP will not fit in with re

gional differences in diaphragmatie motion. Thirdly, it has 

been suggested that the lung behaves as an isotropie tissue, 

i.e. a tissue that expands in the same fashion irrespeetive 

of where the forees are applied (Mead et al., 1970). 

Support for an isotropie behaviour is the observation that 

predominantly rib eage or predominantly diaphragmatie bre-
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athing results in much the same distribution of the inspired 

gas, as assessed by isotope technique (Bake et al., 1976). 

Froese and Bryan (1974) also observed a cranial shift of the 

diaphragm during anaesthesia. This suggests reduced func

tional residual capacity (FRC) which has also been demon
strated with gas dilution techniques (Laws, 1968: Don et 

al., 1970) as weIl as with body pletysmography (Westbrook et 

al., 1973: Hedenstierna et al., 1981 c). The fall in FRC 

amounts to 0.4-0.7 litres and causes the lung to slide down 

its pressure-volume curve so that dependent lung regions 10-

cate on the lower, flatter part of the curve While non de

pendent regions are positioned on the steeper part of it. 
This would explain the altered ventilation distribution dur

ing anaesthesia (Rehder et al.,1973: Bindslev et al., 1981 

a). But What elastic properties of the lung cause the flat

tening of the pressure volume curve When approaching smaller 

lung volumes? Not only does the lung slide down its pres
sure volume curve during anaesthesia, the curve itself is 
also altered. Thus, several studies have shown that the 

lungs are stiffer during anaesthesia with a right shift and 

a flatter slope of the pressure-volume curve (e.g. Butler 
and Smith, 1957: Westbrook et al., 1973). Why the lung is 

less compliant during anaesthesia is not fully understod and 
is also beyond the scope of this presentation. The inflec

tion point, i.e. the point Where the pressure volume curve 

begins to flatten When approaching smaller volumes, is ea

sier to explain and coincides with the onset of airway clo

sure. With continuing expiration more and more of the de-

pendent 

if it 

1974). 

lung regions are closed off and the lung behaves as 
is stiffer (Demedts et al., 1975: Ingram et al., 

The majority of studies have also shown that While 
FRC is reduced with anaesthesia, closing capacity remains 
unaltered (Gilmour et al., 1976: Hedenstierna et al., 1976: 

Hedenstierna and Santesson, 1979), and that airway closure 
may occur within a greater part of dependent lung regions, 

as measured in each lung separately, with the subject in the 
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lateral position (Hedenstierna et a1., 19B1 b). This im

p1ies that airway c10sure will be more common during ana

esthesia. Indeed, assuming that the fall in FRC with ana

esthesia is simi1ar at all ages, it may be anticipated that 

airway c10sure will occur above FRC in subjects as young as 

30 years, and with an increasing distribution of airway c10-

sure with increasing age. The authors thus consider airway 

c10sure to be the most 1ike1y explanation to impeded depen

dent ventilation during anaesthesia. However, different 

findings of a decrease in c10sing capacity in parallel with 

the decrease in FRC have been presented by Juno et a1. 

(197B), so the question What causes the altered gas distri

bution during anaesthesia has not yet been definite1y 

answered. An objection to una1tered c10sing capacity with 

anaesthesia has been the simu1taneous1y stiffer 1ung creat

ing greater transmura1 airway pressure Which shou1d act to 

re du ce c10sing capacity. However, this objection postulates 

una1tered airway tone with anaesthesia, but there is evi

dence that the airways are more comp1iant under this condi
tion (Hedenstierna and Lundberg, 1975). 

During general anaesthesia, the pu1monary arterial and sys

temic pressures may be reduced. The decrease in the former 

will impede perfusion of the uppermost, non dependent 1ung 

regions. Institution of mechanica1 ventilation will incre
ase alveolar pressure, Which will further interfere with the 
perfusion of the non dependent regions (West et a1., 1964). 

The anaesthetic agent may reduce or abo1ish the hypoxic va

soconstrictor response which favours perfusion of poor1y 
venti1ated, main1y dependent 1ung regions (Benumof and 

Wahrenbrock, 1976: Sykes et a1., 1973). Thus, during ana

esthesia and mechanica1 ventilation these factors act in 

common to force perfusion down the 1ung, creating an incre

ased preference for dependent perfusion, in opposition to 

the preference for the non-dependent ventilation. Moreover, 

the increased intrathoracic pressure may impede venous re

turn (Werkö, 1947) and the anaesthetic agent may have a car-



128 

diodepressant effect (Merin ,1975), both of which may reduce 

the cardiac output. 

Ventilation perfusion relationships during anaesthesia 

The impaired ventilation in dependent lung regions and, in 

per cent of total perfusion, augmented blood flow during an

aesthesia would be expected to cause low ventilation- perfu

sion (via) ratios (v/a<O.l) and even true shunt (v/a=O). 

Upper lung units may be poorly or not at all perfused but 

still ventilated and this would be expected to create high 

via ratio and dead space. Thus, via may vary from zero to 

infinity (Fig. 1). Evidence has also accumulated during 

the last years that this is the case. Thus, using a multi

ple inert gas elimination technique (Wagner et al., 1974), a 

virtually "continuous" distribution of via ratios can be re-

covered. 

partment 

tributed 

Assuming a 

being defined 

on a log 

50 compartment lung model, each com

by a certain via ratio, evenly dis

axis from below 0.005 (true shunt) to 

above 100 (dead space), the distribution of ventilation and 

perfusion to each of these compartments can be calculated. 

Using this technique, Dueck et ale (1980) could demonstrate 

greatly increased dispersion of via ratioa in elderly sub

jects with chronic lung disease on induction of anaesthesia. 

True shunt could exceed 20 % of cardiac output and large re

gions of low via developed. Similar although less marked 

changes in the via distribution were observed in middle-aged 

clinically lung-healthy patients during anaesthesia. True 

shunt averaged 8 % (Bindslev et al., 1981 b). In young sub

jects below 30 years of age, moderate increases in the 

dispersion of via and almost no shunt appeared on induction 

of anaesthesia (Rehder et al., 1979). This age dependence 

would fit well with the idea that airway closure has a major 

impact on gas exchange, young subjects suffering no or lit

t1e airway cloaure during anaesthesia, 1n contrast to those 

V·/o· above 30 years of age. A separate mode within high re-
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gions was sometimes observed during mechanical ventilation 

and was consistently the finding after the application of 

PEEP (Bindslev et al., 1981 b). Moreover, the ventilation 

to high v/ö regions increased with increase in PEEP. A sim

ilar high v/ö mode had previously been observed in PEEP ven

tilated dogs (Dueck et al., 1979). By using radioactive mi

crospheres to assess the perfusion distribution in conjunc

tion with microscopy of lung tissue samples it could be de

monstrated that the high vIa mode corresponded to zone I, 

i.e. non-dependent lung regions with no capillary blood 

flow (zone I) but maintained corner-vessel blood flow (He

denstierna et al., 1979). The patent corner-vessels, locat

ed in the junctions of interalveolar septa create a certain 

gas exchange, signified by high vIa ratios. It can thus be 

concluded that the expected range of vIa ratios from zero to 

infinity can be recovered in the anaesthetized subject, with 

the not ion that (alveolar) dead space did not increase as 

much as might be expected with the development of zone I, 

but rather that a distinct high v/ö mode appeared. 

Gas distribution and v/ö in acute respiratory failure 

A more marked fall in FRC than in normal subjects during an

aesthesia can be seen in patients with acute respiratory fa

ilure. Thus, Katz et al. (1981) reported a fall in FRC to 

55 % of the predicted value in the supine position, corres

ponding to a 1.3 litre reduction, in patients suffering from 

acute respiratory failure after massive trauma, major sur-

gery, or metabolic or infectious disease. Pontoppidan and 

co-workers (1973) proposed that such a fall in FRC promotes 

airway closure. Although no studies seem to have been re

ported on this subject, it appears that in acute respiratory 

failure the vertical distribution of ventilation may be sim

ilar to that seen in anaesthetized subjects, and possibly 

the decrease in ventilation of the dependent lung is even 

more marked than during anaesthesia. High airway and alveo-
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1ar pressures are often required for adequate ventilation, 
V·JO· which will force perfusion further down the 1ung. ina-

qua1ity simi1ar to, or more advanced than that in the ana

esthetized subject may thus ensue. This mismatching, Which 
is "physio10gica1" in the sense that it mimics that seen in 

hea1thy, e1der1y, anaesthetized subjects, adds to the vJa 
inequa1ity caused by the 1ung disease through other mechan

isms, creating the we11 known severe and sometimes 1ife 

threatening hypoxemia. 

General positive end-expiratory pressure 

The reduction in FRC can be counteracted by the app1ication 

of positive end-expiratory pressure (PEEP), Which may thus 
serve as a too1 for improving oxygenation of the b100d (Ash

baugh et a1., 1969: Kumar et a1., 1970). However va1uab1e, 

PEEP has not become an indispensable method in intensive 

ca re and has shown no c1earcut advantage in routine anaesth
esia (Hew1ett et a1., 1974: McCarthy and Hedenstierna, 

1978). There may be at least two exp1anations fbr the lack 

of a beneficia1 effect. First1y, the increased intrathora
cic pressure reduces cardiac output by impeding venous re

turn (Co1gan and Marocco, 1972), and a concomitant increase 
in alveolar pressure forces 1ung b100d f10w to dependent re
gions (West et a1., 1964). Second1y, the effect of PEEP on 

the regional 1ung vo1ume is unfavourab1y distributed, depen

dent 1ung tissue being 1ess expanded than non-dependent tis

sue. This has been demonstrated by constructing 

pressure-vo1ume curves for each 1ung separate1y with the 
human subject in the lateral position (Binds1ev et a1., 

1980). Certain assumptions are necessary here, such as a 

linear pleural pressure gradient, but the va1ue assigned to 

this will not interfere with the analysis (Hedenstierna et 

a1., 1981 a). The crucia1 reason for the unfavourab1e ef
feet of PEEP is the sigmoid shape of the pressure-volume 
curve of the lung, in conjunction with the different 10ca-
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tions of each lung on these curves - a consequence of the 

pleural pressure gradient (Fig. 2). 

The dependent lung is positioned on the lower, flatter part 

of its pressure- volume curve, While the non-dependent lung 

lies higher up on the steep portion of its pressure-volume 

curve. During inspiration or mechanical inflation, the air

way and alveolar pressures increase equally in the two 

lungs. Application of a certain PEEP will then increase the 

dependent less than the non-dependent lung volume. 

Application of a PEEP of 10-12 cm H20 should suffice to 

raise the dependent lung volume above its closing capacity 

in most subjects with normallungs (Bindslev et al., 1980). 

This amount of PEEP raises the dependent lung volume by the 

0.2-0.3 1 necessary to counteract airway closure. 
Simultaneously, however, the non-dependent lung volume in

creases by 0.8-1.0 1 and approaches the maximum expansion. 

Not only does this entail unnecessary impedance to cardiac 

output, but it also increases the danger of barotrauma 
(Kumar et al., 1973). It may thus be concluded that PEEP 

does not provide the physiological basis for an optimum 

match between ventilation and perfusion, and it may cause 

lung damage. 

Differential ventilation with selective PEEP 

Ideally, ventilation should be distributed in proportion to 

regional lung blood flow. The supine posture does not per

mit a perfustion matched distribution of ventilation. 

However, with the subject in the lateral position, the ana

tomical configuration of 'the human broncial tree enables a 

subdivision of ventilation to two vertically different 
lungcompartments, i.e. the dependent and the non-dependent 

lunge Ventilation may then be vertically distributed in 

proportion to the assumed distribution of perfusion (differ

ential ventilation), more gas being delivered to the 
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Separate pressure-volume curves of the non-dependent (n.d.) 
and the dependent (d) lung in the lateral decubital posture 
during anaesthesia and mechanical ventilation. Left panel: 
General PEEP is applied unitarily for the two lungs of such 
a magnitude that FRC of the dependent lung is raised to its 
closing capacity (CC). Note the oonsiderably larger incre
ase in the non-dependent than in the dependent lung volume 
(revised from Bindslev et al., 1980). 
Right panel: Selective PEEP is app1ied solely to the depen
dent lunge Note the concomitant reduction of the 
non-dependent lung volume. The net increase in lung volume 
(FRC) is thus oonsiderably 1arger during general PEEP than 
during selective PEEP. 

dependent and less to the non-dependent lung than would have 

been the case with conventional ventilation. By applying 

PEEP only to the dependent lung, distribution of inspired 

gas to lower regions within that lung can be ensured (selec
tive PEEP). Because of less overall intrathoraeie pressure 

and lung expansion, interference with the total lung blood 

flow and the danger of barotrauma should be less than with 
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general PEEP. But most important, an improved 

ventilation-perfusion ratio within separately ventilated 

units can be achieved. Since differential ventilation and 

selective PEEP will affect the intrathoracic pressure and 

regional lung inflation, this ventilation concept will also 

have an impact on the distribution of perfusion. In ana

esthetized, lung-healthy subjects an "optimum" match between 

ventilation and perfusion was obtained when half of the 

tidal volume was distributed to each lung, and a selective 

PEEP of 10 cm H20 was applied to the dependent lung 

(Baehrendtz et al., 1982). This resulted in an equal dis

tribution of perfusion between the two lungs, as assessed by 

injecting radio-active boli of Xenon 133. Cardiac output 

was reduced less than with general PEEP and arterial oxygen 

tension increased by 20-40% (Baehrendtz and Klingstedt, 

1983). 

In the operating theatre the lateral position has limited 

use. However it is a frequently used position during upper 

urinary tract and esophageal surgery. The lateral position 

is also accompanied by a higher incidence of atelectasis in 

the dependent lung (Lambert et al., 1955). A ventilation 

method that may reduce the demand for a high fraction of in

spired oxygen and which allows the selective inflation of 

dependent lung regions (i.e. differential ventilation with 

selective PEEP) may be an efficient tool against atelec-

tasis. Moreover, the high concentrations of nitrous oxide 

sometimes required for analgesia, limits the space for oxy

gen administration and increases the demand for an efficient 

utalization of the alveolar oxygen. Thus, in selected pati

ents with extensive airway closure, e.g. elderly, extremely 

obese and heavily smoking patients, differential ventilation 

with selective PEEP ~ay be valuable. Accidental or inten

tional hypotension during surgery may make the use of gener

al PEEP dangerous whereas selective PEEP might be a better 

tool for reducing the venous admixture without causing 

further deterioration of central hemodynamics. 
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A more important app1ication of differential ventilation 

with se1ective PEEP is presumab1y during intensive care of 

patients treated with mechanica1 ventilation due to acute 

severe respiratory fai1ure. These patients are frequent1y 

suffering from hypoxemia in spite of high and potentia11y 

toxic concentrations of oxygen in the inspired gas. The la

teral position is common1y used in the intensive care unit 

and rotating scheme with the patient alternativelyonhis 

right and 1eft side is used to counter bedsores and to im

prove the elimination of airway secretions. In a number of 

patiens with severe acute respiratory fai1ure due to a dif

fuse, bilateral 1ung disease (bronchopneumonia, 

aspiration-pneumonia and near drowning) differential venti

lation and se1ective PEEP have been tested, so far during 
short periods of time on1y. Using differential ventilation 

with equa1 distribution of the tida1 vo1ume between the 

1ungs and a se1ective PEEP of 12 cm H20 to the dependent 

1ung as "a ru1e of thumb", arterial oxygen tension cou1d be 

improved by an average of 40% and with no impedement of car
diac output in comparison with that during conventiona1 ven

tilation (Baehrendtz, 1982), (Fig. 3). It thus appears 

that differential ventilation with se1ective PEEP can offer 
a considerab1e improvement of the gas exchange in acute bi

lateral 1ung disease, but 10ng term studies are required fOr 

a final evaluation. 

Changing the perfusion-distribution 

So far the discussion has dealt with hea1thy 1ungs or bila

teral 1ung disease. In diseases affecting on1y one 1ung, 

differential ventilation can be used, and uni-lateral 1ung 

disease has indeed been the major indication for such venti
lator treatment (Car10n et a1., 1978). However, there are 

also other means in order to improve gas exchange in 
uni-~ateral lung disease. Plaeing the patient in the later

al position with the siek lung up reduces the perfusion of 
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that lung in Which the gas exchange is impaired. If the 

sick lung is stiffer than normal one may expect an increased 

Fig. 3. 
Cardiac output (QT), venous 
admixture(QS/QT) and arterial 
oxygen tension (Pa02) from 
seven patients in acute respi
ratory failure, illustrating 
the effects of the different 
ventilator settings: 
A) conventional ventilation 

with ZEEP in the supine 
posture. 

B) conventional ventilation 
with general PEEP in the 
supine posture. 

C) conventional ventilation 
with ZEEP in the lateral 
decubital posture. 

D) differential ventilation 
with even tidal volume dis
tribution and ZEEP in the 
lateral decubital posture. 

E) differential ventilation 
with even tidal volume dis
tribution and selective 
PEEP to the dependent lung 
in the lateral decubital 
posture. 
Mean value + SEMr x = 
P<O.OS, xx = P<O.Ol. 
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ventilation of the healthier lung, even with a conventional 
single lumen tracheal tube. The possibility of gravitation

al distribution of infectious secretions down to the heal

thier lung is under debate. 

Another measure to direct the perfusion from the sick lung 

is to enter a balloon catheter to the main pulmonary artery 
of the sick lung Where the balloon is inflated to occlude 

the vessel (Alfery et al., 1981). This might be a valuable 

treatment in desolate cases, but the experience is very lim

ited. 
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Conclusion 

The mismatching of ventilation and perfusion regularly ob

served during anaesthesia and acute respiratory failure im

pedes gas exchange and may lead to severe hypoxemia. 

General PEEP can improve matching of ventilation and perfu

sion but can not res tore it to normal. However, this can be 

achieved by placing the subject in the lateral position, 

ventilating each lung in proportion to its blood flow (dif

ferential ventilation) and applying PEEP solely to the de

pendent lung to ensure an even distribution of inspired gas 

within that lung (selective PEEP). Another approach, of 

possible value in unilateral lung disease, is to divert per

fusion away from the sick lunge This can be accomplished by 

positioning the patient in the lateral posture with the sick 

lung up (gravitation causing a preferential blood flow of 

the dependent healthy lung), or by occluding the main pulmo

nary artery in the sick lung by a balloon-catheter. 
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CONTINUOUS MONITORING OF INTRATHORACIC FLUID 
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~ ttt) t) t) SCHNEIDER, H. D) D~LEMARRE, J.B.V.M. , LEUSINK, J.A. , SCHURINK, G.A. , 

ABSTRACT 

A computerized system is presented to measure the mean specific thoraeie 

impedance as an index for intrathoraeie fluid content, according to the 

method of differential impedance plethysmography. Preliminary results, 

obtained from patients after cardiac surgery, are found to be in 

agreement with data obtained from ehest X-ray photography, pulmonary 

arterial pressure measurements and urine production. Measurement of the 

basic impedance Zo according to Kubicek is found to be an unreliable 

parameter in monitoring intrathoraeie fluid content. Some typical 

examples of registrations are shown. 

KEYWORDS 

Intrathoraeie fluid, continuous monitoring, mean specific impedance, 

basic impedance, cardiac surgery 

I. INTRODUCTION 

The homeostasis of body fluid during anaesthesia and in the intensive 

care unit is of paramount importance. However, (sub-)clinical lung edema 

of different etiology is a complicating factor frequently met in the 

critically ill patient. A good method for detection of changes in 

intrathoraeie fluid content will lead to: a) early detection and 

therefore early treatment; b) adequate evaluation and therefore adequate 

adjustment of individual as weIl as general therapies; and c) extension of 

knowledge about the different pathophysiological mechanisms and therefore 

possibilities for general prevention. 
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t) Department of Anaesthesiology, St.Antonius Hospital, Utrecht, Netherlands 

tt) Department of Instrumentation and Automation, St.Antonius Hospital 



142 

Though the importance of the subject is weIl recognized, no satisfactory 

method is available [1]. The ideal method should be: a) reliable, i.e. 

produce no false positive or negative results; b) 8peaifia to the detection 

of intrathoracic fluid; c) 8en8itive to a degree that clinically relevant 

amounts of fluid can be detected; d) non-inva8ive; and e) 8uitable to serve 

a8 a monitor, which means in practice that the detecting signal should be 

available in the form of an electrical signal, which can be processed 

electronically, e.g. to detect a trend in the amount of fluid. 

Transthoraeie electrical impedance measurements potentially possess the 

ability to fulfil these requirements. A large number of investigators have 

studied in particular the monitoring of ehest fluid using the non-invasive 

bioelectrical impedance technique both in clinical situations and animal 

experiments [2,3,4,5,6,7,8,9,10,11]. Those investigators found a significant 

correlation between the variation of the basic impedance, and the amount of 

fluid overload or fluid withdrawal. However, values varied greatly from one 

patient to another and from one investigator to another. Variation in the 

basic impedance, as measured by Kubicek's electrode arrangement [12] appeared 

to be dependent on the individual. Furthermore, the distance between the 

electrodes, and the posture of the patient were of critical importance. The 

electrical field distribution appeared to be inhomogeneous in the upper 

thoraeie and neck region, a fact which introduced an uncontrollable error 

into the measurements [13,14]. 

The purpose of the present study is: a) to show the origin of these defects 

of Kubicek's basic impedance measurement, resulting in reduced reliability, 

loss of sensitivity, position- and subject-dependency; b) to propose a method 

for measuring thoracic impedances designed to avoid those defects; and c) to 

present a computerized measurement device and show some typical examples of 

registrations. 

11. BASIC IMPEDANCE MEASUREMENT ACCORDING TO KUBICEK 

Fig. 1 shows the electrode arrangement according to Kubicek's method [12]. 

A constant, alternating electrical current of 2 mA r.m.s., with 

frequency 100 kHz, is applied to the thorax by means of two circum

ferential electrodes: electrode 1 around the neck, and electrode 2 around 

the abdomen. The consequent voltage-difference is measured 
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between electrode 2 around the neck, and electrode 3 around the thorax. 

According to Kubicek the ratio of voltage-difference to electrical current: 

the thoracic basic impedance zo' is supposed to be a reliable measure of 

intrathoracic fluid content. 

Figure 1. Eleatrode aonfiguration 

aaaording to Kubiaek 

et al. [12]. 
3 

This method is subjected to fundamental criticism: a) loss of sensitivity 

due to inhomogeneities in the electrical field distribution; b) loss of 

reliability caused by changes in body position or relocation of the 

electrodes; and c) laak of aomparability, since different subjects have 

different physical dimensions. 

In order to demonstrate the influence of the electrode configuration, we 

measured the basic impedance Zo at different electrode positions, in a 

healthy, male volunteer: Electrode 2 around the neck was duplicated at a 

distance of 2 cm, distal to the original electrode 2. The measuring 

electrode 3 was applied to the trunk 8-fold. Three electrode configurations 

were studied: 

a) Basic impedances Zo were measured between the cranial electrode 2 and the 

successive trunk electrodes; 

b) Basic impedances Z were measured between the distal electrode 2 and the 
o 

successive trunk electrodes; 

c) Two upper electrodes around the trunk served as cranial current and 

measuring electrodes 1 and 2. 

The results of the three experiments are presented in figure 2. 
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Figure 2. 

10 20 30 40 50 

ReLationship between Z and the distance L between the 
o 

measuring electrodes, using Kubicek's method, in three 

electrode configurations a,b,c (see text). Note the difference 

in measured Zo in the three configurations at the same 

diatanae (dotted vertiaaZ Zine). 

From these results four important conclusions can be drawn: 

a) The relationship between Zo and electrode-distance L is linear to a 

high degree of significance ( all coefficients of linear correlation 

r> 0.999; all p < 0.005); 

b) At equal distances between the measuring electrodes 2 and 3 substantially 

different basic impedances are measured; 

c) The slopes of the three lines are essentially the same; 

d) Extrapolation to zero distance between the measuring electrodes results 

in a Zo identical to zero, in experiment c only. 

The difference in zero-shift between the experiments a and b is due to the 

inhomogeneity of the electrical field close to the upper current electrode. 

The difference in zero-shift between the experiments a and b on one hand, 
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electrical field in the region of the neck and shoulders. The differences 

in Z measured at equal distances in the three experiments are caused by the 
o 

different zero-shifts as a consequence of the inhomogeneities in the 

electrical field. 

111. DIFFERENTIAL THORACIC IMPEDANCE MEASUREMENT 

A method was designed to eliminate these zero-shifts [14].This method is 

expected to increase the sensitivity and reliability of the impedance 

measurements. This measurement is based upon computation of the mean 

impedance per unit length: dZ/dL. This figure is multiplied by the thoracic 

axes perpendicular to the vertical body axis. In this way a measure 

analogeous to the mean specific impedance is obtained. The thus calculated 

mean specific thoracic impedance Rho can be expected to be inter-individually 

comparable. 

Figure 3. Eleatrode aonfiguration 

used for the differential 

method aaaording to 

Meijer et al. [14]. 

c1 

r 
2mA 
100k~ 

1 
c2 

Four measurement electrodes are applied to the thorax (see fig. 3). In 

female subjects two of these electrodes are applied above, and two are 

applied below the mammae. Electrode 2 in the neck serves as a reference (r). 

The basic impedances Zi are measured between the thoracic electrodes 

i= 1, •.••• ,4 (distance to the reference electrode: Li) and the reference 

around the neck . By means of coupled linear regression the additional shift 

in the Zi # Li relationspip in female subjects at the level of the mammae 

is eliminated (see figure 4). 
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L cm 

20 
Figupe 4. ReZationship between the basia impedanae Zo and 

the distanae L between the measuring eZeatFOdes 

in a heaZthy femaZe voZunteer. Note the shift 

in the Zinear reZationship at the ZeveZ of the 

mammae. 

30 

Two straight lines with the same slopes dZ/dL are calculated for the two 

assemblies of two points (Zi,Li ) , measured from the upper and lower group 

of two electrodes, according to [14]: 

dZ 

dL 

-1 
Ohm.cm (1) 

In which u and 1 indicate the upper and lower point assemblies, N the 

number of points per assembly ( in this configuration: 2), and i the 

measuring electrodes. The bar denotes the mean. Por instance Zl=(Z3+Z4)/N1, 

i.e. the mean of the basic impedances measured at the measuring 

electrodes 3 and 4. 
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In general, the mean impedance per unit length dZ/dL depends upon the 

dimensions of the conductor, i.e. the thorax, which is subjected to 

interindividual differences. To obtain comparable results between subjects, 
*) 

the mean specific impedance of the thorax is computed as follows : 

The main thoraeie axes f and gare measured at the level of the manubrium 

sterni. The product f.g.dZ/dL is identified with the mean specific thoraeie 

impedance Rho: 

Rho dZ 
f·g· dL 

IV. COMPUTERIZEO OATA PROCESSING 

Ohm.cm (2) 

Figure 5 shows a schematic drawing of the computerized impedance measurement 

system. The system consists of a standard impedance cardiograph (IFM model 

403A), a 64kRAM microcomputer based on a Z80 microprocessor (Sinclair ZX-81), 

an A/O converter and a one-shot timer. By means of a mechanical switch, 

controlled by the microprocessor, successive thoraeie measurement electrodes 

are linked to the cardiograph, which is in turn connected to the computer. 

The measurement frequency of the system is controlled by the programmable 

one-shot timer. The microprocessor computes the mean specific impedance Rho. 

An on-line trend-analysis in time of Rho and Zo is performed by means of 

least-square linear curve-fitting. 

*) As an example the following aata are proeessed: 

i ~~ Z.~ Ohm 
~ 

1 10.5 13.9 N 2 = 
2 14.0 16.0 u 

3 27.0 21.0 Nl 2 = 
4 30.0 23.0 

Thoraeie fxg = 26x19 2 axes ~ 

dZ 1626.95 - 2x12.25x14.95 - 2x28.5x22 
= = 0.628 

dZ 1935.25 - 2x150.0625 - 2x812.25 

eoeffieient of eorrelation: r = 0.9995 

Rho = 0.628x26x19 = 310 Ohm.em 

-1 
Ohm.~ 
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Figure 5. Data registration/proaessing system. 

Modem = modulator/demodulator; CPU = aentral proaessor unit; RAM = random 

aaaes memory; A-D = analog to digital aonverter; MUX = multiplexer. 

v. PRELIMINARY RESULTS 

During 36 hours after cardiac surgery the changes in basic impedance Zo and 

mean specific impedance Rho were studied in 16 patients. Trends in time in Zo 

and Rho were compared with changes in intrathoraeie fluid conte nt as 

concluded by a radiologist from serial ehest X-ray photographs. The results 

are listed in table I. 

TABLE I. Comparison of the two impedanae methods ~ith ahest X-ray diagnostias. 

Numbers of patients in ~hiah the impedanae method agreed (+). disagreed (-). 

or in ~hiah no agreement or disagreement aould be formulated (0). 

aompared ~ith the observations trom serial ahest X-ray photographs. 

Rho method 
Zo method 

+ 

14 

6 

o 

2 
6 

o 
4 



There appeared to be no correlation at all between the basic thoraeie 
2 

impedance Zo and the ehest X-ray diagnostics ( X -test; p< 0.005). The 
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correlation between the latter and the mean specific impedance Rho was fairly 
2 

good ( X -test; p> 0.5). 

VI. TYPICAL EXAMPLES 

Three typical examples of measuring results are shown in fig. 6,7,and 8. 

Fig. 6 shows recordings from a patient during the first 56 hours following 

mitral- and tricus pid-valve replacement. Aperiod of low cardiac output, 

as concluded from the low urine production, resulted in a sharp rise of the 

pulmonary artery pressure about 23 hours post-operative. The mean specific 

impedance Rho showed a marked decrease at this instant, whereas the basic 

impedance Zo showed no significant change. After therapy, e.a. digitalis, 

sodium nitroprusside and furosemide, the urine production increased, 

pulmonary artery pressure decreased and the specific impedance Rho increased. 

Figupe 6. Registpation fpom a patient 

aftep capdiac supgepy. Basic impedance 

Z and mean specific impedance Rho ape 
o 

pZotted as a pepcentage of the ppe-

opepative vaZues. P denotes the ap 
mean puZmonaPY aptepial ppessupe. Also 

the hOUPly upine ppoduction is shown. 

On top of the figupe the amounts and 

moments of fUposemide injections ape 

given. See text fop discussion. 

o 
I 

12 
I , 

20 

HOURS 
24 38 48 80 
I I I I l I I 

RHO 
100 

l:t==~-
40~---~---------------------

f:Ei6?i-
URINE PRODUCTION 

~~ 
In fig. 7 registrations are shown from a patient during the first 46 hours 

following aortic valve replacement. The steady decrease in Rho of about 20% 

during the first 26 hours post-operative was accompanied by a steady 

increase in mean pulmonary arterial pressure and low urine production, 

indicating diminished left ventricular function. No significant change in 

Z was observed. Both in figure 6 and 7 the post-operative values of both 
o 

impedances were 20% lower than the pre-operative values, indicating a 
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significant increase in intrathoraeie fluid content. This is in 

agreement with ultrastructural changes in lung tissue immediately after 

cardiac surgery [15]. 

Figupe 7. Registpation fpom a patient 

aftep aapdiaa supgery. Basia impedanae 

zo and mean speaifia impedanae Rho 

ape plotted as a pepaentage of the 

ppe-opepative values.P denotes the ap 

mean pulmonary aptepial ppessupe. Also 

the hOUPly upine ppoduation is shown. 

On top of the figUPe the amounts and 

moments of jUposemide injeations ape 

given. See text fop disaussion. 

o 

o . 
HOURS 

,1,2,,( • 40 40 

5 URINE PRQDUCTION 

HOURS 
2 3 4 
I I 

am 

5 
I 

Figupe 8. Coupse of the 

mean speaifia impedanae 

Rho in a patient duping I ~ 1OO~r:. 
180_~-5 houps of heamodialysis. 

~ m is the loss of weight 

aaused by ultpäfiltpation 

P denotes the mean 
a 

aptePial ppessupe. See 

text fop disaussion. 

IOI~------------~--------------

RHO 

i~I1-----------

S280I~_ 
~~----------------------------
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Fiqure 8 shows the mean specific impedance Rho, mean arterial pressure Pa 

and weight loss ~ during a 5 hours period of haemodialysis. The specific 

impedance 1s very low at the onset of haemod1alysis, indicating significant 

fluid overload ( normal value in subjects below 35 years of age: 316 + 26 

Ohm.cm, [14], mean ~ s.d.). At the end of the heamodialysis session, in 

which 1.6 1 of fluid was withdrawn, the Rho was returned to anormal value 

of about 330 Ohm.cm. 

VII. CONCLUSIONS 

It can be concluded that measurement of the mean specific impedance Rho is 

a usefull tool in monitoring the critically ill patient during surgery and 

in the intensive care unit. The relationship between the basic impedance Z 
o 

and the intrathoracic fluid content appears to be predominantly stochastic, 

so the measurement of Zo is unreliable as a guide to intrathoraeie fluid 

content. 
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'!HE FOl'ENTIAL OF C<Jt1PUTER MCDELLING TECHNIQUES IN INTENSIVE CARE 
MEDICINE 

C J HINDS, C J DICKINSON 

Mathematical modelling and systems simulation using digital 

computers has became an established technique in a wide variety of 

disciplines ranging fram econamicsl to the control of industrial 

processes. 2 Computer models can be used, for example, to verify 

hypotheses or suggest new avenues for research, while the response of 

the model to specific manipulations may predict the likely effects of 

the same intervention on the real system. Computer simulation can 

also be useful as a teaching aid and has been used successfully for 

training skilIed personneI, such as airline pilots, without 

endangering either people's lives or expensive machinery. 

Applications of computer modelling relevant to medicine include the 

investigation of normal physiological mechanisms, such as the control 

of breathing,3 as weH as pathological states, such as the 

respiratory dysfunction associated with sepsis4 or cardiopulmonary 

bypass.S Computer simulation has also been used to study gas exchange 

during anaesthesia6 and for teaching medicine to both undergraduates 
and postgraduates. 7,8 

Since a large proportion of intensive care medicine is concerned 

with applied physiology and pharmacology, and because it is often 

possible to produce mathematical descriptions of many of the relevant 

components of these systems, it is a specialty in which computer 

modelling techniques might be expected to be of value. 

Using a previously described computer model of human respiration9 

we set out to determine firstly whether accurate computer simulation 

of intensive care patients was clinically feasible and secondly 

whether it could be of assistance in the management of such patients. 

We have also used this, and other, computer models for training both 

graduates and undergraduates in aspects of intensive care, applied 

physiology and pharmacology. 
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The computer model of human respiration (Fig 1) 

VENOUS 
BLOOO VOlUME 

Hb 
GAS CONTENTS 
Po, Po, pH HCo'j 

BODY 
TEMPERATURE 

ttLMJ.tln / m - 7'-U A 
U.c.ILIIJ.UI1/tn ·n_ Y.U. 

ARTE R IAI. 
BLOOO VOlUME 

Hb 
CAS CONTENTS 
1'<:0, Po, pH HCo; 

'Ihe model used in these studies9 was originally designed as a 

self-instructional device and is of intermediate oamplexity. It is 

written in FORTRAN and consists essentially of a model of lung 

function and gas exchange linked to a single tissue oompartment by a 

circulation. At present the model contains a simple three 
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oompartment representation of pulmonary function consisting of dead 

space (VD) venous admixture (Qs/Qt) and perfectly matched 

ventilation/perfusion (V/Q). The lungs and airways are represented 

in terms of their volumes and mechanical properties, while alveolar 

ventilation is described dynamically. Empirically derived functions, 

fully described by Dickinson,9 allow effective dead space and venous 

admixture to change dynamically with tidal volume, cardiac output, 

positive end-expiratory pressure (when used) and alveolar gas 

tensions. Blood circulates, at a rate determined by the cardiac 

output, through the lung model and into a I litre arterial pool. From 

here it passes to the tissues and thence into a 3 litre venous pool. 

The tissues are treated as a single compartment containing reasonable 

descriptions of the likely oxygen and carbon dioxide dissociation 

curves. Here oxygen is consumed and carbon dioxide produced in 

amounts dependent on the metabolic rate and tissue respiratory 

quotient respectively. In each blood pool contents of 02' 002 and 

bicarbonate are determined by mass balance equations. The partial 

pressures of oxygen and carbon dioxide are calculated using the 

equations described by KelmanlO,11 as approximating their known 

dissociation curves. The acid-base state of each blood pool is 

established by considering total CO2 content and standard bicarbonate 

content. The whole model also incorporates many other aspects of 

human respiration, including a complex description of the control of 

ventilation by central and peripheral neural mechanisms. 

It was feIt that, although originally designed for teaching, this 

model also had potential for clinical use since it is comprehensive 

and yet contains sufficient simplifications to make it economical 

both in terms of storage space and computer time. It is also capable 

of describing dynamic changes. Furthermore the user·can easily 

interact with the model and adjust any of a large number of 

changeable values. The equations of the model are then solved 

repeatedly at intervals of ten seconds of simulated time (ar less) 

until a new 'steady state' is reached. 
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CLINICAL APPLICATIOOS CF CClotRJTER MOOELLING 

PROGRAM STEPS INTERACTIVE STEPS 

"'""-,.:==---+-- enter Pltlentl ... he''''" _iFt and sex 
ernw mllllLU'ed vmue for Hb. 

+-----J--- body tampll'atufl!, ClrdilC output 
.,d ventilation regime 

+----+--- .., .... lMrometric: p ..... re 

ItI~ .......... -rnetIbollc rate 

RQ 

ftnOUl ICImlxture _.--RBC2-3DPG 

V02 
VC02 

PoO, 
PoCO, 

HCOä' 
,,;0, 

+-- Inter meesunld V.UeI to bei ....-

1V.lllble for inspecdon 

c==r;:==~i __ :'::::::'WI.reqUir.d 
, nintlin vom conltlnt lAd run i IOltildyltitl. 

'"I .... -:-,-:-, .-Nd-:Ict~,:-... -.,:-...... -::-:-1~ ",ail,bI. far inspeClion 
_ af praposed thel'lPY ~ 

Procedure for creating a computer simulation 

In order to use this model to assist in the management of 
individual patients, an accurate simulation of the patient bad first 

to be produced. Our initial attempts to match the model to values 

obtained fram patients were made using manual adjustments of model 

parameters. However, because of interactions within the model, this 
proved both difficult and time consuming. A technique for producing 
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an accurate simulation of the patient had therefore to be developed 

which could be used easily in the clinical situation. Because of the 

camplexities involved in analysing spontaneously breathing subjects, 

we have so far confined our clinical studies to artificially 

ventilated patients. 

Fig 2 illustrates the procedure which has been developed for 

producing a steady-state representation of a patient undergoing 

intermittent positive pressure ventilation (IPPV). The model always 

starts with a representation of anormal, 70 kg male subject. The 

first step is therefore to enter the age, height, weight and sex of 

the patient being studied. Expected values for resting cardiac 

output, oxygen consumption, lung volume and anatomical dead space are 

then automatically oomputed within the model and a new steady-state 

descr iption is produced. Next the actual ventilation reg ime and the 

patient's measured cardiac output, haemoglobin concentration and body 

temperature are entered, together with the barometrie pressure. 

These values are I fixed I within the model which is again run until a 

new steady state is achieved. At this stage the model contains a 

simulation of a subject with normal metabolism, lung function and 

acid-base status undergoing IPPV. In most cases, therefore, the 

model values for arterial partial pressure of oxygen (Pa02) will be 

considerably higher and those for the arterial partial pressure of 

carbon dioxide (PaC02) lower than those measured in the patient and 

the acid-base state will not be appropriately 'matched ' • Therefore, 
measured values to be 'matched ' are ente red into an algorithm which 

iteratively optimises metabolie rate to match oxygen consumption 
• 
~2)' tissue respiratory quotient to match carbon dioxide production 
• • • (VC02), venous admixture (Qs/Qt) to match Pa02, dead space (Vo) to 

match PaC02 and the total mass of bicarbonate to match actual 

arterial bicarbonate concentration. Optimisation of Qs/Öt and Vo is 

performed using a combination of linear search and quadratic 

interpolation to match Pa02 and PaC02 to within ± 1.5 mnHg, while 

the arterial bicarbonate was matched to within ± ~.5 mmol using a 

calibration procedure. It was not necessary to set tolerance limits 
• • for V02 and VC02 since these were always closely matched. Finally 

the model red cell 2-3 diphosphoglycerate concentration is optimised 

to achieve matching for FVo2• The equations used in this last step 
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are so designed that they do not artifically correct for small 
discrepancies between the rodel and measured values for M 2 caused 

~ the slight mismatching of venous pH. Following this last 
adjustment further iterations of the matching algorithm are required. 

Evaluation of accuracy of simulation 

In order to evaluate the accuracy of the simulation produced in 

this this we studied 12 patients being artificially ventilated 
following cardiac bypass surgery.12 

DATA COLLECTED 

General patient 
details 

Ventilation regime 

Metabolism 

Blood gas analysis 

Others 

Information required 
for simulation 

Age, Ht, Wt, Sex 

F102 , VT , f, PEEP 

VO , VC02 2, 

Pa02 , PaC02 HCO; art 
PV02 

Hb, Body temp, 
eardiae output 
barometrie pressure 

Additional information 
obtained to check accuracy 

pHa, Ca02 

pHii, pvco2 HCO;ii, CiiOz 

Os/aT, VD 

'lhe data required to produce the simulation, together with 
additional information Obtained in order to check its accuracy, is 

shown in Table 1. Briefly, the methodology was as follows: the 

inspired oxygen fraction (FI02) was measured using a paramagnetic 

oxygen analyser. Simultaneous collection and analysis of expired gas 
over a timed period allowed calculation of tidal volume and carbon 
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dioxide production. Cardiac output was determined using the 

thermodilution technique with a modified Swan-Ganz catheter which 

also allowed sampling of mixed venous blood. Oxygen consumption was 

calculated from the cardiac output and the arterio-venous content 

difference. A total of 58 sets of data were obtained in this way. 

Matching of Pa02, PaC02 and arterial bicarbonate was always within 

the preset tolerance limits as defined above. Vo2 and VC02 were also 

invariably closely matched. Furthermore the values for venous 

admixture and dead space generated within the model by the matching 

algorithm correlated closely with those derived from values measured 

in the patients (r>0.99). The most crucial test of the correctness of 

the model's steady-state description is clearly on the venous side of 

the systemic cireulation and not surprisingly here the correlations 

were less elose. However, even for venous blood, the simulation was 

within clinieally aeeeptable limits with eorrelation eoeffieients 

always greater than 0.91. Thus it is now possible to produce a 

steady-state simulation of an artifieially ventilated patient which 

is suffieiently aeeurate to have clinical potential. It was felt 

that inter action with this simulation should provide additional 

insight into the patient's pathophysiology and that it might, 

therefore, prove to be useful both for teaching and to faeilitate the 

physieian's assessment of the patient. It also seemed possible that 

the simulation eould be used to prediet the patient's response to 

alternative proposed treatment regimes so that the optimal therapy 

for eaeh patient eould be diseovered without reeourse to the usual 

'trial and error' procedure. 

Farrell and Siegel have adopted a very similar approaeh. 4,5 They 

have used CSMP (Continuous System Modelling Program) programming 

techniques, together with their previously deseribed"model,13 to 

generate simulations of patients being artifieally ventilated 

following coronary artery bypass surgery. The simulations enabled 

them to assess the nature and severity of the eardiorespiratory 

dysfunetion in these patients and they presented illustrative cases 

in which the simulation was used to prediet the effeets of 

alternative therapy (altering minute volume and/or Qt). Although 

their impression was that these predietions were qualitatively 
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correct, they did not make any formal assessment of the accuracy 

achieved. 

Evaluation of the accuracy of model predictions 

The ability of the model simulation to predict an individual 
patient's response to alterations in the ventilation regime has 

therefore been evaluated.14 

A simulation of the patient was first created using the method 

outlined above. Next the patient's minute volume and/or FI02 were 

altered. The same adjustments were made to the ventilation regime of 

the simulated patient and this was then used to predict the 

cardiorespiratory consequences of these alterations. The actual 

chan.ges produced in the patient were then measured and compared with 

the model's prediction. 

Although the correlation between measured and predicted values for 

Pa02 was reasonable (r=0.94) 

inaccuracy (SEE = ± 17.3 mmHg). 

there was an appreciable randorn 

This was caused by errors in shunt 
• • prediction and compounded by fluctuations in V02 and ~ which were 

largely unpredictable. There was a consistent tendency to 

overestimate when predicting Paoo2 and for this reason, values for 

arterial pB were generally too low. There were small, randorn 
fluctuations in arterial bicarbonate between each set of measurements 
and these were responsible for minor, randorn inaccuracies in arterial 

pB. The randorn errors in Paoo2 prediction were probably largely 

attributable to small errors in predicted Vo as weIl as alterations 
. . 
Ln VOD2• However these were insufficient to explain all of the 

randorn error and could not account for the consistent tendency to 
overestimate Paoo2• It is possible that either the model or the 

patient, or both, had not reached a steady state at the time of 

measurement and that the time course of 002 uptake, storage or 

excretion in the model requres modification. 
The errors in paoo2 and pHa were reflected in the predictions for 

pVco2 and paV. As anticipated, the least accurate predictions were 

those for fVo2 since this is influenced by many factors, including 

Pa02, ~, Va2 and alterations in the position of the oxyhaeJOOglobin 
dissociation curve. 
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Failure to predict arterial and venous blood gas/acid-base state 

sufficiently accurately can therefore be attributed to deficiencies 

in the model/simulation (mainly errors in prediction of shunt, dead 

space and, possibly, C02 exchange), compounded by unpredictable 

alterations in the. patient's physiology (most importantly Vo2, V002 
and Qt). Finally the limitations and inaccuracies of the measurement 

techniques at our disposal have also to be considered. 

Modifications to iroprove the accuracy of simulation and prediction 

Perhaps the most important limitation of the model as described is 

the use of a three campartment lung. A more realistic simulation 

could be achieved by using a sOphisticated lung model, such as the 

ten compartment representation described by Farrell and siegel,13 

which would be capable of accurately simulating ventilation/perfusion 

(V/Q) mismatch. However, the difficulties associated with routine 

measurements of V/Q distributions in the clinical situation remain. 

On the other hand, Farrell and Siegel claim5 that when matching blood 

gas tensions using their model there were sufficient constraints to 

allow detailed and accurate characterisation of a 

respiratory dysfunction in terms of V/Q disparity, 

patient's 

diffusion 

gradient, venous-arterial pulmonary shunt and respiratory dead space. 

At present our intention is to develop a lung model using continuous 
•• . . . 15 V/Q dIstrIbutIons in order to achieve more accurate simulation and 

prediction. 

As discussed, the modelling of 002 uptake, storage and excretion 

may not be sufficiently accurate and possibly the time course of slow 

CO2 changes requires modification. Furthermore it is important to 

ensure that both the patient and the simulation have reached a steady 

state at the time camparisons are made. 
5 •• • Farrell and Siegel derived V02 and VC02 fram the product of Qt and 

the arterio-venous 02 and CO2 content differences (calculated using 

the same Kelman's equations as are incorporated in the models), 

whereas we derived Vc02 fram an analysis of mixed expired gas and 

measured oxygen contents directly with a fuel cell analyser. By 

adopting Farrell and Siegel's procedure the discrepancy between model 

and patient values could certainly be reduced, although to a certain 
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extent this would be an artificial improvement. 

Further developments to facilitate creation of a simulation 
The generation of 'physiological profiles,l6 is now a routine 

clinical procedure in many intensive therapy units. Although it 

requires invasive manitoring, including insertion of a thermodilution 

SWan-Ganz catheter, as well as accurate determination of blood gas 

tensions, oxygen saturation, acid-base state and haeJOOglobin 

concentration, the required data can be obtained fairly easily in the 

clinical situation. Using a small canputer program, many important 

derived values are then rapidly produced. 

In order to simplify the modelling process, a 'physiological 

profile' program was written which not only collates, derives and 

displays relevant cardiorespiratory data, but also automatically 

provides the matching algorithm with the information required to 

generate a simulation. 

The clinical potential of computer simulation 

Further development of this technique is limited not by canputer 
technology (either hardware or software), but rather by our 

incomplete understanding of the physiological mechanisms involved and 

an inability to measure rapidly, reliably and accurately all the data 
required to generate a correct simulation. For example, accurate 
modelling of the patient's probable response to the application of a 
positive end-expiratory pressure (PEEP) could be of cansiderable 

assistance clinically. Although a camplex algorithm describing the 

effects of PEEP on altered cardiorespiratory function could 
theoretically be designed, additional measurements such as functional 

residual capacity, campliance and myocardial performance, would be 

required in order to achieve areasanable simulation. Similarly 

prediction of the patient's response to aperiod of spontaneous 

respiration could help the clinician to decide when to discantinue 

artificial ventilation. Unfortunately the modelling of spontaneous 

respiration is camplex and influenced by many unquantifiable factors 

such as the effect of sedation on the respiratory centre, the 



adequacy of neuromuscular function and the influence of psychological 

factors. Whether it will prove possible to develop models capable of 

dealing with other camplex situations, such as intermittent mandatory 

ventilation or high frequency ventilation, remains to be established. 

Even if an infinitely complex and accurate model could be 
constructed the applicability of this approach suffers because such a 

model still deals with only one aspect of the patient's physiologYi 

in reality cardiovascular function, fluid and electrolyte balance and 

drug administration, to name only a few, are closely interrelated. 

Models of these other systems are al ready available and could 

theoretically be appropriately modified and linked together to form a 

comprehensive patient model for use in the critically ill. 

CCJo!Pt1I'ER MCDEILING FOR SELF-INSTROCTICI'J AND ASSESSMEN'l' 
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Computer assisted learning (CAL) techniques are becaming a widely 

accepted method of teaching in many fields, including medical 

education. As weIl as overcoming certain practical difficulties, 

such as limited availability of teachers, CAL is a versatile aha 

stimulating means of acquiring knowledge, forming a useful adjunct to 

traditional teaching methods. Because CAL is interactive, providing 

frequent quest ions and immediate feedback, the students interest and 

attention is maintained, while repeated attempts at solving the same 

problem reinforce the information acquired. 

Those trainees who find formal teaching , in which mistakes are 
exposed to both teachers and peers, a daunting experience, may find 
CAL particularly helpful because only the computer discovers their 
ignorance. FurtherllDre, when groups of students run through an 

exercise together a IIDre vigorous discussion may ensue if they are 
not inhibited by the presence of a teacher. However, CAL should only 

be used to supplement traditional teaching methods, not as a 

substitute. This is particularly tmportant in medical education 
because CAL, by its very nature, tends to provide information in an 

unqualified, factual form, which is often remte from the realities 

of clinical practice. 
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At present CAL usually involves the use of case studies to teach 

clinical decision making. For example, programs have been developed 

which are concerned with the management of conditions likely to be 

encountered in general practicel7 as weIl as in anaesthesia and 

intensive care.18 A more sophisticated program has also been produced 

which presents problems concerned with the clinical management of 

emergency cases and includes a representation of changes in the 

patient's vital functions with time and in response to prescribed 

treatment.19 Others have concentrated on problem-solving behaviour in 

association with history taking,20 while the 'CASE' system allows the 

student to inter rogate the patient and obtain the results of 

investigations before proceeding to diagnosis and treatment. 21 Same 

of these exercises are linked to projectors which display relevant 

information such as X-rays and ECGs,22 and they may be supplemented 

by written texts. 

The use of camputer models adds a new dimension to CAL since it 

provides a degree of realism not possible with other methods. The 

user need not be constrained in his choice of therapy by a 

pre-determined list of options since the model will always respond 

realistically to the chosen treatment and the student is ahle to 

explore the effects of various therapeutic options quite safely. A 

number of computer models designed for teaching the principles of 
fluid and electrolyte balance,23,24 applied cardiorespiratory 

physiology25 and drug administration26 have been developed, including 

the model of human respiration described above. 9 Oe Land23 has 

described an extensive and accurate model which has been used for 

teaching the management of fluid and electrolyte disturbances. 

However, in order to represent the clinical situation more accurately 

it is necessary not only to have dynamic models, which can simulate 

the passage of real time and take account of renal excretory 

function, but also to integrate correctly the relevant aspects of 

circulation and respiration. One of the authors (C J C) has 

attempted to produce a teaching model specifically designed to 

examine these interrelationships.24 Unfortunately current 

uncertainties about same of the physiological parameters and 

functions (eg interstitial compliance and dynamics) mean that the 

model is not sufficiently accurate for clinical use. Nonetheless it 



can be used effectively for teaching many of the basic principles of 

fluid and electrolyte balance. A camprehensive model has been 

published by Guyton,27 and although there are still certain 

limitations, this is probably the best available. Coleman28 has been 

working on an even llDre comprehensive model which, like MacPuf, 9 cuts 

as many corners as possible to speed operation. A comprehensive and 

accurate model for teaching pharmacokinetics is also available26 and 

has been tried out in teaching situations. 29 At present this model is 

being equipped with a pharmacodynamic limb to make it easier to 

translate drug level predictions to actual clinical effects. 
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These IOOdels can, of course, be used interactively on their own as 

originally intended. However, a more entertaining and thorough 

teaching program can be offered by linking the IOOdel to a 

computer-assisted instructional driver30 in the manner illustrated in 

Fig 3. The teaching exercises are written into text files which 

consist of aseries of labelled 'frames ' • Each frame may contain 

instructional text, quest ions (single or multiple choice, together 

with answers and scores) or aistringi of COIIII1ands to a IOOdel. The 

texts are contained in a direct access disc file and are designed to 

allow a tutor to write, add to or edit exercises easily via a 

computer terminal. The instructional driver is a general purpose 

software tool with facilities for the creation of many types of 

interrogative sequences. It reads and processes the text file and is 

situated, together with the free-standing model program, in main 

memory (Fig 3). The driver program transmits instructional text and 

questions to the visual display unit and interacts with the student, 

lID\1ing through the frames of the text file in a sequence determined 

by his responses, while at the same time scoring his answers. It can 

also relay commands to a IOOdel to create and control simulations. 

Facilities are included to aHow such a set of comnanc1s to be 

interrupted, permitting the user to interact with the model directly, 

following which control returns to the instructional driver. 
Unlike any canparable system, the instructional driver program has 

been written in FCRl'RAN to ensure portability on to a wide range of 

computer systems and is capable of running virtually any CAL 

exercise. It has prOl1ed easy to adapt and has been used in a MUMPS 

program to teach cardiopulmonary resuscitation3l and in BASIC 

programs on intensive care. l8 Using the computer model of human 

respiration described above,9 together with the instructional driver, 

we have so far written two exercises dealing with the respiratory 

management of intensive care patients, 7 as weH as others dealing 

with respiratory physiology. 

The develo(Jl1erlt of such a universal I text interpreter I means that, 

prOl1ided that the teaching material is written in a suitable form, 

the necessity to write basic interactive software, which is a 

time-oonsuming task, can be eliminated and dissemination of teaching 

exercises may be promoted. 
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In conclusion, it is likely to be same time before computer 

simulations are sufficiently sophisticated to make a significant 

contribution to patient care, although they can enhance our 

understanding of pathophysiological mechanisms. The use of computer 

IOOdels for teaching, on the other band, is al ready proving to be a 

valuable technique. 
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In critica1 care nedi.cine, the rational use of drugs with rapid and 

powerful effects on the cardiovascular and other vital systems has 

becane ever IIDre inportant. Vasodilators , inotropic agents, 

antiarrhythmic drugs and even sare tocolytic coopounds are often 

acininistered by intravenous infusion. 

The safe and effective administration by this route of such 

medications denlanU; sophisticated IIDnitoring and the E!IIploynent of 

calibrated infusion pmps. Detennination of the proper dose and its 

infusion rate is not only tedious and tine-consum:i.n, but often 

ccmfusing as \llell, with possible grave oonsequences for the patient. 

'Ihe administration rate is often expressed in micrograms per kilogram 

body \lleight per minute, while the infusion punp is calibrated in 

milliliters per hour. Furt:herI!Dre, the arrount of drug and arrount of 

diluent solution is lnqx>rtant, for the infusion rate is not ooly related 

to the dose, but also to the concentration of the solution. 

A seccind, but equally inJx>rtant difficu1ty occurs with the use of 

certain drugs, particularly the antiarrytbnics. These drugs require a 

loading dose, an anoont of drug necessary to establish a clinically 

effective concentration. It usually exceeds nultiples of the 

maintenanoe dose which is the anoont that maintains the drug level in 

the circulation in the optinun range. Making the problEm even IIDre 



difficult is the fact that for sane drugs there are several acceptable 

ways to cbtain an appLqlriate loading dose. 
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Finally, to nxmd out the problem, the intensive care situation is 

often a stressful one, with personnel who are often tired and under 

pressure to quickly calculate doses and infusion rates. The 

possiblities for error, even in a calm relaxed abrosphere, are legion7 

in a typical intensive care setting, it is sanetimes a wonder that the 

right dose gets calculated at alle The prql9l'1Sity for error was pointed 

out quite clearly by Lan'b et al. (1) in a study in whieh ten surgica1 

hcuse officers and 23 experienced critica1 care nurses wem asked to 

manually OCIlpUte a drip rate of dopamine for a patient of a particular 

weight, given the ordered dose. '11lree of ten house offioers and none of 

the nurses were able to calculate the right answer within five minutes. 

When additional time was allowed, only 50% of the staff was able to make 

the awropriate calculation. 

Ianb (1), Neu (2) and others (3,4,5) have all plblished programs 

for progranmable calculators in order to alleviate these problems. 

However, the netDry and OCIlpUting power available to these machines are 

quite l.imited. Even the program by Goyette (6) whieh €llploys anpacket 

OCIlpUter" is only able to solve one type of problem at a time and forces 

the user to key in data IIIlltiple times. In the authors' opinion 

single-keystroke data entry is far preferable, since fewer errors are 

likely to result. Finally, there has been no program to date that is 

wIe to outpqt results in an attractive, easily readable fonnat, 

suitable for placenent in a. patient' s chart. SUch a fannat presents not 

only the result (the infusion rate) bot also all data whieh were keyed 

in or keystroke-selected to allow a manual check, if desiJ:ed. This last 
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has nedico-1egal ramifications as well; it is a good idea to record the 

arrount of drug and its concentration in order to denonstrate that proper 

prooedures had been carried out. 

For all these reasons a carputer program was designed to rreet the 

designed objectives and considerations enurrerated above. Named])()SOCAIC 

it offers versatility, simlltaneous application of 10ading and 

maintenance doses of mlltip1e drugs, sinplicity, safety, and convenient 

final interpretation and execution. 'Ib obviate ccmron user-generated 

errors, the ])()SOCAIC is "IlEIlU" or option driven. Since this program is 

designed for use by nurses and physicians a1ike, a list of indications, 

contraindications, and cautions, as specified by various authorities 

(7,8,9), is inc1uded. As an added feature, the usual supp1y fonn and 

arrount is disp1ayed. On1y regu1ar1y used di1utions, easily recognized 

by hospital personne1, are allowed. If a drug has nu1tip1e 10ading dose 

schedu1es, the user has the opportunity to examine than and se1ect one. 

Finally, printer capability is obligatory to satisfy the need for 

hard-copy for use e1sewhere. 

The App1e II + Version 

The App1e II + is a microcarputer originally manufactured in 1977 

(as the App1e II) as a hare and hobbyist ccmputer. In the past six 

years, rrore than any other "personal ca!pUter" it has probab1y been 

responsib1e for the virtual explosion of carputer consciousness and 

"ca!pUter literacy" in North America. This is due to the intrinsic ease 

of use afforded by the Read-On1y-r-Brory (RG1) -based BASIC programning 

language, and, beginning in 1979, the DOS 3.3 disk operating system. By 



efficient and clever use DOS and CCJtI!erCially available "utilities" 

(machine-language programning aids), the AWle can be induced to 

function at an ext.relely sophisticated level, to the point that saue 

awlications that are not practical for a mini -or nainfrane catpUter 

(without a great deal of programning tima and effort) can easily be 

executed on the microcanputer. 
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The original design :inp!tus for DOSErAI.C cane fran an early 

dissatisfaction with the manner in which various awlication programs 

wen! loaded into Randan-Access-MarDry (:RAM) by DOS. It so happens that 

when a particular program is called fran disk, a previously called 

program is eliminated. What was originally desired was a "controller 

program" which would call up various other programs as needed. HcMever , 

the controller would be destroyed and, at the end of a given program, 

wou1d have to be recalled. AWle DOS does have a certain so-called 

"chaining" ability. That is, the variables of a given program nay be 

inserted into a portion of RAM and preserved while a second program 

appears, after whiC".h they nay then be used. 

Either of the above options, while useful in themselves, are 

inadequate for an application such as DOSErAIC. What is desired is not 

a rmll.tiplicity of programs, which is wasteful in tenns of time, 

programning effort and disk space (the 5~n flappy disk has only l40K of 

useful storage). Chaining is not a viable alternative, either. What is 

needed is a naster program which would be able to access a "procedure 

file" for each drug. Each file would contain all the program 

infonnation about a drug needed by the user. B1-\SIC in and of itself, 

unlilre sane other languages (such as Pascal), does not lend itself 
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easily to such applications. H~ver, by manipllating DOS, this problem 

could be solved. 

In order to understand the solution, a short explanation of DOS in 

general and the "EXEX::" camand in particular is necessary (10): the 

Apple II Disk Operating System allows BASIC programrers to make use of 

disk files. DOS files can be programs, such as Integer or Applesoft 

Basic programs, or binary infonnation, such as machine language programs 

or pure data, or Textfiles of ASCII text. The first three of these 

filetypes are used to store programsi their contents may not be accessed 

for manipllation by running a BASIC program. On the other band, 

textfiles contain text or pure infonnation. Programs may create such 

files, and open, elose, read and write them. 

Apple DOS has the capability of reading carmands to itself fran 

textfiles as well as fran the keyboard. The obvious application is to 

create a semi-autanatic turnkey system activated by one keystroke. 

FurthenTore, Apple DOS is so constructed that whole programs can be 

converted (captured) into textfiles. Since a BASIC program executes 

line by line, it is, as far as the catpUter is concerned, no different 

than a line, of plain text, since both are read sequentially. The EXEX:: 

carmands allows this process to occur. When DOS reads a line that 

starts with a line number fran an EXEX:: textfile, it "knows" that the 

line rost contain a BASIC statement, so it passes the line to the BASIC 

interpreter. Therefore, if a captured program is EXEX::ed, the program is 

ultimately fed back into nerrory, statenent by staterrent. 

As rrentioned before, the IfilID or RUN carmands cause a single file 

containing a BASIC program to be read into nerrory. A second such 

carmand will cause any program already in nerory to be d.estroyed. It 
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would seen in'possilile to store a program in IIDre than one given file. 

With textfiles, this can be accaIplished. If the first program contains 

EXEX:: e<mnands, and the l:i.ne numbers of the program contained within the 

textfile are different fran that of the first program, then 

the textfile portion can be neatly appended , with no destruction of 

program infomation. By having the very last l:i.ne of each textfile (one 

for each drug) read PRINl' "RUN 2000" it is not anly possilile to append 

the file to the controller program but to activate it at that point as 

well. 

A last point: since what is being done constitutes rultiple 

append:i.ng, it is for obvious reasons critical to ensure that each and 

every textfile is of exactly the same length. Snaller files have REM 

statarents (REMarks which were ignored by the program) for "place 

takers". 

Olle of the problems with DOSECAI.C is the fact that a great deal of 

text needs to be displayed on the screen. In order that an attractive, 

pmfessional~lity product be portrayed, it has becane necessary to 

consider a method of screen display other than the PRINT statarent. 

Fortunately, several camercial products are available (of which 

"Utility City" is one* ) which have been developed to satisfy similar 

needs. The "Screenwriter" utility enables one to fomat screens 

essentially at will, and stores t:hem in binary fomat on disko In order 

to display a given screen, all that is required is to ent>loy the BID!\D 

(binary load.) ccmnand. This expedient is able to save hundreds of l:i.nes 

of program code, and greatly enhances the loading speed of both the 

controller program and the textfiles. For hard-copy, a four-l:i.ne 

screen-dunp subrout:i.ne is used. 

*Beagle Bros. 4315 Sierra Vista, San Diego. CA 92103 USA 
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The final product is a relatively short (27 sector) controller 

program which is ahle to load canpletely fran disk into narory in seven 

seconds. The user first sees the title screen follOlNErl by a nenu which 

displays categories of drugs. When a key is pressed, a second rrenu with 

the specific drugs ~s into view. When the key is naN pressed, the 

screen will blank out and the textfile is called up. '!'wo to three 

screens of text showing indications and contraindications are naN at the 

user I s disposal. The last screen will generally indicate how the drug 

is supplied and the pennissible dilutions. Finally, the acceptable 

dosage range is displayed. When the RETURN key is pressed the screen 

blanks and the user is pratpted for the patient I s weight, desired dose 

and, if indicated, the desired loading dose and/or loading dose fonnat. 

When the user has entered the last datum, a "results screen" will 

appear, containing not only the desired answers, but also all the 

previously keyed or keystroke-selected infonnation. The user has nCM 

the options to 1) recalculate infusion rate of the sane drug, 2) 

activate the printer for hard-copy, 3) return to the main rrenu for 

selection of another drug, or 4) quit the program (Figure 1). 

THE PCS (IBM 3031) VERSION: 

Adapting the OOSEX::AI.C program to a mainfrane cooputer operating in 

a hospital env:irorment demanded radical changes in program strategy. 

University Hospital at the Health Sciences Center of the State 

University of New York at Stony Brook utilizes an IBM 3031 mainfrane 

carputer which services over a hundred tenninals and printers. Patient 

care System (PCS) is an IBM-designed canputer system designed to aid all 



depar1::.IOOnts in a hospital by linking the functional areas of the 

hospital and by providing these areas with a neans of entering and 

reviewing data about a patient. PCS is carprised of programs, screen, 

files, and "procedures" called Data Collection Lists (DCLs) (11,12) . 

177 

Routines for the creation of screens an quite straightforward and 

easy to acconplish. Using the Panvalet Editor (PANE) ** routines, 

screens were made up for each drug. An added feature is that camands 

for influencing screen flow could be appended to a particular screen 

"out of sight". Furtherrrore, drug information could also be placed in 

subsequent screens and operations. It soon becarre clear that such an 

approach \'lOUld rapidly becare unwie1dy and inefficient. Another way was 

sought and found, using the flexibility and power of the DCL. 

A DCL is aseries of instructions to gather data and process them 

in a predefined sequence. In many respects, it acts as a controller 

program rather than a subroutine~ since DCLs are used to process a 

procedure in stages, the whole DCL is not executed at one tine. 

However, unlike a controller program in BASIC, a DCL cannot stand alone ~ 

it Imlst receive a camand fran a control screen, giving a specific narre 

and "Target Status" (T-Status). The T-Status is a numeric va1ue that is 

carpared against each 1ine of the ocr. to detennine if the line shou1d be 

processed. 

While the narre of the DCL remains constant as it is called to 

execute the various stages of processing, the T-Status numeric value 

changes. It increases as successive stages are processed. As data are 

collected and/or processed at each stage of the DCL execution, they are 

**Pansophic Systems, Inc. 709 Enterprise Drive, Oak Brook, IL 60521 USA 
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stored in a i:enp)rary (i. e., for the duration of the carplete execution 

of the OCL) data base. These data are retrieved frau the data base each 

tine a succeeding stage of the OCL is executed. When all the processing 

is catpleted, the data are autanatieally destroyed. 

For the purpose of rx:>SEX:AIC, autanatie deletion/destruction of data 

would not do. 'lb get around this limitation, small files were ereated 

and entered directly into CCIlpUter pennanent ItelDry. When such a file 

is aecessed, its contents ean be duplicated on the teIrporary data base. 

When processing is carplete, data base infonnation will be deleted, 

allCMing the data base to accept new data follCMing the appropriate 

sereen carmand. In this way, the "program overwriting" funetion of 

Apple II + rx:>SEX:AIC was emulated. 

The PCS version of rx:>SEX:AIC operates in the follCMing manner: 

after logging on to the carputer, the operator, using a light pen, 

probes the master sereen to call up the "help screen", upon which is the 

initiating carmand for OOSEO\LC. The first program sereen to appear is a 

nenu which lists all options. At this point one sereen is available, 

but the nenu may have as many "pages" as needed. Upon probing the 

desired drug, a second sereen displaying indications, contraindieations 

and cautions is displayed and the OCL is activated. By probing the 

screen again, a function sereen is displayed, showing how the drug is 

supplied, as \'lell as all the dilution options. The user probes one such 

option and presses the ENl'ER key. The next sereen called pratpts the 

user to key in the patient \'leight and the desired dose (the prche 

selected dilution data are autanatieally displayed). The sereen is 

reviewed, and the ENl'ER key is pressed again. The final screen is the 

"results sereen", re-displaying all the data (\'leight, dose, drug \'leight 
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and dilution volume) as well as the calculated answer in ML/MIN, 

MICIU>IDPS/MIN on ML/HOUR. Options at the bottan of the screen allow 

th.e user to REl'URN to the Master Screen, REX::AICUIATE a dose for th.e same 

drug, or go to the MAIN MENU to select anoth.er drug. The tenninal 

keyboards are supplied with an autanatic DUP key which allows one to 

print data which is displayed on the screen. 

ERIDRPROOFING 

AnDng oth.er considerations, errorproofing a program is perhaps th.e 

hardest and IIDst il!tx>rtant task a progranner must accatplish. The IIDre 

experienced a progranner is, the less likely will he make camon 

mistakes. It then becares a task to imagine what mistakes or errors a 

typical user rnight make. The AH;>le program uses, as roch as possible, 

keystroke driven carmands, which are placed in th.e INPt1I' I!Dde. That is, 

onlya single letter or nmnber is usually needed and the user has to 

press th.e REl'URN key to have the program actually execute the caunand. 

This gives the user an opportunity to review th.e selection and change it 

if necessary. At various points in th.e program it is possible to go 

directly back to the main rrenu and start again. In order to keep the 

fonnat tidy, data entry may be any synbol, but limits are irrposed by 

data type and by range. If a keyed datum falls outside these limits, it 

autanatically erases and the cursor returns to its original position. 

The limits il!tx>sed in the program are quite generous and serve primarily 

to eliminate obviously inappropriate data. The PCS version, by dint of 

the light-pen probe capability, allows th.e user directly to point at 

what is desired. Except for selecting dilution options (v. i.), however, 

all probes are ":i.Irrrediate detectable" which neans that caunand execution 
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begins right away. In order to give the user an opportunity to get out 

of a wroogly-selected routine, every screen has a provision to RETURN to 

the main mE!!lU. In contrast, delayed-detectable fields on a screen iIlply 

that until either the EN1'ER key is pessed or an .i.Itmadiate detectable 

field is probed, no program/DCL execution will occur. The user can 

change the selection of dilution options at will, secure in the 

knowledge that no uncontrolled program execution will happen. Like the 

AR>le version, keyed-in data can be alphantmeric, but limits are set. 

FUlURE DEVEJ:DllMEN.t' 

The original DOSOCAIC program is written in BASIC. Because of its 

very nature, it is rather slow in execution. Furt:hernDre, since it does 

depend on disk access, a very real limitation exists in the aIIDIlIlt of 

drugs whieh can be included. The typical AR>le Disk II with 140K of 

storage capacity allows 15 drugs. A second disk, with about another 10 

drugs is currently in preparation, and can be run carpletely 

independently of the present program. Eventually, however, the programs 

will be cmbined and revised. The main revision will be a change in 

programning language, frau BASIC to Pascal. Since Pascal is a ccupiled 

language, rather than an interpreter (li.ke BASIC), it will execute rruch 

faster. Also, Pascal offers far I1Dre flexibilitY and power; instead of 

creating text files to be EXEX;ed, these files can be directly written as 

"procedures" which can be accessed via a "linker" subroutine. The final 

advantage is portability. Since the actual working program (unli.ke the 

swrce code) is in CXIIpiled (maehine language) fonn, it can be used on 

any machine provided it can be accessed (i.e., the DOS DUSt be 
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catpatihle). For those mini er mainfrane catpUters with resident Pascal 

calpilers, the program source code can be sent by IOOdem as a text-file, 

calpiled on the spot and run. 

Since the IBM 3031 only accepts canpiled languages, it runs at 

max:imum speed. No radical change in progranming language is necessary. 

PCS, however, has particular develqmental possibilities of its 0Wrl. 

At present, a program with only 12 drugs is available. A secaJd 

nenu page can be added with essentially no change in the DCL. Drugs 

with unusual requirenents (loading doses, for exanple)need only to 

activate an alternate DCL to run. In order to enhance flexibility, a 

printing DCL subroutine can be added for autanatic printout of results 

on cxmnand at the tel:minal. s "hcme printer" or at any printer 

destination selected by the user. 

Finally, the program structure can be used for interactive 

applications other than drug dose management. Fluid balance 

calculations, acid-base interpretation and/or managerent can all be set 

up in a similar manner. The user thus has many opportunites to utilize 

the carputer as a helper rather than a demanding na.ster, and so interact 

with the system in a positive fashion. 
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SOOIUM NrI'KlPRUSSIDE RFSUIll'S 

PATIENr WEIGEf.[' 

D&SIRED IXm: 

DRUG WEIGHT 

OOWl'ICE VOLtlME 

DRIP RATE 

PRlNl' RESULTS 

MAIN MENU 

FICIJRE 1 

= 

= 

= 

= 

= 

= 

= 

73 KG 

5 Kn/KG/MIN 

50 M; 

250 ML 

1.825 ML/MIN 

109.5 MICImOOPS/MIN 

109.5 ML/HR 
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COMPUTER ASSISTED LEARNING IN ANAESTHESIOLOGY 

Dr. J.W.R. Mclntyre 
Department of Anaesthesia 

University Hospital, Edmonton, Alberta, Canada 

Definitions are important and in this presentation the word education 

means the mastery of skills and an understanding of their underlying prin

ciples. The word computer refers to a tool - or instructional device -

that can be used by teacher and learner during the educational process. 

My task now is to discuss the role of the computer in instructional devel-

opment, the process of improving instruction, in anaesthesiology. To help 

do this I will describe an instructional model (fig. 1), which will be 

used to indicate the possible role of the computer in educating trainee 

anaesthetists. This model is a combination of those described by Oe Ceccol 

and Blondin2• First it introduces the entering behaviour of the trainee 

and then follows a sequence dealing with identification of educational 

problems, instructlonal objectives, instructional procedures of which com

puter assisted learning is the one concentrated on, and lastly performance 

assessment. 

Physicians learning about anaesthesia vary in their attitudes and 

previous professional experience. The knowledge base of recent medical 

graduates is predictable and the course content can be easlly planned. 

The content for continuing education of anaesthetists already in practise 

is unpredictable and must be planned on the basis of new knowledge select

ed by instructors and needs indicated by morbidity and mortality reports3 

as well as formal audit4. 

A statement that an educational problem exists is only justified if 



185 

the assessment of the trainees final competence is valid. Written and 

oral national examinations in most English speaking countries are believed 

to be valid assessments. Even if they are not they represent educational 

objectives that are clearly defined. Each year some trainees fail to pass 

these examinations at the end of the statutory training period. This con

stitutes an educational problem. Related problems may be insufficient 

good teachers in the Faculty or insufficient funds to pay instructors. 

Additionally some teaching requirements are repetitive as successive groups 

of trainees pass through the instructional process or should be repetitive 

for certain trainees to learn satisfactorily. These last processes are 

likely to be perceived by teachers as intellectually unrewarding and in 

some instances a denial of more rewarding time spent in academic endeav-

ours with gifted trainees. These problems apparently do not have a seri

ous impact on society as a whole though it might have a dilatorious effect 

on the overall quality of a nation's anaesthesia services. However, they 

certainly have financial and lifestyle implications for some trainees and 

for some faculty. I believe we can conclude that there are educational 

problems in anaesthesiology. Except perhaps in developing countries they 

may not be acute but they merit further consideration. 

An instructional objective describes the intended outcome is not a 

description of course content. 5 It is stated in behavioural or performance 

terms that describe what the trainee can do when demonstrating his or her 

achievement of the objectives. This has been documented for anaesthesia 

and later attention will be drawn to certain examples. 

The computer assisted learning tool is usually"a place where each 

student has access to two visual displays for graphics and other material, 

an audio output and a keyboard via which the user can interact with the 

program and indirectly with the persons that prepared the course content 
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and mode of delivery. Thts is in the form of statements. questions. and 

explanations that can be presented in many different ways. The learner 

is forced to interact much more frequently than 1S possible during a lect

ure. seminar. or tutorial. Similarly calculations associated with clini

cal management can be requested and presented to the learner much more 

quickly than the conventional blackboard slide or transparency permits. 

Thus the drill and practice aspect of learning can be accomplished more 

efficiently. 

Anaesthesia training presented as educational objectives is a vast 

undertaking. Now I shall choose a very few objectives. relate them to cer

tain educational problems. and suggest where computer assisted learning 

may playa useful role for certain students or certain training centres. 

Instructional objectives: 

"The trainee can usefully relate knowledge of the basic sciences to 

the management of anaesthetised patients." 

This can be broken down to two new objectives: 

(i) "The trainee can use specified physiological measurements to derive 

other physiological data." 

(ii) "The trainee can use specified data about a patient to predict drug 

dosage necessary to produce a specified change in the patient's 

condition." 

Educational problem: 

Some trainees taught in our environment with conventional instruct

ional methods do not reach these objectives. 

Educational solution: 

The problem might be solved by increasing tutorial time for these 

students. Alternatively computer assisted learning programs explain how 

calculations and predictions are made. provides factual knowledge. and 
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engages in dialogue with the trainee regarding predictions of pharmacol

ogical or physiological change. Drill and practice protocols can be set 

up to meet a specified educational objective. 

The complex pharmacological interactions that occur clinically can 

be simulated rapidly and. in the same fashion that Mapleson6 has described 

sophisticated anaesthetic vapour delivery systems so computer pro grams 

can provide planned discussion with the learner about drug uptake distri

bution and excretion illustrated graphically and numerically. The next 

stage of learning - or perhaps a parallel instructional procedure - is 

clinical experience in the operating room. 

Another example of an instructional objective is: 

"The trainee can inject 4 ml of fluid into the immediate vicinity of a 

stellate ganglion." 

This can be further broken down: 

(i) "The trainee can identify the surface markings necessary for per

forming a stellate ganglion block. 11 

(ii) "The trainee can predict accurately the whereabouts of anatomical 

structures in the vicinity of the route to the ganglion and the 

ganglion itself." 

Educational problem: 

Our trainees do not seem to know all the structures that they should 

be looking for when they examine skeletons and dissections or when they 

are getting practical experience doing blocks. Indeed not all the rele

vant structures are present in laboratory exhibits. 

Solution: 

Appropriate computer based programs can ensure that the trainee has 

acquired prerequisite anatomical knowledge before they begin other in

structional procedures with faculty examining dissections. discussing 
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video tapes, and clinical experience. 

In contrast however there are other important educational objectives 

and problems for which computer assisted learning does not seem to have a 

role. For example: teaching a trainee to be consciously aware of every 

unexpected event during anaesthesia: teaching a trainee.-- to communicate 

effectively in a verbal fashion regarding patient management with physic-

ians, nurses and aides. 

The most obvious objective for a trainee in anaesthesia is that "The 

trainee can assemble appropriate information about a specified clinical 

situation; analyse it; and plan management." The educational problem is 

that some trainees are slow to learn this. The danger of using computer 

assisted learning rather than skilled tutorials to cope with this problem 

is that the trainee will merely learn certain patterns to deal with speci

fied situations and not be able to cope with the variety of clinical 

situations that confront a specialist anaesthetist and which require the 

application of concepts. The trainee may become a programmed anaesthetist 

rather than an educated one and less able to participate in verbal case 

discussions that should be an integral part of his or her professional 

life. In addition computer based patient management problems in anaes

thesia must be elaborately complex if they are to accommodate a variety of 

management patterns and be representative of professional opinions through

out a large geographic area. 7 A fundamental question regarding relying 

for instructional purposes on computer based patient management problems 

is comparison between the importance of restrictions imposed by them com

pared with the results of conventional instructional procedures performed 

perfunctorily or for insufficient time. 

Medical educators have been interested in computer assisted learning 

for many years. Arecent background report8 emphasises what are perce1ved 
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as positive aspects of applying computer technology to medical education 

and assessment but does not discuss the experimental findings presented 

or address controversial issues. Under the heading '1mplications' thir-

teen potential changes are listed. These include the development of in

dividual testing for physicians, improved continuing medical education, a 

changing role of faculty members, and improved understanding of health 

and disease. Another recent review concludes that thoughtful and observ

ant testing has not tempered the early and uncritical optimism for com

puter assisted learning in medical education. 9 Publications about its 

use in anaesthesia education are few though exhibits at meetings indi

cate a burgeoning interest in it. A critical question is "1s it better 

in practice than existing methods?" Such a question must be preceded by 

a careful definition of educational objectives and any associated educat-, 

ional problems. At the present time assessment of the performance of 

computer assisted learning in anaesthesia education based on published 

material is impossible because these reports 10-14 rarely consider all the 

facts relevant to the testing of an instructional device. The situation 

apparently has not changed since campeau15 stated H ••••• media research 

in post school education has not provided decision makers with practical 

valid, dependable guidelines for making instructional technology choices 

on the basis of instructi,onal effectiveness", and Staettler16 remarked 

that "The present state of the art does not solve the persistent problem 

of instructl'onal design media selecti,on." However, we must be cautious 

about assessment regarding anaesthetists based on expertence with other 

categori"es of learner. Education in anaesthesia-has widely varying fac

ets and choices of learning method vary from indivi,dual to individual. 17 

Similarly we must be caut;ous about the use of computer programs to test 

certain aspects of clinical competence. Computer based education is most 
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frequently applied to test knowledge and skills in areas in which correct 

responses do not involve an effective component such as attitudes or 

preferences.8 This presumably refers to 'professional opinion'. In an

aesthesia this varies18 and content and program design for anaesthesia 

problems for widespread use must have informed input from a wide variety 

of anaesthesia centers. 

In conclusion published data is insufficient to evaluate computer 

assisted learning in anaesthesiology. However on theoretical grounds 

there is a useful place for computer assisted learning in anaesthesia ed

ucation. Certain tasks can be delegated to the instrument. The weaker 

trainee will be helped and for the superior trainee learning will be more 

time effective. Existing faculty will have more time to devote to other 

academic interests - in association with trainees if this is appropriate. 

However. before adopting computer assisted learning as an instructional 

system the wise educator will careful1Yanalyse his or her educational 

problems and the avallable ways of solving them. One of the benefits of 

the existence of computer assisted learning is that it encourages in-

structors to think analytically about their teaching committments. 

Enterln" Edr,ca t lon81 Instrllctlonal Instrllctlonftl rl!rfonrrance 

behavlour "robll!ll oIJjectlye~ "rocedllres 8SSeSSllll!nt 

or ~ Identlflcatlon ~ ~ e.g. f..II.l. ~ 
traInee 

T T J T T 
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TEACHING WITH "ATIENDING": TUTORIAl USE OF AN EXPERT SYSTEM 

PERRY l. MIllER M.D., Ph.D., DENISE ANGERS, M.D., J. ROBERT KEEFER, M.D., 
NAlIN SUDAN, M.D., GUY TANNER, M.D. 

DEPARTMENT OF ANESTHESIOlOGY, YAlE UNIVERSITY SCHOOl OF MEDICINE 

ABSTRACT 
The ATTENDING computer system is being deve10ped to critique a physician's 

plan for anesthetic management. A1though still under deve1opment, the system 
is being used experimenta11y for teaching with hypothetica1 patients, using 
the teaching format of an interactive "mini case conference". In addition to 
its educationa1 va1ue, this tutoria1 use of ATIENDING has the further 
advantage of a110wing the system's anesthetic know1edge to be tested and 
"debugged" while in its formative stages. 

1. INTRODUCTION 
The ATTENDING computer system (1, 2) is being deve10ped using Artificia1 

Inte11igence techniques to critique a physician's plan of anesthetic 
management. This approach to the design of a medica1 computer-advisor differs 
from that taken in other medica1 systems. 

The traditiona1 approach to computer-assisted medica1 decision-making 
invo1ves deve10ping a computer system which simu1ates a physician's 
decision-making process. Such a system gathers information as a physician 
wou1d, and then tries to arrive at simi1ar conc1usions. From a c1inica1 
standpoint, such a system has the effect of trying to tell a physician what to 
do. 

The ATTENDING system, in contrast, takes a different approach. This 
approach might best be described as "Medica1 P1an-Ana1ysis" by computer. 
Here, instead of trying to tell a physician how to pr~ctice medicine, the 
system first asks the physician how he proposes to manage his patient. It 
then critiques the proposed plan, discussing the risks and benefits of that 
plan as compared to reasonab1e alternatives. 

As a resu1t, whereas the traditiona1 computer-advisor te11s the physician, 
in effect: "This is how I think you shou1d manage your patient.", ATIENDING 
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says, "This is what I think of your management plan." 

There are a number of potential clinical advantages of Medical 

Plan-Analysis as a modality for medical computer advice. 1) It accommodates 
the inherent variation of medical practice. 2) It leaves the primary 
responsibility for formulating patient management with the physician, and 
allows the computer to playa secondary role, providing feedback to help 
evaluate and optimize his approach. 3) It casts the computer in the role of 
an ally, rather than as a potential competitor. 

The ATTENDING system is a developmental prototype, still undergoing 
expansion and refinement. This paper describes how the system is being used 
experimentally for teaching while still in its formative stages. 

2. ARTIFICIAL INTELLIGENCE AND EXPERT SYSTEMS 
The ATTENDING system is designed using Artificial Intelligence (AI) 

techniques. Artificial Intelligence (3) is the science of what might be 
loosely called ''making machines think." In practice this involves trying to 
make machines behave, respond, or perform tasks in ways which appear to 
exhibit intelligence. AI techniques have been applied to many problems, 
including: 1) playing games such as chess, 2) "understanding" written or 
spoken language, 3) recognizing objects in a visual scene, and 4) performing 
medical diagnosis. 

One recent direction in AI research has been the development of "expert 
systems" (4). An expert system is a problem-solving system which contains 
knowledge ("expertise") about a practical, real-world domain. Examples of 
domains are medicine, computer system design, and geologie analysis. The 
system's knowledge is usually gathered from one or more human experts, whose 
problem-solving behavior the system attempts to simulate. Thus an expert 
system might perform medical diagnosis, design computer systems, or perform 
geologie analyses, depending upon the domain of its "expertise." Two surveys 
of medical expert systems are referenced. (5, 6) 

3. ATTENDING'S KNOWLEDGE BASE 
ATTENDING is an expert system whose domain is anesthetic management. To 

allow it to critique anesthetic management, ATTENDING has an anesthetic 
"knowledge base" which guides its analyses. ATTENDING's knowledge base has 
two components. 
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1. Knowledge of alternative anesthetic agents and technigues. ATTENDING is 

designed to critique a central but circumscribed component of anesthetic 
management: the choice of agents and techniques to be used for premedication. 
induction. intubation. and maintenance of general or regional anesthesia. 
ATTENDING's knowledge base currently contains approximately 50 agents and 
techniques. These include many of the commonly used management alternatives. 

2. Knowledge of the anesthetic implications of a patient's medical problems. 
Each underlying medical problem implies certains risks for a patient's 
anesthetic management. A given technique may be harmful in the presence of a 
certain problem. or may be beneficial. In complicated patients with several 
underlying problems. risk tradeoffs often exist; techniques which are good for 
one problem may be bad for another. and vice-versa. Thus. to critique 
anesthetic management. ATTENDING must know the anesthetic implications of each 
underlying medical problem. In particular, ATTENDING must know the risks or 
benefits of each agent and technique in the presence of that problem. 
ATTENDING currently contains this information for 25 problems. This 
constitutes the systemls major present knowledge limitation. 

4. CONSULTATION VS. TEACHING 
The ATTENDING system can be used in two ways: for consultation and for 

teaching. 

Consultation: Here an anesthetist describes an arbitrary patient, together 
with a proposed management plan, for the system to critique. To be able to do 
this, ATTENDING must be familiar with all the patient's medical problems. As 
a result, this consultative use of ATTENDING is restricted by the modest 
number of medical problems presently known to the system. 

Teaching: Despite ATTENDING's current knowledge limitations, the system can 
still be used for teaching wjth a variety of challenging patients. The 25 
problems known to ATTENDING include a good number of the most important. 
common, interesting problems, and by combining these in different ways, many 
interesting risk tradeoffs can be explored. Thus, the system can be used 
productively as a teaching tool while its knowledge base is still under 
development. 
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5. THREE TEACHING MODES 

ATTENDING can be used for teaching in three modes. Each mode has certain 
advantages and allows certain types of management issues to be explored. In 
all three modes, a short paragraph describing a patient is first presented by 
ATTENDING, as illustrated in the Appendix. 

"BEST PLAN" mode: Here an anesthesia resident is asked to propose a 
reasonable plan for ATTENDING to critique. This mode can help explore 
interesting management issues in both common and uncommon diseases. If, 
however, a standard anesthetic approach is satisfactory (such as thiopental, 
succinylcholine, ethrane, nitrous), certain interesting management issues may 
frequently not be confronted in this mode. 

"CRITIQUE" mode: Here ATTENDING presents the resident with a proposed plan 
containing management errors. The resident is asked to critique that plan 
hirnself, and then compare his critique with ATTENDING's. This mode can help 
explore the anesthetic implictions of less commonly used techniques, as well 
as specific management features of particular diseases. 

"WORST PLAN" mode: Here the resident is asked to propose a deliberately poor 
plan. He then lists the errors he perceives and compares this list to 
ATTENDING's analysis. This mode is useful from two standpoints: 1) It serves 
to test and "debug" the system's knowledge. 2) It allows the resident free 
rein in exercising his knowledge of the risks and benefits of different 
approaches to the patient's management. 

Using these three modes, interesting anesthetic management issues can be 
explored in an interactive fashion. A resident can gain experience in 
formulating his anesthetic approach to complicated patients, and at the same 
time receive feedback to help hirn evaluate his approach. 

6. INTERACTIVE "MINI CASE CONFERENCES" 
In experimenting with ATTENDING as a teaching tool, we have found it 

useful to provide an organized structure for the teaching sessions. One way 
to do this is to create teaching modules, each structured around a theme. 

For instance, the Appendix shows part of a teaching session structured 



around the theme of "emergency inductions. " Here the computer first 

introduces the topic by discussing certain important issues. Then three 
interesting patients are described in turn, and the resident is asked to 
propose a plan for each (in either BEST PLAN or WORST PLAN mode) or to 
critique a plan outlined by the computer (CRITIQUE mode). Finally, the 
computer types out a few questions for the resident to think about. 

In this fashion, an interactive tutorial session with ATTENDING is 
organized around a clinical theme, using the format of a"mini case 
conference" in which the management implications of several interesting 
patients are explored. 

7. SUMMARY 
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The ATTENDING project is a major undertaking as, indeed, is the 
development of most expert systems. An ultimate goal is a system which could 
be used for consultation with a fairly broad range of patients. There are, 
however, productive milestones which can be achieved short of this eventual 
goal. One of these is tutorial use of the system while its knowledge base is 
still modest in size. 

Tutorial use of ATTENDING serves several functions. First, it can be of 
educational value. Also, it can help to exercise, test, and "debug" the 
systemrs knowledge base in its formative stages. 

In addition, it is anticipated that Medical Plan-Analysis, ATTENDING's 
approach to computer-assisted medical decision-making, can be productively 
extended to many other areas of medical management. Experimental use of the 
system for teaching can provide practical experience with the approach, and 
thereby give insight as to domains where the approach might most profitably be 
applied, and as to the type of advice such a system might most usefully 
provide. 

REFERENCES 
1. Miller PL. 1983, in press. Critiquing anesthetic management: The 

"ATTENDING" computer system. Anesthesiology. 
2. Miller PL. 1983, in press. ATTENDING: Critiquing a physician's management 

plan. IEEE Trans. PAMI. 
3. Winston PH. 1977. Artificial Intelligence. Reading: Addison-Wesley. 
4. Davis R. 1982. Expert Systems: Where are we1 And where do we go from 

here1 The AI Magazine 3:3-22. 
5. Kulikowski C. 1980. Artificial intelligence methods and systems for 

medical consultation. IEEE Trans. PAMI, PAMI-2:464-476. 



198 

6. Shortliffe EH: Buchanan BG, Feigenbaum EA. 1979. Knowledge engineering for 
medical decision making. A review of computer-based clinical decision 
aids. Proc. IEEE 67:1207-1224. 

APPENDIX 
TEACHING WITH ATTENDING: A SAMPLE "MINI CASE CONFERENCE" 

This Appendix shows part of a sample teaching session, and illustrates the 
"mini case conference" format that can be used. In this example, responses 
typed by the resident are underlined. Comments inserted to explain features 
of the session are enclosed in brackets. 

Welcome to the ATTENDING system. 

Please answer by typing numbers on a single line: 
COMMAS or SPACES may separate the numbers. 

PLEASE SELECT A TEACHING MODULE: 
1. EMERGENCY INDUCTIONS 
2. INCREASED ICP 
3. AIRWAY PROBLEMS 
TYPE 0 TO QU IT 

*** TYPE ONE ***1 

[First, ATTENDING introduces itself and asks which of three teaching modules 
the resident would like to use. In this case, the module entitled "emergency 
inducti'ons" has been chosen. Next the system types out abrief discussion of 
emergency induction of anesthesia, and then describes the first of three 
hypothetical patients.] 
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EMERGENCY INDUCTIONS 

Induction of anesthesia for emergency surgery can be fraught with many 
risks depending on the acute situation and on the patient's underlying medical 
problems. In planning an induction for an emergency case, two considerations 
are particularly important: 

1. the possibility of a full stomach, 

2. the patient's volume status. 

The interaction of these two central considerations with a patient's other 
problems can lead to a host of potential risks and risk trade-offs. At times 
the optimal anesthetic approach to one problem may also be beneficial for 
another, but often it is not. 

case 1: Here a particular agent can be beneficial for two problems. 

- PATIENT HISTORY -

A thirty four year old male with a history of asthma requiring several 
past hospitalizations comes to surgery after an auto accident for repair of a 
likely fractured spleen. His blood pressure is 90/50. He ate dinner earlier 
in the evening. 

[Next the resident proposes a plan for this patient's management. This is the 
"BEST PLAN" mode.] 

- PLEASE OUTLINE A PLAN -

PREMED: l-NONE 2-ATROPINE 3- GLYCOPYRROLATE 4-MORPHINE 
5-DEMEROL 6-FENTANYL 7-VALIUM 8-PENTOBARBITAL 9-SECONAL 
10-VISTARIL ll-DROPERIDOL 12-PHENERGAN 
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*** TYPE ONE OR MORE ***7 

*** TYPE 1 IF GENERAL ••• 2 IF REGIONAL *** 1 

INDUCTION: l-THIOPENTAL 2-KETAMINE 3-HALOTHANE 4-ENFLURANE 
*** TYPE ONE *** 2 

INTUBATION: l-NONE 2-CONVENTIONAL 3-RAPIDSEQ 
5-AWAKE NASAL 6-MASKCRICOID 7-SUCCINYLCHOLINE 
9-PANCURONIUM 10-FLAXEDIL ll-METOCURINE 

*** TYPE ONE OR MORE *** ~ 

4-AWAKE ORAL 
8-CURARE 

MAINTENANCE: l-HALOTHANE 2-ENFLURANE 3-N20 4-02 5-MORPHINE 
6-DEMEROL 7-FENTANYL 8-CURARE 9-PANCURONIUM 
10-FLAXEDIL ll-METOCURINE 

*** TYPE ONE OR MORE *** 1.3.4.9 

- YOU HAVE SELECTED -
1 GENERAL 
2 PREMED - (VALIUM) 
3 INDUCTION - (KETAMINE) 
4 INTUBATION - (RAPIDSEQ SUCCINYLCHOLINE) 
5 MAINTENANCE - (HALOTHANE N20 02 PANCURONIUM) 

*** TYPE 0 IF OK ••• ELSE NUMBER FOR CHANGE **~ 

[ATTENDING critiques this plan as shown below.] 

There are a number of basic principles involved in this patient's 
management. First. a patient with asthma must be protected from 
bronchospasm. Second. in the presence of hypovolemia. one must attempt to 
prevent hypotension. Third. in a patient with a full stomach. one must 
consider the problem of aspiration. 

Intubation of this patient is certainly necessary because of a full 
stomach. Rapid sequence intubation is a reasonable approach. This. however. 
could have the conceivable risk of bronchospasm. An alternative approach to 



rapid sequence intubation would be intubation after mask induction with 
cricoid pressure. 
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In regard to maintenance, inhalational technique has the advantage of 
preventing bronchospasm by keeping the anesthetic level deep. On the other 
hand, it involves the risk of hypotension in the presence of hypovolemia. An 
alternative approach to inhalational technique would be balanced anesthesia. 
This might have the risk of possible bronchospasm due to light anesthesia. It 
does, however, have the advantage of maintaining blood pressure. 

looking at other aspects of the proposed plan, for a patient with asthma, 
induction with ketamine has the advantage of suppressing bronchospasm since 
ketamine is a bronchodilator. Also, in the presence of hypovolemia, induction 
with ketamine has the advantage of helping avoid hypotension since ketamine is 
supportive of blood pressure. 

[This concludes ATTENDING's critique of the first teaching case. Next two 
more cases are explored using one or another of the system's teaching modes. 
Finallya short series of questions are typed out for the resident to think 
about, inv~lving the mechanis~s and clinical use of ketamine and of 
thiopental. Once this is done, the "emergency induction" teaching module is 
finished, and the resident is given the option of choosing a different module 

if he wishes.] 



IITRODUCTORY COURSES IR COMPUTIRG lOR ARAESTBETISTS 

J.B. IERR, B.J. BURISOH and V.L. DAVIES, 

Huttield Department ot ADaestbetios, 

Jobn Radclitte Bospital, Oxtord, England. 

The remarkable reduction in tbe real cost ot oomputing power seen in tbe 

last 5 years or so has upset earlier cost/benetit evaluations and made it 

necessary to re-examine the role ot tbe oomputer witbin the hospital. Tasts 

which would previously have been prohibitively expensive are now wortb 

oonsidering beoause ot tbe availability ot cbeap, tlexible aDd ever more 

powertul micro-processors. These expanding possibilities have lead to a 

widespread demand tor computing expertise particularly among establisbed 

cl1nioians. 
In 1918, tbe Huttield Department ot Anaestbetics appointed an eleotronio 

engineer who was experienced in the design ot equipment using mioroprooessors. 

At tbat time there was ODe desktop caloulator in use in tbe department and no 

direct link to the University maintrame computer. Since tben, there has been a 

rapid inorease in the number ot mioropro08ssors aDd miorocomputers aDd early in 
1983 tbere were 3 maintrame terminals and 3- aotive microprocessor systems. 
These range trom a dedicated wordprooessor primarily tor seoretarial use to 
embedded mioroprooessors monitoring aDd controlling blood gas electrodes aDd 

intusions ot analsesics and anaestbetics. Sinoe the late 1960'S, tbe research 
interests ot tbe department bad been suoh that a statistician bad been employed 

part-tlme wbo maiDly used tbe larse University oomputers. In 1919, a tull time 

computing and statistios assistant was appointed wbo was interested in tbe use 

ot small oomputers. 

In 1981, beoause ot tbe availability ot tbis expertise in botb hardware 

aDd sottware and ot praotioal experience sained in tbe application ot computers 

within anaestbesia, tbe autbors ( a clinioian witb computing interests, tbe 

prosrammer and tbe electronio engineer) deoided to organise an introduotory 

oourse in oomputing. It was boped to attract tairly senior anaestbetists 
(Consultants and Senior ReSistrars) prinoipally trom smaller distriot bospitals 
wbo migbt be oonsidering wbether to acquire a oomputer tor departmental use. 



Tbls paper desorlbes tbe structure of tbe flrst two courses held In 1981 & 2 

togetber wlth tbe Immedlate reactlons of tbe students and the longer term 

effects on thelr oomputlng aotlvltles. 
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The aims of the course were to provlde an IntroducUon to (a) a range of 

mlorocomputer applloatlons wlthln an anaesthetlc department, (b) running a 
mlcrocomputer system and (0) programmlng [ln BASIC]. At the end of the course 

It was hoped that the students would be able to estlmate the approxlmate tlme 

and costs Involved In a partlcular applloatlo~ 

It was felt necessary to have a mlnimum of a one-week resldentlal oourse 

to allow sufflolent tlme to achleve these alms. Tbe course would conslst of a 

mlxture of lectures, demonstratlons and practloal sesslons. The approaoh was 

to be essentlally non-technlcal, but the necessary technioal aspects of 

oomputlng would be approacbed from the cllnical and research viewpolnts. The 

number of particlpants was limlted to 24 beoausa the planning group felt It was 

vltal to allow all those attendlng to have a reasonable amount of bands-on 

experlence. 

IIS'I'IIJC!OIS • SIIIDBID 

Lecturers on the courses inoluded academlc and oommerclal computer 

professlonals and electronic englneers and cllnlolans from Oxford and 

elsewhere. Demonstrators at the praotioal sessions were drawn from 

departmental sclentiflc statf. 

Students were anaesthetic consultants and senior registrars trom teaohing 
and district hospitals throughout the Uni ted Iingdom. On each of the courses 
most of the students were district hospital' consultants (29/47), a tew came 

trom teaching hospitals (7/47) and the remainder were senior registrars 
(11147). Bach year there was a 'waiting list' of applicants for whom there was 

no space on the course. 

COOISI ftaut.-tU1B 

Before arrlving In OXford, oourse members were sent and asked to read a 

simple introduotory text oalled WThe Computer - How it works- (David Carey, 

Ladybird Books). An introduction to the course over an intormal supper on 

Sunday evening enabled a prompt start to be made on Honday. 
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Introduction. 

The first morning was devoted to a general overview of computing, 

illustrated with demonstrations of text, graphics and sound using a personal 

microcomputer. This gentle introduction was followed by a lecture on methods 

of communicating with the machine leading to the concept of a computer 

language. After coffee, the manager of the Medical School Data Centre described 

mainframe computers and mini computers. He referred to the services provided at 

the Data Centre and took the course on a visit to it. 

The afternoon was occupied with an introduction to the practical sessions 

and will be discussed in more detail later. 

On Tuesday morning, the first lectures and demonstrations on various 

Applications of computers to clinical and research problems were give~ These 

were structured so that the application was considered first and then a 

discussion of the relevant computer technique followed (Table 1).The concept of 

a software "package" was introduced and it was stressed that most computer 

users were likely to spend much of their time using such programs. On-line 

information processing was demonstrated as was the ability of a computer to 

control equipment. The sessions included a good deal of valuable commercial 

participation, both from clinical equipment manufacturers who utilise computers 

in their instruments (e.g. Oxford Computer Systems) and from microcomputer 

manufacturers and distributors who have been extremely helpful in supporting 

the course by loaning computers and providing literature (e.g. Research 

Machines Ltd.). 

Practical. Technical and Clinical Sessions. 

For three sessions, the course was divided into three groups of 8 

persons. In each period one group obtained hands-on experience, the second 

group were shown and discussed various computer applications on-site in the 

Intensive Therapy Unit (ITU), and the third group went a little further into 

so me aspects of computer hardware. On each of the first three evenings (Monday 

to Wednesday), one group were allowed a further hands-on session. The duration 

of this session was greatly increased from one hour in the first course to an 

extended 3 hour session (until 21.00) on the second course, in response to the 

apparently insatiable appetite for "hands-on" experience. Each year 

approximately one third of the participants admitted to some previous computing 

experience (ranging from programmable calculators'to mainframe computers) and 

they were allocated to the group which had their first hands-on session on the 

Monday evening. 



TADLE I. Leeture and demonstration topies 

IIR 

1981 

1982 

SUb1eet 

Pain relief studies 
Pharmaeodynamie 
ealculations 

Hass spectrometry 
Onibed-patient mon
itoring system. 
(Oxford Medical 

Systems) 
The 'Mac' physio
logieal simulations. 

Predicting anaesthetic 
problems. 

Controlling anaes
thesia. 

Controlling intra
cranial pressure. 

Looking ahead. 

"Problems 1n the data 
jungle" , pharmaco-
10gic&1 studies. 

Multifunction elec
trodes. 

Hass spectrometry 
Gas mixing valves 

"Looking ahead" 

Teaching programs for 
anaesthetic self
assessment. 

ITO data collection 
and information. 
Teaching programs for 
nurses. 

Computing .&wG.t. 

Data crunching, 
statistical packages 

On-line processing. 
"Embedded" Micro
processor software 
controlled monitoring. 

Modelling. 

Specialised use of 
data-base. 
Systems engineering. 

" " " 
Possible hardware 
developments. 

Statistical packages. 
Number crunching 
Modelling 
On-line processing 
and control. 
On-line processing. 
Embedded micro
processor. 
Computer system and 
interface developments 
Software package. 

Software packaging -
importanee of user 
friendliness. Data 
collect1on and use. 
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Lecture 

Demonstration 
Demonstration 

Lecture. 

Lecture & 
demo. 
Lecture & 
demo. 
Lecture. 

Lecture & 
demo. 

Lecture. 

Lecture 
& demo. 

" " 
" " 
Lecture & 
demo. 
Lecture. 

Lecture & 
demo. 
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Pragtigal Exparienge 

Tbe aims of these sessions were 1) to overoome the fear of interaoting 

with the oomputer, 2) to demonstrate the prinoipal ideas of problem sOlving via 

programming, 3) to relate these ideas to a partioular programming language 

(BASIC), and 4) to help students wr1te simple programs 

Tbe Monday afternoon session oalled nGett1ng to Grips w1th the oomputern 

was aimed at dealing with the f1rst two aims. Tbe format was essent1ally the 

same 1n both oourses, when the first part of the afternoon was spent 

demonstrat1ng the operat10n of the miorooomputer. Tbis was followed by a qu10k 

run through of some oomputer oommands, maio1y to illustrate the sort of 

responses that the oomputer makes, and what happens when mistakes are made. It 

was notioeable that many students still felt that typ1ng errors somehow 'broke' 

the oomputerl 

Tbe seoond half of the 88ssion was devoted to problem solv1ng. S1mple 

problems, for example oonvert1ng Fahrenheit to Cent1grade, were analysed 1n 

guided olass disoussion, and broken down into logioal steps. Most beg1nners 

found d1ff10ulty in understand1ng the amount of analysis needed for even the 

most simple and stra1ghtforward of programs. Towards the end of the afternoon 

the disoussion returned to the expression of the problem in a oomputer 

language. Tbe problems analysed previously were translated from their oomponent 

steps into BASIC and typed into the oomputer. Tbe need for preoision was 

demonstrated and the program was run after the neoessary syntax oorreotions bad 

been made. 
At the end of this 88ss10n, eaoh student was g1ven 1nformation leaflets 

about how to operate the m1crocomputer aPd the simpler BASIC commaPds and 

syntax rules, plus a book ('Comput1ng Us108 BASIC: an 1nteraot1ve approaoh' by 

Tonia Cope, published by El11s Horwood, Ch1chester. 1981) to help them 1n the 

praotioal sess10ns later in the week. Tbey were also given a sheet of problems 

in an increasing order of oomplexity w1th h1nts which e1ther p01nted to a new 

command in BASIC, or explained a programm1ng technique that the user m1ght find 

helpful. 

Tbe RHaods-Onn sessions on Tuesdays and Wednesdays were informal. In 1981 

there were 4 oomputers so each group was divided into 4 pairs, but the 

immediate feed-back from th1s course 1ndicated that th1s arrangement was 

unsatisfactory. In 1982, 8 oomputers were available 1n a Looal Area Hetwork so 
that eaoh oourse member was able to work separately. 

Tbe prOblem sheets were 1ntended oo1y as gu1de11nes and several students 
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brought specific problems to tackle. Some of these were enormous projects and 

the participant's ambition had to be restrained, but usually it was possible to 

select aspects of these ideas which were simple enough for a beginner to 

tackle, but sufficient to give them an idea of the work involved. At each 

session there were 3 or 4 demonstrators present who were experienced BASIC 

programmers to assist students on a one-to-one basis. This arrangement allowed 

everyone to work at their own speed and while some students were able to work 

happily on their own, others found the concepts harder to grasp and needed more 

help. 

In 1982 the timetable was rearranged to allow a second 3 hour session for 

each group during an(other) evening. The tull BASIC manuals were made 

available, and several people experimented with the uses of some more obscure 

commands, especially those for colour graphics while others tried their 

hands at word processing. 

ITQ Sessions. Since computers have been used widely and for a relatively long 

time in Intensive Care, several students had come on the course hoping to apply 

computer techniques within their units. During the session in the ITU four 

microprocessor applications were demonstrated. Most of these were based on a 

microcomputer located in a small room off the unit which was linked to an 

intelligent terminal placed between two of the beds. Students were divided 

between the computer room and the lTU proper and each sub-group of 4 was 

accompanied by a clinician who demonstrated and discussed the applications 

displayed in each locatio~ 

The sub-group in the ward were first shown the enhanced capabilities of 

equipment within which microprocessors were embedded (Patient monitors and 

balloon pump). Most of the time, however, was spant "playing with" an on-line 

system for the collection, manipulation, storage and display of fluid balance 

data. The system had been designed to allow nursing statf to enter information 

about the patient's fluid intake and output via a modifled (splash-proofed and 

simplified) keyboard situated close to the bed. Students were encouraged to 

experiment with the entry procedure and then to examine and comment upon the 

updated information displays; Features intended to improve the "friendliness" 

of the system (e.g. the use or machine-code routines to generate displays 

quickly) and factors which had adversely affected the system's acceptability 

(e.g. the hospital engineers' habit of testing the mains emergency back-Up 

without warningl) were pointed out and discussed. 

While in the computer room, students were shown the unit's statistical 
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data-base and its development was described from edge-punched cards, through 

forms which were batch prooessed on a remote main-trame computer, to the 

current system which involved entry, updating and storage of information upon 

the Unit's microcomputer. After often lively discussion, the suite of programs 

developed to aid clinical activities within the Unit were demonstrated. These 

inoluded programs for deriving the usual physiological indices (Hiley analysis, 

renal tunction tests), for calculating drug dilutions in intusions, and for 

exploring pathophysiologioal behaviour (e.~ the effeot of changing haemoglobin 

concentration on arterial oxygenation). Print-outs of these programs proved 

extremely popular. 

Iechnigal Aspegts 

In these sessions an attempt was made to improve the students' 

understanding of the internal workings ot a computer. While it was accepted 

that most anaesthetists will not require a detailed knowledge of electronics, 

it was hoped that some insight into the general structure and organisation of 

computers would prove usetul in certain applications. 

Most olinicians are familiar with analogue electrical signals, so this 

was used as the starting point. It was explained that it is necessary to 

convert physiological and other data to a digital form to allow the information 

to be handled by the common (digital) computer, which only works with binary 

numbers. This was followed by an desoription of the organisation of the memory 

·pigeon-holes· and the internal architecture of the computer. The operation of 

storing and moving information between registers and memory showed the use of a 

logical rule and a similar rule tor the addition of binary numbers was 

demonstrated. Each logioal rule was presented to the computer by a code word, 

or machine oode instruction and sequences of these instructions were combined 

to represent more complex actions and so developed into higher level languages. 

In this way, the concepts involved in compilers and interpreters were 

approached. 

In the tirst course, the students' reactions indicated that too much 

technical detail was presented despite the use of laymans' terms. The emphasis 

in the second year was moved turther towards olinical aspects. The interfacing 

of a microcomputer with a digital syringe pump to control and record the 

infusion of an analgesic) was discussed and demonstrated in the presence of a 
oomputer-naive c1io1oian who bad used the equipment on the ward. She expla1ned 

the clinioal aspects of the project and provided valuable comment on tbe 
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problems she had encountered, stressing the need to present a "friendly" 

interface to clinical users. This application was also used to introduce the 

need for comprehensive and effective safety devices. Students were given 

graphie warnings about the hazards of knob-twiddling or key-pressingbystanders 

and of environmental conditions (e.g. transients in the power supply, plaster 

dust in the disc drivesI). At the end of the session, students were encouraged 

to examine and handle loose microprocessor chips and floppy disks removed from 

their protective covering and rules for the correct treatment of computing 

equipment re-inforced. 

More applications - clinical and non-clinical. 

On the Thursday morning in 1981 a further series of lecture 

Idemonstrations with outside speakers was organised with the aim of presenting 

a wider range of applications (see Table I) and of computing techniques such as 

modelling and data collection and handling. In the second course the morning 

was utilised to consider languages in more depth and to allow a fairly lengthy 

hands-on session (shared keyboards) working with a word processing package. 

Coffee was followed by a demonstration and discussion about likely computing 

developments, particularly in the field of interfacing equipment. 

On Thursday afternoon, participants were given a break from computing and 

taken on a very popular conducted tour of some of the older Oxford Colleges. 

At 5.30 a Guest Lecture was arranged which was opened to any other interested 

members of the Department. In 1981 Mr David Price lectured on "Closing the 

100p", describing his experiences in neurosurgical intensive care and in 

devising a system to control intracranial pressure. In 1982 Dr Gavin Kenny 

described the development and use of a set of teaching programs for self 

assessment and discussed data collection within the ICU. After the guest 

lecture there was a formal dinner in one of the College Halls which was 

attended by everyone who had been connected with the course. Discussion was 

notably technical and went on long into the nightl 

Course Reyiew and Discussion. 

On Friday (after a slightly later startI), a further Guest Lecture was 

followed by a panel discussion. The panel was made up of guest lecturers and 

other clinical users, academic and commercial computer prOfessionals, and the 

course organisers and it considered questions put by the students. The 

organisers hoped that the discussions genera ted would help students understand 
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Unr8solved problems and give them an opportunity to ra1se matters which were of 

particular importance to them. Host of the questiona related to the ehoioe of 

hardware and software, and a number of people wanted a simple anawer to the 

question: -What oomputer should I buy?-. Bowever, by the end of the morning, it 
was hoped that most people would reoogn1se that the variety of faotors relevant 

to such adecision made it impossible to give one common anawer. 

Over ooffee and after lunoh a sm&1l microoomputer show was mounted at 

whicb aa many different types of miorooomputer as possible were set up and 
demonstrated (table II). Course participants were enoouraged to try aa many 

types as possible. At least one user familiar with each microcomputer was 

present througbout to guide course members (and load the gamesI). 

TABLE IL Hicroco.puter types de.onatratecl at Co.puter Shows. 

1981 

Research Maohines 380Z 
Rascom 2 and 3 
Sinclair ZI80 
Compuki t 101 
PET 
Sbarp Pocket Computer 

1982 (as 1981 plus the following) 

Altos 3 user witb 5 Mbyte disk 
Merlin 
Dragon 
Osbourne 1 
Sinolair Spectrum 
Sinclair ZI81 
BBC 'B' miorooomputer 
Superbrain 
Sbarp MZ80B 
Apple II 
Researoh Machines 480Z 
COIIIIIlodore VIC 
Hewlett Packard 91 
Wang (ciroa 1948) 
Brunsveiga (circa 1931) 
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Immediate. On tbe final day, course members were asked to complete a 

sbort questionnaire to belp tbe organisers improve any subsequent course. 

Twenty of tbe twenty tbree students returned tbe form in 1981 and all twenty 

four in 1982. After some organisational questions, tbey were asked to indicate 

wbetber tbey felt tbat tbe time allotted to different types of session 

(lectures, demonstrations and bands-on) was too little, too mucb or about 

rigbt. Results, witb tbe actual number of bours, are indicated in Table 111. 

TABLB 111. laIediate reaotioDB to course structure. 

RES P 0 N S E 

(> = too mucb time. < = too little time.) 

1981 1982 

(19 repl1es) 

Hours OI > < 
(24 repl1es) 

Hours OI > < 
---------------------------------------------------------------------------
Lectures 11 13 6 1 10 21 1 2 

Demonstrations 12 11 5 4 12 17 4 4 

Hands-On 4.5· 4 15 9·· 19 5 

• 1 keyboard/2 students. •• 1 keyboard/student 

In 1981, 15/20 gave a negative answer to tbe question "Do you tbink you 

were adequately prepared before being let loose on tbe computers?n, indicating 

tbat it was necessary to spend more time developing tbe pre-course literature, 

and to slow down tbe pace of tbe introductory sessions. In 1982 tbe number of 

negative replies bad fallen to 9/24 suggesting that tbese problems bad been 

partly solved altbougb tbere was still room for improvement. Tbe answers to 

otber questions, and our responses to tbem, bave been referred to earlier in 

tbe paper. 



212 

Table IV. Current and projected computing activities of foraer course 
members.(36 replies) 

APPLICATION 
Record keeping I 

Word processing 
Computer assisted teaching 
Calculations and statistics 
Intensive Care 
Research 
Teaching own children 
Control of equipment 
Patient management 
Departmental rotas 
Theatre anaesthetic records 

ACTIVE 
13 
11 
10 
9 
3 
3 
3 
2 
2 

PROJECTED 
6 
2 
1 
1 
1 

4 
2 

I includes reference catalogues, junior staff experience register, equipment 
inventory, pain clinic records. 

Longer term follow-UD' 

Further questionnaires were sent out to all students about a year after the 

first course, and six months after the second. It was hoped to gain information 

about whether their computing activities had been influenced by the course and 

about their current areas of interest and progress. The response was good, 

with 17 replies coming from the 1981 course and 19 from 1982. From these it was 

seen that about half of 1981 respondents, and more than 3/4 of those from 1982 

now have access to a computer at work or at home and that most had been 

involved in the purchasing process. Quite a number of those without computers 

pOinted out that it was lack of funding rather then lack of interest that was 

holding them back. Others stated that the rapid rate of development in hardware 

had persuaded them that things would only get better and cheaper if they 

waited. A wide range of activities, both current and proposed, were reported 

(Table IV). A major cause for concern was the time taken to develop software, 

especially as the students were having to learn more advanced programming 
teohniques as thay want along. 



213 

DISCUSSIOI 
With the widespread availability of small computers and the pIe thora of 

introductory computing books, it may be argued that it is unnecessary to offer 

introductory courses to anaesthetists. Responses from the two courses have 

been emphatically positive (18/23 in 1981 and 23/24 in 1982) when asked if we 

should run further courses of this type, and there have been requests from 

within and without the Department that we should provide something similar for 

clinicians working in Oxford. When students were challenged to explain why they 

could not have achieved the same result in terms of computing expertise by 

themselves, several asserted that the most important factor was being isolated 

from their normal responsibilities and thus being able to concentrate on the 

subject for prolonged periods without distractions. Others had clearly gained 

confidence both from the closely supervised formal teaching and from the sight 

of other beginners experiencing the same problems as themselves. It has been 

striking how hesitant beginners to computing have been to start operating the 

micro and how slowly the inexperienced have taken to programming. Regular 

users (even if using a 'black box' approach themselvesl) must be restrained 

from the temptation to rush the initial introductory stages. 

Students now seem to have greater awareness of the time required to 

develop software and of the non-interchangeability of programs between 

machines. It is obviously sensible to promote schemes through which clinically 

relevant programs may be advertised and encouraging to see recent developments 

to this end (e.g. The Intensive Care Society's Computer Group and the program 

register in Anaesthesia). 



TBE USE OF COMPUTER-GENERATBD RUMBERS IN INTBRPRBTIRG TBB BEG 

N. TY SMITH 
IRA J. RAMPIL 

INTRODUCTION 
The BEG holds great promise as a monitor in the operating 

room, particularly for estimating the depth of anesthesia and 
detecting the presence of cerebral ischemia. This promise has 
not yet been realized, however. The main obstacle to the 
realization of these goals has been the raw BEG itself. The 
tracing is difficult to interpret without considerable training. 
Only a few seconds of raw EEG are available for inspection at 
any one time, making it difficult to follow trends. The standard 
written EEG record during a case is voluminous, being generated 
at the rate of up to 300-600 pages per hour. For these and other 
reasons, additional personnel are usually required if one wishes 
to record the conventional EEG in the operating room. 

Several attempts have been made to overcome these obstacles 
to the routine use of the EEG in the operating room. In general, 
these attempts have used computerized techniques to transform and 
compress one pattern, the raw EBG, from its original squiggles 
to another, more readable, compact pattern. (In this compression 
some - ideally mostly redundant - information is lost.) Most of 
the analysis techniques popular in anesthesia today e~lore the 
amplitude and frequency aspects of the EBG waveform, 19noring 
other characteristics such as waveshapes, and correlations 
between signals from different anatomical sites. The major types 
of compressed displays have been the amplitude analysis (Cerebral 
Function Monitor, CFM), compressed spectral array (CSA), the 
density modulated spectral array (DSA), aperiodic analysis (the 
Neurometrics BEG Monitor), and zero-crossing analysis (the Klein 
Analyzer). 

Although even ostensibly complex patterns. such as those 
presented by the aperiodic display or by some spectral displays, 
can be easily learned by the anesthet1st, a quantitative descrip
tion of patient condition, given the present level of development 
in the use of computers, is best dealt with by using discrete 
numbers, analogous to blood pressure or heart rate. Fortunately, 
these numbers can be extracted through the same computational 
techniques that produce the patterns. As a matter of fact, the 
history of EBG analysis 1s replete with examples of attempts to 
extract single numbers or sets of numbers from the BBG. Many 
of the resulting techniques have been developed by engineers for 
neuroscientists. A surprising number, however, have been 
developed pr1mar11y for mon1tor1ng the anesthetized patient. 

It is the purpose of this paper to outline some of the 
numbers which have been extracted from the BEG, to describe 
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how they have been derived, to relate them to other, more 
familiar, physiologie numbers, to diseuss how they have been 
applied to monitoring or to a better understanding of anesthetie 
agents, to bring this information into perspeetive, and to 
antieipate what the future holds - or what we feel it should 
hold. 

SOME NUMBERS OF INTEREST 
Cerebral Funetion Monitor. One of the early attempts to 

eompress thelEEG for monitoring purposes oeeurred in 1969, 
when Maynard deseribed a deviee whieh evolved into 
the eommereially available Cerebral Funetion Monitor (CFM). The 
original deviee displayed a single EEG parameter derived from a 
single ehannel of raw EEG, via a rather eomplex sequenee of 
filtering, logarithmie range eompression and reetifieation. The 
predominant filter had a rising slope ovar the pass band, thus 
emphasizing the higher frequeney aetivity to a eertain extent. 
Another way of explaining this filtering proeess is to say that 
the deviee produees an output whieh is the produet of the pre
dominant amplitude and power over the pass band (2 - 12 Hz). 
There have been aneedotal reports on the use of the original 
deviee over a wide !ange of applieations in anesthesia, neurology, 
and intensive eare. Unfortunately, the mapping from 
EEG to CFM output in the original deviee was not unique, and 
the deviee eould not easily distinguish between mid frequeney 
low-amplitude signals and low-frequeney high-amplitude signals. 
Moreover, the deviee was relatively insensitive to frequeneies 
from 16 - 32 Hz and above, whieh are of eonsiderable interest 
for monitoring. Reeently, a variant of the CFM deviee has been 
introdueed. This new CFM separates out the amplitude and mean 
frequeney (a zero erossing frequeney, see below) and displays 
eaeh value on both an instantaneous and a trended basis. The 
deviee appears to be somewhat less sensitive to iseh3mie ehanges 
than either CSA or DSA. As noted below, Grundy et al ' 
using paired CFM's (one for eaeh hemisphere) found that 
the deviees missed three episodes of eerebral isehemia in a 
series of 34 carotid endarterectomies. This agrees with our 
experience. In a preliminary series of 10 carotid endarteree
tomies simultaneously monitored with CFM, CSA, and DSA, each 
using comparable electrodes, the CFM failed to demonstrate an 
appreciable change in its readings during the two ischemic EEG 
changes noted in the series, each clearly demonstrated by both 
spectral displays (Rampil IJ: unpublished data). A large con
trolled study of the clinical utility of this new device has 
not yet been reported. 

Analog filters. Another early attempt to extract numbers 
from the frequency content of the EEG for monitoring during 
anesth~sia oceurred in 1970, in the laboratories of Lopes da 
Silva, We used a bank of 20 analog band-pass filters, 
with band widths of 1 or 2 Hz. The output of these filters 
was averaged for 1 minute on a computer of average 
transients. The resulting histogram was, in a way, a pattern, 
which changed with changes in halothane concentration. To 
simplify and quantify the output for comparison with anesthetic 
concentration, we used the outputs of individual filters, for 



216 

example the 20 Hz filter output voltage, or the outputs of 
different combinations of filters, for example, the sum of the 
outputs of the 2 and 3 Hz filters. There was a linear relation 
between the end-expired concentration and the 20 Hz or 2+3 Hz 
outputs. Changes in concentration of as little as 0.5% were 
easily detected with these numbers. If the inspired halothane 
concentration was changed in a sinusoidal fashion, the changes 
in these numbers resembled a sinusoidal pattern. Thus the 
numbers seemed to reflect halothane concentration in the brain. 
The major problem with the technique, however, was that each new 
set of numbers was available only every minute. It was apparent 
that the numbers changed much faster than that. 

The Klein Analysis. Another tecgn4que, which displays 
numbers alone, was developed by Klein,' who uses a zero
crossing technique. The zero-crossing technique counts the 
number of times the EEG crosses the isoelectric (zero-voltage) 
line in a given time period, giving an estimate of the mean 
frequency of the EEG, called the zero-cross frequency (ZXF). 
The Klein analysis displays the ZXF along with a measure 
of the average EEG amplitude, the mean rectified voltage (MRV). 
The third number of the basic, three-number display is the 
spontaneous EMG activity (see below), derived as the rectified 
output of a bandpass filter centered at 100 Hz. Klein has 
also differentiated the raw EEG signal twice and derived a ZXF 
and MRV each from the first and second derivatives to generate 
four additional numbers for a more elaborate display. With this 
many numbers (seven), it is difficult to say whether one has a 
set of numbers or a pattern. Each of these numbers can be 
easily displayed, observed and used individually, however, or 
used in any siz6 combination. 

Levy et al have pointed out theoretical disadvantages to 
the zero-crossing technique: it is mathematically appropriate 
only in the case of narrow bandwidth signals, which the EEG 
generally is not. Furthermore, in practical terms it is 
excessively sensitive to minor changes in the EEG, and the ZXF 
that is genera ted by an EEG is not uniquely related to that EEG, 
that is, widely different EEG wavef~rms produce the same ZXF. 
Yet it seems to work. Harmel et al have reported on its 
extensive use in many situations with many different anesthetic 
agents. It has given them information useful for the care of 
patients. We have examined it!ouse with pure morphine, 

~~n~~~~~~n~~ls::e~~~~~~i~~ ~~ents~ff W~~he:~~e~~~~!~ion, one can 
see changes in the numbers which seem to reflect changes in 
brain concentrations of the agents. Recently, Klein and Davis 
studied depth of anesthesia with the predictive accuracy of the 
ZXF rangin~ from 60 - 97% for halothane and 53 - 97% for 
enflurane. 

Median power frequency (MPF). The median power frequency 
(MPF) is defined as the frequency which divides the spectral 
histogram into two equal areas. In other words, the MPF is the 
frequency above which one half the EEG power resides, and below 
which the other half resides. It is computed using apower 
spectrum obtained from a fast Fourier transform of the raw EEG 
data. 
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We have explored the MPF over the past several years. As 
with so many numbers, it has demonstrated itself particularly 
useful with halothane. Step, pulse, and sinusoidal changes in 
inspired halothane concentration produce very rapid, appropriate 
changes in MPF. The rapid changes are detectable because we re
compute the MPF every 4 seconds. The higher the frequency of the 
sine wave, however, the less capable is the EEG, as reflected by 
the MPF, of following changes in anesthetic concentration.(Fig.l) 
Thus a frequency-response curve shows decreasing MPF response 
amplitude with increasing frequency. This low pass filter effect 
may be due as much to the inability of the ventilating equipment 
to produce very rapid changes in anesthetic concentration, as to 
an intrinsic inability of the brain and the circulation to 
response to the rapid changes which are delivered. The MPF is 
very sensitive to changes in the high-amplitude, low-frequency 
range particularly when there are several simultaneous bands of 
EEG activity. Therefore, to allow the MPF to focus on the 
relevant frequency band with halothane, we usually filter out the 
information below 4 Hz. 

We have also compared the EEG ef~ects of thiopental and 
Althesin, using the DSA and the MPF. These techniques indicate 
that Althesin is slower in both onset and decay. The latter was 
determined by calculating the mean rate of decay of the MPF. 

Peak power freguency. The peak power frequency (PPF) is 
the frequency which contains the most energy during a given 
epoche In a statistical sense, it is a modal distribution. As 
with so many other numbers, with halothane there is a good 
linear relation between end-expired concentration and the PPF. 
We have examined this relation and developed the regression 
equation: 

PPF = -2.8[H]A + 13.4 (r=0.9) 

This equation implies that given the value of the PPF, one 
should be able to predict the alveolar concentration of halothane. 
This is true, within an error of about ±0.2 volt. In addition, 
we have developed equations showing that changes in CO or 
the passage of time can change PPF independently of hafothane 
concentration. The first equation states that PPF increases by 
0.1 Hz for every torr increase in P CO. It is not clear 
whether these changes represent trut c~anges in anesthetic depth, 
although CO,- can influence MAC. The second equation states 
that PPF increases by 0.2 Hz for every MAC-hour. This is 
consistent with the fact that in man, anesthetic depth, as 
reflected by the cardiovascular system, lightens with time. 13 

The PPF for enflurane or isoflurane is not as useful as 
that for halothane, since the slope of PPF vs. end-expired 
concentration is so steep. There are interesting relationships 
between the PPF's of four anesthetic ethers,"however. The 
concentration vs. PPF curve moves progressively further to the 
right for diethyl ether, fluroxene, enflurane, and isoflurane. 
This sequence is the same as that of increasing sensitivity to 
seizures and of decreasing basicity of the ether oxygen. The 
latter phenomenon is caused by the presence of fluorine, which 
withdraws electrons from the oxygen, thus making the oxygen 
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less basic and making the compound behave less like an ether. 
Thus, the clyter the fluorine atoms are to the oxygen, the less 
basic it is. 

Spehr and Gotze recently reported a statistically 
significant decrease in PPF following open hearissurgery in 
those patients with neurological complications. 

Sf!ctral edge frequenca. The spectral edge frequency 
(SEF) lS conceptually base on a simple model of the frequency 
spectrum of the EEG. The model is not meant to emulate any 
true physiologic process, but only to provide a framework with 
which to simplify the characterization of the complex EEG 
signal observed. This model hypothesizes a truly random 
(infinite bandwidth) internal EEG generator, the output of 
which is modified by various filtering processes between the 
point of origin and the point of measurement. The properties 
of the filters, in turn, are affected by the state of the 
brain. The spectral edge frequency then, may be defined in 
terms of this model as the high frequency cutoff of these 
intrinsic filters. In other words, the spectral edge frequency 
is the highest frequency present in a significant quantity in 
the spontaneous EEG on an epoch by epoch basis. 

frequ;~~~e:~!Yaf~PO~;:~ !:P!:::~~:~t~~so~fp~:rs:e~~~~!.fg?f7,18,19 
The examination may be accomplished by manual inspection, in 
which case the spectral edge frequency is defined as the 
highest t~equency visually apparent in a spectral array type 
display. Alternatively. automated evaluation of spectral edge 
frequency has been reported, using a variety of flgorithms 
ranging from the 97th percentile power frequency the frequency 
obtaining the best match against a predefined spectral pattern 
template. A commercially available version of the SEF has 
been implemented in the Neurotrac EEG Spectral Analyzer using a 
combination of the 97th percentile and then a pattern match to 
reduce susceptibility to extraneous noise. The Neurotrac plots 
the SEF superimposed on the corresponding CSA display. While 
this may appear somewhat redundant, in practice, some changes in 
the spectral pattern are accentuated and easily visible at a 
glance from across the room, while preserving the underlying 
data. 

The spectral edge frequency has been examined both as an 
indicator of the depth of anesthesia and as an indicator of 
cerebral ischemia. The results to date are described below. 

The initial studies of the relationship between depth of 
anesthesia and spectral edge frequency eXfWined the effects of 
halothane or enflurane in a canine model. A change in the end
tidal concentration of anesthetic agentin either of these agents 
alone in 0 produced a rapid, repeatable change in SEF. An 
increase i~ end-tidal anesthetic concentration produced slowing 
and hence a decrease in SEF. There was variability between dogs 
in the sensitivity of the spectral edge frequency to concentra
tion, although the measure was repeatable in individual dogs. 
In the clinical range of anesthetic depth, typical sensitivities 
were 8 Hz/MAC for halothane and 20 Hz/MAC for enflurane. The 
magnitude of these changes is considerably more than the changes 
seen with HPF. The addition of N20 did not interfere with the 
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variations in mean arterial press ure produced by AlRQA-
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adrenergic agonists. 20 
Recently, Stanski and coworkers have correlated the 

spectral edge frequency with serum concentrations of thiopental 
in normal human volunteers. The definition of SEF used in this 
study was the 95 percentile power frequency. A nonlinear 
regression was used to fit the SEF versus concentration data to 
a sigmoid curve. They observed an average baseline SEF of 24.5 ± 
4Hz and an average SEF of 12.7 ±5.4 Hz at the time of maximum 
thiopental effect. The average serum concentration (IC50) of 
thiopental which produced a shift in SEF from baseline to midway 
between the baseline and the SEF at maximal effect was 15.9 
±5.l. The IC50 measurement was used to assess individual 
sensitivity to thiopental and was repeatable in individuals wii§ 
an inter-subject variability of 30%. This group has suggested 
that, on the basis of a lack of significant change in the IC50 
with repeated doses, acute tolerance does not occur over the 
duration of their monitoring interval of one hour. Changes in 
spectral edge frequency apparently related to ischemia have been 
used to predict the occurrence of new neurologir7deficits 
following surgery. In arecent study by Rampil of patients 
undergoing carotid endarterectomy, an ischemic EEG event was 
defined as a sudden (less than 30 seconds) drop in SEF, 
unrelated to anesthetic manipulations, to below 50% of the 
average SEF during the preceding minute. The patient population 
was divided, based on preoperative neurological status, into two 
groups: neurologically intact (78 patients) vs. preoperative 
cerebral infarction (33 patients). The study revealed that in 
neurologically intact patients, only those with an ischemic EEG 
event persisting 10 min or longer had a new neurological 
deficit postoperatively. The spectral edge frequency did not 
appear reliably predictive of new neurological deficits in the 
33 patients with prior cerebral infarction. It should be 
emphasized that these neurological changes were quite gross, and 
that more subtle changes - psychological or neurological - may 
be associated with shorter ischemic events. 

Numbers from aperiodic analysis. Of all the pattern 
displays, the aperiodic (Neurometrics) display retains the most 
information. It was also designed to nread n the frequency and 
amplitude conte nt of the EEG in a manner analogous to the way an 
electroencephalographer does it. In aperiodic analysis, the 
amplitude and period of each wave encountered in the EEG are 
used to generate a continuously scrolling color display of 
vertical lines plotted against frequency and time. In addition 
to being displayed on a screen, the information is stored on a 
floppy disk and is available for retrieval and manipulation. 
Michael Quinn, of our group, has developed a program which 
allows us to select an epoch of any duration and print out 153 
numbers which characterize that epoch (Fig. 2). For each of 30 
I-Hz bins (0.5-1.5, 1.5-2.5, etc.) the following numbers are 
printed out: number of waves, total power (TP) of these waves in 
mcV squared, the mean power of each wave, the per cent power in 
each bin, and the cumulative per cent power (CP) in each bin. 
Also printed out are the total number of waves and the total 
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power for all 30 bins, as weIl as the mean power for all binse 
There is an enormous amount of information available for 

quantitative analysis from this methode This superabundance 
can be both an advantage and a disadvantage. On the one hand, 
it may allow us to characterize the effects of anesthetics in a 
more detailed manner than has been previously possible. It has 
become clear that each agent has its own detailed pattern, or 
signature. This pattern may change with changing depth. It is 
also possible that each combination of agents has its own 
pattern, and that this pattern changes as the relative portion 
and absolute amount of each agent changesl If this is true, 
the more detailed the method, the greater the likelihood of 
classifying these relationships. On the other hand, plowing 
through say 50 sheets with up to 153 numbers each and trying to 
detect relationships, or selecting the right number or 
combination of numbers optimal for that set of situations can 
be an formidable task. Remember that the number of 
combinations and permutations of these 153 numbers is enormous. 

Nevertheless, we have applied this technique in a 
preliminary examination of several anesthetic agents. Using 
the ever reliable halothane, we note that two distinct bands 
appear during halothane anesthesia, and that the higher 
frequency band decreases in frequency (shifts down) and narrows 
with increasing concentration. Thus the numbers reflecting 
cumulative per cent power, the bins with the greatest total per 
cent power, and/or the frequencies below which 90% (F90) or 50% 
power resides, may be the best to examine with halothane. 

A much more difficult problem for the EEG has been 
assessment of depth of anesthesia with narcotic agents, such as 
morphine, fentanyl, sufentanil, or alfentanil. The Neurometrics 
seems to offer hope for the analysis of these difficult agents. 
Many of the individual variables which we selected from the 
Neurometrics matrix showed marked changes with induction of and 
emergence from the narcotics. In addition, these variables 
seemed to give different information at different depths of 
anesthesia. For example, at one extreme, CP3 is apparently 
very sensitive to small concentrations or light levels of 
anesthesia, as indicated by the fact that nearly maximum 
changes were seen very early in the anesthetic, before 
insertion of the oral airway. We speculated that CP3, TP4, and 
F90 should be useful for low-to moderate-dose fentanyl or 
sufentanil, while TPI should be more useful for moderate-to 
high-dose fentanyl or sufentanil anesthesia. In general, the 
same considerations apply to alfentanil, that is, the emphasis 
is on the low-frequency information. 

We have also examined thiopental and have observed that 
the higher frequency bins can also give useful information. 
These include the sum of the average power of bins 14-16 and 
17-19, as weIl as the sum of the total poweS if bins 17-19. 

Comparisons of numbers. Grundy et al,' have 
compared several EEG numbers under clinical conditions. As 
mentioned above, to detect cerebral ischemia they have used 
paired CFM's, one for each hemisphere. From each of these 
devices, they derive maximum, minimum, and average amplitudes, 
in microvolts, and zero-crossing frequency, in Hz. Although 



221 

the digital readouts from the paired CFM's (new version) were 
the easiest to read clinically, they did miss three changes 
detected by an independent, standard spectral analysis (MED 80) 
in the small series of 34 patients undergoing carotid 
endarterectomy surgery under general or regional anesthesia. 
They also examined the relative power and frequency in 4 
frequency bands, as determined by a MED 80, a special-purpose 
computer which performs a fast-Fourier transform and displays 
the CSA, as weIl as a small set of numbers from the 
aforementioned power bands. In this group of 34 patients the 
printout from the MED 80 had the greatest success in detecting 
episodes of cerebral ischemia. These investigators have also 
computed the ratio of alpha power on the operated side to alpha 
power on the unoperated side, and detected asymmetry during 
episodes of cerebral ischemia. 

Asymmetry ratios. AS~rmetry ratios have also been used by 
van Huffeien and coworkers to assess patients who have 
clinical signs of cerebral ischemia but whose standard EEGs are 
read as normal. They examined the difference between hemispheres 
(left to right) of the alpha band PPF (normal inter-hemispheric 
difference is quoted as less than 0.4 Hz), and the difference in 
power between the two sides in the delta2 sub band (2-3.4 Hz). 
Analysis by their criteria revealed abnormality in 14/20 
symptomatic patients wiif nnormal n EEG, and 1/20 abnormalities 
in a group of controls. 

The electromyogram. A final, interesting number which can 
be derived from scalp electrodes is the spontaneous muscle 
activity or EMG. The EMG is usually considered an artifact by 
electroencephalographers but in fact, the EMG can be quantified 
to provide information on resting muscle tone which relates 
both to the depth of anesthesia and to the degree of 
neuro~~scular blockade. This9relationship was studied first by 
Fink, and later by Harmel. Generally speaking, the EMG may 
be distinguished from the EEG by the observation that the EMG 
tends to have a wider bandwidth, containing energy of 
substantially higher frequency than the EEG. Hence the approach 
of Harmel. Klein and Davis was to take the amplified signal from 
the scalp and pass it through a bandpass filter with frequency 
limits of 95-105 Hz. The filtered signal contains mostly EMG 
activity which is then rectified and averaged. This group 
reported typical EMG values of 4.0 mcV in awake patients and 0.7 
mcV in patients with good surgical relaxation. Another approach 
being investigated (Rampil IJ: Unpublished data, 1983) is to 
connect an otherwise unused channel of an EEG spectral analyzer 
to electrodes placed on the right neck and shoulder. The 
electrodes in this configuration pick up mostly EMG from the 
underlying muscle groups, some ECG, and an infinitesimal amount 
of EEG. Processing this signal as though it were an EEG produces 
a corresponding spectral array, optimally including frequencies 
to 30 Hz and higher. The EMG analyzed in this manner may be 
quantified by measuring the total power in the alpha + beta 
frequency ranges. 
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CONCLUSIONS 
A great many schemes have been proposed to quantify and 

thereby simplify the analysis of the intraoperative EEG. Thus 
far the clinical experience with any of the techniques 
described above is very limited. The display of information 
derived from EEG analysis is a continuum from raw EEG tracings, 
to aperiodic or spectral array displays, to single numbers 
which vary with time. It is difficult at this time to assess 
where along the continuum the optimal point for EEG 
interpretation lays. Currently we seek the best tradeoff 
between legibility and loss of relevant data. Certainly, the 
type of display must match the sophistication of the operator, 
and must suit the clinical situation at hand. Perhaps 
combinations of trend patterns and trended numeric parameters 
displayed together as in the CSA with a highlighted SEF may 
prove optimal. 

Clearly, we are just beginning to scratch the surface of 
what should be a fertile field. For example, we know how to 
tell computers to watch numbers as they flash by, but not so 
weIl how to scan patterns. Extracted numbers therefore will be 
used in the first generation of alarms based on EEG. Whether 
this represents a compromise remains to be determined. 

Artifact. The clinical usefulness of any of the of the EEG 
numbers described above will remain extremely limited until 
reliable automatie detection of artifacts can be implemented. 
Two classes of artifact plague EEG monitoring in the operating 
room and intensive care unit. The first class includes those 
stereotypie, patently obvious sources of extrinsic interference 
which a computerized monitoring system should be able to manage 
relatively easily: Faulty electrode contacts, excessive power 
line pickup, electrosurgical pickup, electrode motion, or 
improper settings of the amplifiers. The second class contains 
the intrinsic, biologie sources of error and includes 
superimposed ECG, EMG, and electro oculograms. In addition, if 
spectral analysis of underlying rhythms is of primary concern, 
then spike waves may be considered an artifactual addition to 
the background EEG. (Aperiodic analysis, by its very nature, 
includes spikes in its recognition algorithm.' These artifacts 
are more difficult for a computer to recognize and probably 
will require heuristic algorithms in the time domain, as weIl 
as filtering in the frequency domain to detect and minimize 
their presence in the analysis. . 

The recognition of artifact is important, since artifact 
will be with us for a long time, given the low level of the EEG 
signal, and those who monitor will have to appreciate the fact 
of its existence, as neurologists do today. Any EEG analyzer 
intended for general clinical use should not only indicate when 
artifacts are present, but should also assist the operator in 
diagnosing and correcting the sources of artifact. Since the 
aperiodic display retains so much information, one can detect 
and classify most artifacts on it and know when to disbelieve 
the display, as weIl as how to procede with the elimination of 
the artifact, eg, 60 Hz. 

In summary, computer-derived numbers have helped quantify 
the EEG, and, on occasion, have helped monitor the depth of 



anesthesia or the presence of cerebral ischemia. However, 
pattern displays will not be replaced by numbers for a long 
time - until the computer can replace the eye as a competent 
pattern recognizer. Perhaps the combined use of patterns will 
enhance the information presented to the physician • 

...EBE UENCY YS AMPLITUDE 
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FIGURE l. 

The response of the DSA and MPF to sine wave variations in inspired 
concentrations of halothane. Note that as frequency increases 

--

(the period decreases), the peak-to-peak variation in MPF also decreases . 
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-----------------------------------------------------------------------------
PATIENTa AGEI 21 

PROCEDURE: AST/DEN/PLA-SUDJ.7 
DATE: Tuesday 1 /25/1983 

RECORDIliG STARTED AT: 11:28 FILE LENGTH c 36 MINUTES AND 3 SECONDS 

POWER SUMMED FROM 21:00 TC 24:30 FOR A TOTAL OF 210 SECONDS. 

FREQUENCY 
BIN 

1 
2 
3 
4 
5 , 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
·22 
23 
24 
25 
26 
27 
28 
29 
30 

TOTAL 

POWER UNITS c MICROVOLTS SQUARED GAIH c 2 

WAVES 
IN BIN 

7* 
49 
95 

101 
91 
31 
11 
42 

117 
150 

B4 
28 
16 
44 
45 
34 
24 
28 
11 

9 
8 
8 
9 , , 
1 
2 
4 
1 

14 

1076* 

SUM OF POWERS 
OF THOSE 

WAVES' 

79102#-
238548 
439480 
442184 
354064 
102308 

34984 
192212 
611952 
809840 
417424 
128968 

70550 
76100 
84762 
45561 
39631 
35315 
11038 
10740 

5081 
8864 
7591 
5753 
3747 

324 
1586 
1538 

324 
5356 

4264960· 

AVERAGE 
POWER OF 

THOSE 
WAVES 

113001 
4868 
4626 
4378 
3890 
3300 
3180 
4576 
5230 
5398 
4969 
4606 
4409 
1729 
1883 
1340 
1651 
1261 
1003 
1193 

635 
1108 

843 
958 
624 
324 
793 
384 
324 
382 

3963 X 

PER CENT 
POWER 

OF THOSE 
WAVES 

1.8511 
5.59 

10.30 
10.36 

8.30 
2.39 

.81 
4.50 

14.34 
18.98 

9.78 
3.02 
1.65 
1.78 
1.98 
1.06 

.92 

.82 

.25 

.06 

.11 

.02 

.17 

.13 

.08 

.03 

.03 

.12 

o HOISY SECONDS ( o , OF INTERVAL ) 

o SECONDS WITHOUT ANY WAVES 

• Number of Waves 
, Total Power (TP) 
.1 Hean Power 
1.1 S Power 

o .' 01" INTERVAL ) 

+ Cumuhtive % Power (CP) 
++ Total Number of Waves 

Ä Total Power of 30 Bins 
x Hean Power of 30 8i ns 

CUMULATIVE 
PER CENT 

POWER 

1.85+ 
7.44 

17.75 
28.12 
36.42 
38.82 
39.64 
44.14 
58.49 
77.48 
87.27 
90.29 
91.95 
93.73 
95.72 
96.79 
97.71 
98.54 
98.80 
99.06 
99.18 
99.38 
99.56 
99.70 
99.78 
99.79 
99.83 
99.86 
99.87 

100 

FIGURE 2. A printout of the Neurometrics matrix in a healthy, male patient. 
Note the alpha predominance at 9 and 10 Hz. Examples of the 
variables discussed in the text are marked and keyed. (above) 
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EEG monitoring means that the spontaneous electroencephalogram is 

used as a parameter to evaluate brain function during critical 

conditions of the patient in order to prevent irreversible damage 

of the brain. The method has been used already for a long period 

(Gibbs et a1., 1937; Bickford, 1950; Meyer and Gastaut, 1961; 

Shapiro, 1978; Prior, 1979; Pronk and Simons, 1982; Simons and 

Pronk, 1982). There are a number of circumstances in which this 

type of monitoring may be very succesful. A good review may be 

found in Prior (1979). Concerning anesthesia one may distinguish 

between EEG monitoring of the anesthesia itself (Bimar et al., 

1977; Eger, 1978) in which one tries to determine the depth of 

anesthesia and especially the moment at which the patient looses 

consciousness and EEG monitoring during anesthesia under condi

tions which may lead to serious risks to the brain. To determine 

the depth of anesthesia a number of sophisticated methods based 

on the spontaneous on-going EEG have been developed (McEwen et al., 

1975; McEwen, 1976; Berezowski et a1., 1976). In a routine setting 

these methods have not been succesful up to now (Saunders, 1981) 

(Fig. 1). A combination with other EEG techniques such as evoked 

responses may be promising in future (Grundy et al., 1982). By 

means of the EEG one may easily follow global alterations of brain 

function during anesthesia (Faulconer et al., 1960; Sadove et al., 

1967; Uhl, 1977; Prior, 1979). This may be of help to stabilize 

the anesthesia. It still needs intermediate action of the anesthe

siologist. Servo-anesthesia with the help of the EEG has been 

investigated (Bickford, 1950; Verzeano, 1951; Belville et al., 

1954), but routine methods have not been realised up to now. 
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The second reason for EEG monitoring during anesthesia has obtained 

clinical significance. As the brain is very sensitive to altera

tions in metabolism, it is possibly the organ most sensitive to 

hypoxia. A circulatory arrest of more than three minutes may lead 

to irreversible damage of the neurons (c.f. Tulleken, 1978). Of 

importance is that the brain generates continuously electrical 

signals which are in direct relation to that metabolism (Ingvar, 

1976). Thus the measuring of the EEG is a potent method to control 

the level of metabolism of the brain during cardio-vascular 

surgery and to determine whether the condition becomes marginal. A 

number of patient parameters such as bloodpressure are of impor-
1 

tance to stabilize brain function (Juneja et al., 1972 ) so are 

temperature, P0 2 and to a lesser extent PC0 2 and electrolytes 

(Juneja et al., 1972 2 ). Deterioration of one of these parameters 

does not necessarily have clinical importance as brain function 

concerns, unless the EEG is also deteriorating: the EEG reflects 

whether or not the combined effect of all those factors is still 

sufficient to a good brain function and whether one may tolerate 

the worsening of a certain parameter for some time. 

TRE EEG. 

The EEG is the result of the combined effect of synchronised, 

mostly rhythmic potentials of very many apical dendrites of cor

tical neurons (Brazier, 1977; Niedermeyer and Lopes da Silva, 1982). 

The frequency of the variation of the potentials is between 0.5 and 

25 c/sec. The amplitude of the potentials on the scalp is between 

10 and 200 ~V. The synchronisation is likely to be a result of the 

entrainment (Dewan, 1969), by which oscillating systems of nearly 

the same frequency having a mutual relation gradually show the 

development of a common rhythm. The amplitude at the scalp is a 

function of the amount of synchronisation. 

The most important task of the brain is information processing 

during which synchronised activity of the neurons diminishes. This 

means that during active functioning of the brain measurable 

rhythmic potentials nearly disappear. With lowering of information 

processing the synchronisation returns. One may see this for 

example in the occurence of occipital alpha rhythm, in closing of 



the eyes and disappearing of this rhythm with open eyes. 

Diminished information processing occurs: 

- in a resting state with eyes closed. 

- during certain phases of sleep. 

and also during a number of non-physiological conditions as: 

- diminishing of consciousness. 

- under the influence of sedatives. 

- under the influence of anesthesia. 

- during hypoxia. 
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Not only is the amplitude of the signals augmented, but also one 

sees a lowering of the frequency: the mean frequency of the 

potentials is proportional to the cortical metabolism (Ingvar, 

1976). This may be due to diminished circulation or a lowered 

oxygen availability. Also lowering of the temperature of the brain 

leads to a strong diminishing of metabolism and thus to a slowing 

of the EEG (Boba, 1960; Parks, 1961; Stokhof, 1976; Pronk, 1982; 

Simons and Pronk, 1982). It is also a weIl established fact that 

deepening of anesthesia leads to a slowing of the EEG (Fig. 2). 

The alterations of the EEG follow within seconds those which occur 

as a result of alterations of cerebral metabolism and this makes 

the EEG very useful as parameter in judging brain function. The 

EEG however gives no .direct information concerning the function of 

deep brain systems (brain stem, thalamus), but only indirect infor-· 

mation because of the very strong influence of these systems on 

cortical functions (Niedermeyer and Lopes da Silva, 1982)_ These 

systems maintain a regulating influence on cortical functions 

during unconsciousness and anesthesia, which is probably the reason 

that during these situations a close symmetry between both 

hemispheres is observed. Asymmetry proved to be an important 

parameter in the judgement of a possible alteration in one of the 

hemispheres. Amplitude is of relative importance. In general a 

lowering of the amRlitude in a situation where mostly very low 

frequences occur, is an indication of an important deterioration 

of cortical neurons (Simons and Pronk, 1982). Regional differences 

of the potential fields are very pronounced during waking and 

sleeping conditions and diminish during disturbances of conscious-
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ness, hypoxia, anesthesia and coo1ing (Simons and Pronk, 1982) 

(Fig. 2). This means that re1ative1y simple e1ectrodemontages may 

be used in monitoring brain function during this situation. 

EEG MONITORING. 

Because EEG monitoring is essential non-invasive it does not mean 

any extra burden to the patient. There are however a number of 

handicaps to the use of EEG monitoring, i.e. the rather comp1ex 

instrumentation, the interference-sensitive EEG registration and 

the expert know1edge which is needed to interpret the EEG infor

mation. All those difficu1ties are prohibitive in the routine use 

of EEG monitoring during sma11 surgery 

With major interventions it is different. They may be threatening 

to the patients brain. In cardiovascu1ar and carotid surgery there 

are a number of important reasons to monitor the EEG during anes

thesia. The possibi1ity of a worsening of brain function due to a 

diminished cerebra1 b100d and oxygen supp1y is great. Irreversible 

cerebra1 alterations resu1ting in neuro1ogica1 and psychopatho1o

gica1 postoperative disturbances still occur (Speide1 et a1., 

1980; Sotaniemi, 1982, 1983). The usua1 anesthetic parameters 

(b1oodpressure, P0 2 , PC0 2 , pH, etc.) do not give indications as to 

the adequacy of the blood supply to the brain. Moreover. most of 

the functions which are measured and which may be of importance to 

a good brain function are artificia1: 

1. Heartaction has stopped. 

2. Circu1ation, oxygenation and b100dpressure are determined by 

extracorporea1 circu1ation. 

3. The temperature is externa11y regu1ated. 

4. Biochemica1 factors are artificia1. 

5. There is no good autonomous regulation. 

The on1y source of real and continuous information on brain 

function is the EEG (Simons and Pronk, 1982; Pronk, 1982). This 

observation a1ready 1ed to EEG monitoring during the very ear1y 

period of cardiac surgery (Arfe1 et a1., 1961). 

The most usefu1 aspects of EEG monitoring during surgery with 

respect to the prevention of brain damage are: 
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1. The detection of EEG abnormalities at the time of their 

occurrence. 

2. The prediction of postoperative neurologic outcome. 

The immediate recognition of unexpected and unacceptable changes 

makes possible the prevention or limitation of postoperative mor

bidity, that is, neurologic or psychopathological complications, by 

applying early intraoperative therapeutic measures. When abnormal 

EEG activity occurs during surgery and persists to the end of the 

operation, there is a risk that postoperative cerebral complica

tions may occur (Pronk, 1982). 

In the last decades, several investigators have reported on 

EEG monitoring during open heart surgery (Arfel et al., 1961; 

Storm van Leeuwen et al., 1961; Fischer-Williams and Cooper, 1964; 

Prior et al., 1971; Wright et al., 1972; Simons, 1973; Weiss et al., 

1975; Prior, 1979; Salerno et al., 1978). 

Nearly all of these authors report on the electroencephalographic 

changes during the extracorporeal circulation. 

Since the task of EEG monitoring during anesthesia and surgery 

requires visual interpretation when carried out in the·conventional 

way of EEG strip chart recording of very long duration, computer

assisted EEG monitoring methods were developed. The main characte

ristic 'of these method~ is the data reduction of the EEG to 

features which permit a faster and easier detection of abnormal i

ties and trends in the brain activity. 

Bickford et al. (1971) developed a spectral analysis system which 

transforms the on-going EEG into aseries of autospectra called a 

"Compressed Spectral Array" (CSA). This method was adapted and 

implemented into a microprocessor system by Smith and Fleming 

(1974) to produce so-called "Density Spec~ral Array" (DSA). Uhl and 

Meathe (1976) also used Bickford's method for the development of a 

system for EEG monitoring during anesthesia. Similarly, Butler 

(1975) developed a spectral analysis system. 

The Berg Fourier Ana~yzer was one of the first commercially 

available EEG spectral analysis systems to be used for monitoring 

purposes. Experiences with the system were published by Bricolo et 

al. (1978) and Weber et al. (1979). Computerized EEG processing 

based on period/amplitude analysis was developed by Tonnies (1959), 
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Klein and Davis (1975, 1981), Pronk et al. (1975), Cohen et al. 

(1976) and Demetreseu (1976). 

Some teehniques proeess the EEG into simple measures of an 

averaged frequeney and/or amplitude. Hjorth (1970) introdueed the 

normalized slope deseriptors. Prior and Maynard (1971) developed 

an EEG filtering deviee, the Cerebral Funetion Monitor (CFM). 

Levy et al. (1980) eompared several EEG monitoring methods 

(speetral analysis (CSA and DSA), Cerebral Funetion Monitor, 

period/amplitude analysis) and found the speetral analysis with 

DSA presentation to be the most promising for monitoring during 

anesthesia. 

All methods of EEG monitoring during anesthesia up to now present 

the EEG parameter without referenee to the parameters of anes

thesia, bloodpressure, temperature, perfusion ete. 

However, they influenee brain metabolism and the EEG pattern in 

sueh a way that it resembles the alteration whieh oeeurs as a 

result of hypoxia. To be able to determine the eondition of the 

brain the other parameters have to be taken into aeeount with the 

EEG interpretation (Simons and Pronk, 1982). EEG analysis also 

proves to be very diffieult to relate EEG alterations to the other 

parameters. A great experienee in EEG is neeessary. The laek of 

this experienee in most eentres of eardiovaseular surgery may be 

an important reason why up to know EEG monitoring has seareely 

been applied. 

THE CHOICE OF AN EEG ANALYSIS TECHNIQUE. 

Automatie monitoring of brain funetion by means of the EEG during 

anesthesia is mueh more than automatie EEG analysis alone. On EEG 

analysis and quantifieation mueh researeh has been done already 

(e.f. Pronk, 1982). This author did a eomperative study to the 

value of different EEG analysis methods. The results indieated 

that the period-/amplitude analysis gave almost equivalent 

results as the method of Hjorth (1970) and as speetral analysis. 

The way in whieh an expert judges the EEG is eomparable in a eer

tain way with the method of period-/amplitude analysis. In the 

development of an automatie EEG monitoring system we therefore 
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choose for the period-/amplitude analysis. 

THE CHOICE OF EEG CRITERIA. 

In practice it proves that only a very restricted number of all 

the alterations of the EEG which may occur during cardiovascular 

surgery is important to determine a deterioration of brain function 

(Si~ons and Pronk, 1982, 1983). These alterations are: 

I. Diminishing of the number of fast waves. 

2. An increasing number of slow waves. 

3. A lowering of the amplitude during a slow EEG period and even

tually the occurrance of a silent EEG. 

4. A constant asymmetry. 

There are a number of special EEG features which occur during these 

situations such as suppression burst activity during very deep 

cooling (Storm van Leeuwen et al., 1961; Simons and Pronk, 1982), 

which are not pathological. They only indicate a strongly reduced 

brain function (Fig. 3). 

The relatively small number of important EEG criteria gave the 

possibility to automate the decisions which have to be made on 

the interpretation of the brain function. 

AN AUTOMATED EEG/ANESTHESIA MONITORING SYSTEM. 

Because the number of waves in the EEG per unit of time has a 

strong relation with brain function (information processing and 

metabolism) the period-/amplitude analysis gives a good indication 

about this function. However, this number (N) changes continuously 

because the EEG during anesthesia or comparable situations shows 

no regular rhythm, but only very irregular waves with frequencies 

between 0.5 and 25 c/sec. (Fig. 2). 

From our research it proved that in general an integrating period 

of 15 seconds is long enough to average strong fluctuations of N 

(Pronk, 1982; Simons and Pronk, 1982). 

Clinical neurophysiological experience shows moreover that EEG 

alterations under these circumstances only have importance if 

they occur during aperiod of at least 10 to 15 seconds. 
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The determination of the number of waves from right and 1eft 

hemisphere gives the possibi1ity to compute in a rather simple way. 

the amount of asymmetry of both hemispheres. The va1ue of one inte

gration per iod of 15 seconds is slight1y weighted in relation to 

some preceding periods of 15 seconds (Pronk, 1982). 

Because we found achanging asymmetry of about 5% (SD 1.8) during 

non-patho1ogica1 conditions the decision of a possib1e patho1o

gica1 state is on1y taken if a constant asymmetry to one side of 

7% and more at least two minutes occurs. Of course an amplitude 

asymmetry has also to be taken into account. As a1ready mentioned 

hypoxia is a very threatening situation and leads to a slowing of 

the EEG. The measurement of the amount of slowing and the 

signa1ing of the point where on empirica1 grounds one may expect 

that a marginal situation is reached, is a very important require

ment of an automatie EEG monitoring system. 

THE MARGINS OF SAFETY. 

The margins which we determined in case of slowing, low amplitude 

and asymmetry are the fo11owing: 

1. A mean of 30 waves or 1ess per 15 seconds. 

2. A mean amplitude of 15 ~V or 1ess (up to a si1ent EEG), also 

over aperiod of 15 seconds. However, on1y if at the same time 

the conditions sub 1 have been fu1fi11ed. 

3. A constant asymmetry of more than 10% during at least two 

minutes (Simons and Pronk, 1982, 1983; Pronk and Simons, 1982; 

Pronk, 1982). 

If the above mentioned critica1 va1ues are surpassed, a number of 

important parameters of the patient and of the anesthesia have to 

be checked to be sure that areal risk to the brain may exist. If 

the EEG is slow with or without low amplitude these are: 

1. The amount and kind of anesthesia and the moment it has been 

app1ied. Anesthesia diminishes cerebra1 information processing 

and thus metabolism. As a resu1t there occurs an important 

slowing of the EEG, which is re1ated to the kind and dosis of 

the anesthetic. A slowing of the EEG during anesthesia is not 

abnormal, but to take adecision on this feature the above 
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mentioned data have to be accounted for. 

2. The perfusion and body temperature. Cooling diminishes and 

slows down the biochemical processes. The oxygen need is very 

much lowered and therefore cooling is used to protect the brain 

against the effect of an insufficient circulation. During 

cooling the EEG slows in accordance with the perfusion tempera

ture. However, because of the protecting properties of cooling 

there is only a very small chance for the brain to suffer and 

the slowing has then no pathological significance. During 

rewarming the brain needs at once much more oxygen, especially 

if the rewarming is very fast (Simons and Pronk, 1982, 1983). 

Because this need cannot always be fulfilled, a hypoxia 

develops, still worse as a result of low bloodpressure and the 

possible appearance of micro-bubbles in the blood caused by 

temperature rise (Bethune, 1980; Longmore, 1980). This 

situation leads in our experience to a very slow EEG 

2 c/sec.) during fast rewarming at a level of approximately 

34 0 C. It is assumed that this may have harmful effects on 

brain function. 

3. Cerebral autoregulation may be lacking if bloodpressure drops 

beneath 50 mm Hg (Juneja, 1972 2 ; Bethune, 1980; Longmore, 1980). 

It is possible that this occurs even at a higher bloodpressure 

during anesthesia and it is practically certain that this is 

the case in patients with hypertension (Gelmers, 1982). During 

a rather deep anesthesia with a slow EEG and with aperfusion 
o 

temperature not below 27 C a low bloodpressure may have 

consequences for the brain function because circulation may be 

lacking. Because the EEG is al ready slow this may not be at 

once clear. Under these circumstances bloodpressure has also 

to be taken into account in the judgement of a possible risk 

to the brain. 

PROBLEM SOLUTION. 

It is possible to monitor brain function by means of a simple 

stripchart recording of the EEG together with a periodic collec

tion of information on anesthesia. It may be clear that with an 

increasing number of complex (cardiovascular) operations an 
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insuffieient number of EEG experts will be available to supervise 

this type of simple monitoring. The very low margins of safety, 

the need for fast deeisions, the huge amount of information in the 

EEG and other patient parameters and the neeessity of eontinuous 

observation eall for a fully automatie monitoring and warning 

system. The automatie EEG monitoring system whieh we developed 

(Pronk, 1982; Simons and Pronk, 1982, 1983) fulfills or provides 

the following eonditions: 

1. Automatie aequisition and reeording of the EEG of both 

hemispheres and the bloodpressure and temperature of the 

patient. 

2. Suppression of EEG signal interferenee. 

3. EEG datareduetion and extraetion of elinieally relevant 

features. 

4. Interaetive use for manual input of anesthetie information 

and for review of patient data. 

5. Automatie warning and alarm at the oeeurrenee of abnormal EEG 

aetivity. 

6. Synoptie presentation of trends in the patient data in 

graphieal form. 

7. Numerieal display of instantaneously measured patient data. 

8. Doeumentation of patient data and anesthetie information. 

An outstanding feature of the monitoring system is the 

possibility of automatie generation of warnings and/or alarms 

if the EEG aetivity falls below the aeeeptable limits for the 

patient. Sinee the system is intended for usage in the operating 

theatre, it was neeessary to develop a small eomputerized system 

with interaetive faeilities (Fig. 4, 5). This development was 

based on experienee with a pilot study for EEG monitoring (Pronk 

et al., 1975). The development of the system was aehieved in a 

joint projeet of the department of Clinieal Neurophysiology of 

the St. Antonius Hospital and the Institute of Medieal Physies 

of TNO in Utreeht. During 1976 to 1978 the development was 

supported by a grant of the Duteh Heart Foundation. 

A block diagram of the EEG monitoring system is presented in 
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fig. 6. The monitored patient signals are four EEG derivations, 

the arterial bloodpressure (systolic and diastolic values), the 

nasopharyngeal temperature and, during cardiopulmonary bypass, the 

pump generated pressure and the temperature of the perfusion blood 

of the heart-Iung machine. The signals are amplified and low pass 

filtered before automatie processing. 

A detailed description of the whole system may be found in Pronk 

(1982) and Simons and Pronk (1982). 

Warning and alerting signals which are generated in plain language 

on the display screen, tell the anesthesiologist about the kind and 

severity of the EEG disturbance in the same way as an expert would 

do. Because asymmetry is a very important parameter, priority 

warnings are given if the amount - for aperiod of two minutes -

is > 10-15% (SLIGHT ASYMM.) or > 15% (SEVERE ASYMM.). 

The decision about a diffusely deteriorating brain is more complex. 

Diminishing of the number of positive and negative going 0-cros

sings to less than 120 in 15 seconds is a significant criterium, 

based on experience. After detecting this or lower values the 

computer program looks for: 

- Temperature of the perfusion and body; the rising and falling of 

these and the difference between these two temperatures. 

- Anesthesia: kind and decay-time. 

quantity. 

moment of administration and point of time there

after. 

duration of continuous administration. 

- Special neurotropic agents: i.e. Lidocaine. 

Only if these factors cannot explain the excessive slowing of the 

EEG, the warning SLOW EE~ appears. If at the same moment the 

bloodpressure is below 50 mm Hg and the perfusion temperature 

> 27 0 C an extra warning occurs: LOW PRESS. 

At a very low amplitude « 15 ~V) with a slow EEG and normal 

temperature indicating a deteriorating brain, LOW EEG is 

signaled. 
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The warning SILENT EEG occurs when the mean amplitude of a 

15-second per iod stays below 8 ~V. 

The information on anesthesia introduced by the anesthesiologist 

via a special keyboard is important to the function of the system 

(Fig. 4). Without this information every above mentioned change 

of the EEG generates a warning signal. 

Of course quite a lot of measures have been taken to prevent the 

system reacting on every EEG instability or abrupt fluctuation in 

the trend. Electrocautery is signaled so it is possible to 

evaluate these artefacts from real EEG changes. 

On a video display the anesthesiologist may observe the informa

tion on the results of the EEG analysis, the bloodpressure, the 

temperature, special events and anesthesia in numerical and 

graphical form including also the trend (Fig. 7, 8). 

After a warning signal the anesthesiologist may block the 

releasing of more penetrating alarms by pressing a so-called 

att~ntion key. The specific warning stays displayed on the screen 

as long as the abnormality exists. 

All the preceding information may be recalled on the display 

(Fig. 9) and at the end of the surgical procedure within minutes, 

there is a complete hard-copy available to be put into the patients 

documents. Also the information is permanently stored on mass 

memory (Fig. 7). 

EXPERIENCE AND RESULTS. 

It proved that the aim to computerize the detection and decision 

procedure used by the clinical neurophysiologist for all practical 

purpose~ has been realised. Apart from the information on the 

existence and the kind of a marginal situation to the brain of the 

patient on which the anesthesiologist may then react with 

appropriate measures, the used method of EEG monitoring also has 

given more precise insight into the trend of the alterations of 

brain function under the influence of different kinds of 

anesthetics and also of temperature and bloodpressure (Fig. 8). 

Concerning the definition of the exact moment at which conscious

ness diminishes to such an extent that surgery may be applied, it 
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is of importance that we found that many patients shortly before 

the induction of anesthesia and with eyes closed showed a very 

pronounced peak in the curves at a frequency of 8-9 c/sec., which 

is about the frequency of the normal waking alpha rhythm. This 

peak directly disappears after the introduction of anesthesia. This 

is probably the moment that consciousness is very much diminished 

(Fig. 10). During surgery there may again appear a peak at the 

frequency of 8-9 c/sec. In such a case it seems appropriate to us 

to add more anesthetics. If the patient really awakes however, 

there is a big chance that because of high activation the above 

mentioned peak again disappears. As a rule we may see then a 

relative or absolute augmentation of the amount of fast activity 

and there will be very few slow activity. 

In our opinion a great amount of slow activity is a sign of poor 

information processing and thus in general an indication of 

sufficient anesthesia. 

Different kinds of anesthetics show a certain specificity in the 

EEG analysis profile (Fig. 8 ). During cooling and rewarming the 

EEG analysis profiles are also very specific and it appears that 

the brain reacts as sensitive to cooling and rewarming as it does 

to anesthetics and hypoxia: Many action of the anesthesiologist 

reflect w~ll in the tren~ of the EEG analysis profiles (Fig. 8 ). 

The use of automatie EEG monitoring during anesthesia is therefore 

of much broader importance than only to prevent possible cerebral 

calamities. By frequent application the anesthesiologist may learn 

to be much more efficient which without doubt will promote quality. 

Moreover, the monitoring and documentation system is very useful in 

a didactic respect. 

The system functions now several years and has been used during 

more than 2000 operations in 4 rooms. A special version with the 

accent on fast and sensitive asymmetry detection was developed to 

monitor patients during. carotid surgery. Parallel to the monitoring 

system a stripchart recording is made with very low paperspeed to 

control the quality of the EEG signal, which is done by an 

EEG technician. The cost is not prohibitive, if one takes into 

account that most of the time no trained EEG specialist has to be 
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present. Research is now underway to evaluate the impact on the 

anesthetical procedure and the outcome of cerebral function after 

surgery. 

CONCLUSIONS. 

The most important advantages are: 

I. Independent of the presence of an expert clinical neurophysio

logist continuous EEG monitoring is possible during any surgery 

in which there may develop a critical situation to the patients 

brain. 

2. The decisions which are taken automatically evolve from objec

tive measurements and follow criteria based on a very large 

experience in EEG monitoring. 

3. Different from visual interpretation the exactness is indepen

dent of the duration of the procedure. Sampling of parameters 

is regular and frequent. With visual monitoring this can never 

be done in an equal way. 

4. The anesthesiologist may be sure that no cerebral calamities 

occur, if no warning signals are generated and therefore he has 

not to pay attention to the brain function continuously. Because 

there is a steady display of the (EEG) parameters and the trends 

he may get a good insight into the result of his actions. 

5. Within minutes one knows which important alterations have 

occurred and thus one is able to react at once to prevent 

permanent cerebral dysfunction, which otherwise is only detected 

long after the end of the procedure. 

6. If postoperative neurological or psychopathological complica

tions exist, there may be determined at which moment something 

happened to the brain during surgery and how severe it was. 

7. A good documentation of the whole procedure is available a few 

minutes after surgery and may be an aid in later decisions. To a 

large degree it may do away with the usual anesthesia documenta

tion. 

8. The information of every 15-second period is permanently stored 

on data-file and is available for research purposes. 
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Fig. 1. This picture shows one of the reasons why determination of the level 
of anesthesia by means of the EEG is so difficult: 3 EEG patterns 
from about the same level of anesthesia but with different 
anesthetics: N20, Fentanyl, Etornidate . 
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Fig. 2. 
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Fig. 2. EEG pictures at a low and a deep level of anesthesia. 
The symmetry is presented, but regional differences 
disappear. 

Fig. 3. Suppression burst activity during deep cooling 
(T < 20 0 C). Still deeper cooling leads to longer 
intervals of the bursts and eventually electrical 
silence. 
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Fig. 4. Display and 
keyboard built into 
anesthesiologists 
front end. 

Fig. 5. Microcomputer 
system in 
technicians room . 
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Fig . 6. Block diagram of 
the monitoring 
configuration. 
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Fig. 7. Representation of zero-crossing histograms from both 
hemispheres of a patient during open heart surgery. 
The histograms were computed every minute; the time 
scale (from 8:24 hours to 13:28 hours) is vertically. 
On the right of the EEG histograms, the arterial 
blood pressure, temperature values and anesthetic 
data (P, F, N, Hand L) were plotted . The text at the 
right side refers to the graphical data at the left. 
Notice that at 11:47 a warning was given about an 
asymmetry in the EEG which occurred a few minutes 
after stopping the artificial perfusion and persisted 
to the end of the operation. 



A. Anesthesia with N20 (N) and 
Fentanyl (F). 

B. Identical anesthesia in 
a child. 

Fig. 8 A - D. Example of a number of displays which may 
appear on the video screen . 

c. Influence of Halothane 
given at about 9.00. 

D. The effect of deep 
cooling/rewarming with a 
short per iod of a silent 
EEG at 10.50. 
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E. Indieation of SILENT EEG as 
a result of very deep 
eooling (13 0 C). V ~ Valium, 
P ~ Pentothal. 

Fig. 8 E - H. 

G. Typieal pieture during 
fast rewarming. 

F. Typieal pieture during 
slow rewarming. 

H. The effeets of low 
blood pressure during 
rewarming. 



1. SEVERE ASYHl1ETRY in a patient 
with right sided cerebro
vascular abnormalities. 

Fig. 8 I - K. 

K. The effect of cumulative 
dosis of Fentanyl (F) . 

J. FENT: 20 appears during 
3 minutes after 
introducing this 
information. 

Fig. 9. The way in which 
the events are 
documented and may 
be recalled during 
the procedure . 
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Fig. 10. The disappearance of the "al fa-peak" after the 
induction of anesthesia, indicating the moment 
consciousness is greatly diminished. 

At the end of the rewarming per iod and without 
anesthesia the "al fa-peak" reappears. This may 
indicate the returning of consciousness. 
After the appropriate reaction (Fentanyl, Valium) 
the peak disappeared again. 
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COMPUTERIZED EMG AND EEG CORRELATES OF CONSCIOUSNESS 

H.L. EDMONDS, JR., Y.K. YOON, S.I. SJOGREN, H.T. MAGUIRE, 
C.P. McGRAW 

1. INTRODUCTION 

Changes in the levels of consciousness and cerebral 

function are major concerns in anesthesia and critical care. 

Although diminution of conscious reactivity is sought during 

anesthesia, pronounced decreases signifying prolonged 

cerebral hypoperfusion or hypoxia must be avoided. Thus, 

reliable, convenient monitors are needed to assess the level 

of consciousness and integrity of cerebral processes. 

Recently, Levy compared the existing techniques for 

computerized EEG analysis (6). He concluded that a 

combination of zero-cross frequency (ZXF) and mean integrated 

amplitude (MIA) offered a simple, useful approach to intra

operative monitoring. However, at that time no such 

commercial device was available. In the past year the 

Anesthesia and Brain Activity Monitor (ABM R) has been 

developed. Currently, only one brief evaluation of the 

monitor has been made (8). This device provides fundamental 

information on the adequacy of cerebral function in the 

complex, electrically hostile environs of the operating room 

(OR) and intensive care unit (ICU). The purpose of this 

report is to present a more extensive evaluation of the ABM. 

2. PROCEDURE 

2.1. Instrumentation 

The ABM (DATEX/Puritan-Bennett) measures frontalis museIe 

EMG amplitude, mean EEG frequency and amplitude. The broad-
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band biopotential obtained from skin electrodes attached to 

the temporal and mid-forehead regions is both high- and low

pass filtered to obtain EMG (60-300 Hz) and EEG (1-25 Hz), 

respectively. Using discrete analog devices, filtered 

signals are full-wave rectified and integrated to obtain mean 

rectified voltagelsec (MRV presented as digital valuesL Ten 

sec averages are then displayed as histograms in aseries of 

vertical bars with the aid of a Z-80 microprocessor. Mean 

frequency of the EEG is determined by use of the ZXF. As 

noted by Levy (6) and others, ZXF is excessively sensitive to 

minor changes in EEG pattern. Small decreases in EEG 

amplitude may lead to marked increases in ZXF without actual 

changes in the underlying rhythm. Futhermore, several 

distinct EEG patterns may have the same ZXF. Therefore, 

evaluation was limited to analysis of EEG/EMG amplitudes. 

2.2. Subjects 

EMG and EEG recordings were obtained from 41 surgical 

patients ranging in age from 6 months to 76 years. These 

patients were scheduled for a wide range of surgical 

procedures lasting from a few minutes to many hours. 

Premedication and anesthetic technique were not standardized. 

Thus, some younger patients received no premedication. 

Anesthesia was induced and maintained by maske In contrast, 

older patients generally received analgesics, tranquilizers, 

anti-sialagogues and neuromuscular blockers prior to 

induction and intubation with thiopental and succinylcholine. 

Maintenance anestheisia utilized halothane, isoflurane, 

or enflurane. Additionally, seven comatose patients and 4 

student sleep-study volunteers were studied. 
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2.3. Experimental Design 

2.3.1. Surgical patients. Aperiod of EMG/EEG amplitude 

was quantified in awake patients in the OR immediately prior 

to induction of anesthesia. Continuous recording was then 

made during induction and maintenance of anesthesia. During 

each procedure, vital signs, drug administration and the 

nature of surgical status were coded on permanent record by 

an integral event marker. 

2.3.2. Coma patients. The ABM was used to monitor 7 

comatose patients for per iods of up to 24 hr. ICU nursing 

staff recorded time of drug administration and interactions 

with the patient. In 5 of these patients, intracranial 

pressure (ICP) was also monitored. 

2.3.3. Sleep study volunteers. EMG/EEG records were 

obtained during normal drug-free sleep in 4 student 

volunteers. 

2.4 Analysis 

EMG/EEG amplitudes were recorded in each state of 

consciousness. Baseline amplitude was defined as the average 

minimum obtained in 5 successive 90 sec epochs. Amplitude 

variability was determined by the average difference between 

maximum and minimum values. Average values for minimum 

amplitude and variability in the awake, conscious state were 

compared to those in the anesthetized or sleeping subject by 

paired Student' s t-test. In the former group, anesthetized 

values were obtained beginning 15 min after induction. This 

4.5 min per iod was the least likely to be contaminated by the 

effects of the short-acting induction agents or by marked 

surgical stimuli. The initial appearance of slow wave sleep 

(SWS or non-dream sleep), characterized by sustained low 

voltage EMG, was chosen as the 4.5 min period of 
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unconsciousness for sleep subjects. Since the conscious 

state was absent in comatose patients, two 4.5 min per iods 

separated by a 60 min interval were compared. 

3. RESULTS 

3.1. Surgical Patients 

Typical effects of isoflurane on EMG and EEG are 

depicted in Fig. 1. The variable high amplitude awake EMG 

markedly diminished during induction and maintenance of 

anesthesia, even in the absence of neuromuscular blockers. 
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Figure 1 

MRV of the EEG initially increased in amplitude and decreased 

in variability during anesthesia. However, the magnitude of 

the amplitude change following induction was dependent, in 
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part, on the conscious values. Large increases were seen in 

patients with low amplitude awake values, while little or no 

change was noted in individuals with high amplitude awake 

baselines. In this trace, the precipitous decline in EEG MRV 

amplitude accompanied aperiod of marked hypotension. Prompt 

restitution of adequate cerebral perfusion resulted in an 

immediate increase in MRV. 

EMG respones to the volatile anesthetics are summarized 

in Fig. 2. All three agents produced significant decreases 

in EMG amplitude and variability. In contrast, the MRV of 

the EEG, (Fig. 3), was not appreciably altered by the 

anesthetics. These agents all significantly decreased MRV 

variability, however. 
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Fig. 4 illustrates the appearence of the EMG and EEG in 

an unresponsive comatose patient. Paroxysmal bursts of 

variable high amplitude EMG activity are superimposed on a 

low voltage baseline. These bursts were associated with 

marked elevations in the ICP. In the absence of increased 

ICP, EMG amplitude remained low for many hours (Fig. 2). EEG 

MRV was usually of low amplitude (Fig. 3). However, the lack 

of amplitude variability was the more consistant finding. 

This unique stability of EEG amplitude proved to be a 

hall mark of the comatose state. 
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3.3 Sleep Patients 

Figure 4 

Since the frontalis muscle EMG records activity associated 

with rapid eye movement (REM), it is useful in distinguishing 

dream (REM) and non-dream (SWS) sleep. 
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Figure 5 

Fig. 5 clearly depicts EMG and EEG changes associated with 

transition from awake, through initial REM to SWS. High and 

variable EMG amplitude of the awake state was moderately 

decreased. Continued variability appeared to be coupled with 

periods of activity of extraocular muscles. EEG amplitude 

decreased markedly. During SWS, EMG was further diminished 

and variability virtually abolished. Increases in EEG MRV 

and decreases in variability were consistent with the well-
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known synchronous high vol tage slow activty of SWS. These 

EMG/EEG changes from awake to SWS are summarized in Fig. 2 

and 3. 

4. DISCUSSION 

Sulg (7) appears to have been the first to suggest that a 

combination of ZXF and MRV could be useful in anesthetic 

monitoring. This technique, later termed period-amplitude 

analysis (PAA) by Klein and Davis (5), seemed to offer 

advantages over existing methods. PAA was more powerful than 

the cerebral function monitor (CFM) (2) since the former 

displayed frequency and amplitude separately. Futhermore, 

changes in PAA during anesthesia were more easily interpreted 

by the anesthesiologist than those produced by power spectral 

analysis (PSA). However, until now the lack of a 

commericially available PAA device has hampered clinical 

evaluation of the technique. 

Fortunately, earlier studies on the use of MRV in 

quantifying EEG chang~s offer valuable insight into its 

effective application (4). Extensive filtering employed in 

the CFM and PSA eliminate much of the variability inherent in 

the EEG. In contrast, MRV clearly represents this 

variability and uses it to advantage. That iS, Goldstein (3) 

noted that the time-course of the variability of the 

distribution of amplitudes was at least as important as 

changes in the MRV value itself. We therefore chose to 

compare amplitude and variability changes in drug and non

drug state to "minimlze the otherwise bewildering inter

subject variations" (3). 

By adhering to Goldstein's precepts, we have found EEG 

amplitude analysis to reliably differentiate consciousness 

from unconsciousness. Even though MRV did not differ 
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significantly in the awake vs. anesthetized or awake vs. 

sleeping states, MRV variability in anesthetized or sleeping 

subjects was less than half the corresponding awake values. 

The use of successive 90 sec. epochs for quantification of 

MRV variability in this study was necessary for statistical 

analysis. Yet, the histogram display of the ABM provides an 

adequate visual estimation of this variablity for intra

operative monitoring. 

It is obviously impossible to obtain awake values from 

comatose subjects. Even though comatose MRV values tend to 

be lower than those seen in awake or anesthetized subjects, 

inter-subject differences make such distinctions unreliable. 

Again, however, variability of the MRV over time is the key. 

Without exception, MRV variability in comatose patients was 

remarkably low. During continuous recordings of up to 24 hr, 

MRV varied little in unresponsive patients. Clinical 

improvement, as indicated by increasing Glasgow Goma Scores 

paralleled increases in EEG amplitude variability. 

Although amplitude analysis can differentiate 

consciousness from unconsciousness, it is unclear whether the 

actual depth of anesthesia can be reliably ascertained. It's 

major utility, therefore, is its ability to monitor the 

adequacy of cerebral oxygenation or perfusion. It is well

established that the EEG change most often seen in 

hypoperfusion is an attenuated amplitude. Marked frequency 

changes may or may not occur (1). Furthermore, the pattern 

of amplitude changes is of paramount importance in 

differentiating hypoxia from deep anesthesia. Transition 

between adequate and inadequate oxygen supply is abrupt and 

so are amplitude changes. Since deep inhalational anesthesia 

requires time to develop, markedly diminished MRV will be 
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similarly paced. Unanticipated cerebral hypoxia can thus be 

detected immediately. 

In the absence of high doses of neuromuscular blockers, 

the frontalis muscle EMG offers additional information on the 

level of consciousness. Volatile anesthetics produce a 

marked and consistent decrease in EMG amplitude and 

variability. Abrupt increases in these values indicate that 

the patient is either responding to surgical stimuli or is 

emerging from anesthesia. 

In the non-drugged sleeping subject, the EMG correlates 

with eye movement and serves as an indicator of REM or SWS 

sleep. Unresponsive comatose patients generally have low 

amplitude EMG activity with little or no variability. Such a 

pattern is reminiscent of surgical anesthesia. However, in 5 

patients with ICP monitors, we noted paroxysmal increases in 

the EMG associated with a rising ICP. The precise 

physiological basis for this observation is unclear, but 

enhanced restlessness is a well-known clinical sign of 

increased ICP. 

In summary, the EEG and EMG displays of the ABM provide 

valuable information for operating room and ICU personneI. 

Compared to the awake state, the diminished variability of 

EEG amplitude reliably reflects the synchronizing effects of 

volatile anesthetics on the EEG. Similar comparisons of EEG 

amplitude provide a measure of the adequacy of cerebral 

oxygenation/perfusion. Changes in EMG activity in comatose 

patients may offer a non-invasive index of ICP. 
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COMPUTER CONTROL OF ANESTHESIA DELIVERV 

DWAVNE R. WESTENSKOW, Ph.O., WILLIAM S. JORDAN, M.D., 
JOHN K. HAVES, M.S. M.S., THOMAS D. EAST, Ph.D. 

The basic design of the anesthesia machine has changed very little 
in the past 10 years. 1,2,3 The means of providing gas flows to the 

breathing circuit remains essentially unchanged. Because of the vari
able effect which fresh gas flows rates have on the breathing circuit 
gas concentrations, training and experience are necessary before one 
can deliver a smooth and controlled anesthesia, with existing equipment, 
particularly when using closed circuit anesthesia. The anesthesia 
machine can be made easier to use by adding computer control. The 
anesthetist may then adjust the inspired oxygen concentration, the 
end-tidal anesthetic concentration, the circuit volume, and the end
tidal carbon dioxide concentration; the computer will set the fresh 
gas flows. 8y letting the user set these primary parameters, the 
machine becomes function oriented and anesthesia safety may improve. 
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EQUIPMENT DESCRIPTION 

The computer system shown in Figure 1 has been added to an 

anesthesia machine to control the fresh gas flows and to adjust 

mechanical ventilation. It includes a MINC microcomputer, Tylan 

mass flow controllers, and a Siemens 900C ServoVentilator. 

The MINC 11 microcomputer (Digital Equipment Corp, Mynard, Ma) 

uses the PDP 11/23 microprocessor with the hardware floating 

poi nt math package, 64K MOS 16 bit memory, 2 1/2 megabyte di sc 

drives, 4 programmable clocks and a graphics terminal. The O/A 

outputs (12 bit) control the flow of oxygen (0-1 11min) and nitrous 

oxide (0-1 11min) through mass flow controllers (Tylan Corporation 

Carson, Ca). The flow of inhalational agent is controlled by a 

third Tylan controller which adjusts the oxygen flow through a 

copper kettle vaporizer. DIA channels also control the respiratory 
rate and minute volume of the gODe servo ventilator (Siemens-Elema, 

Solna, Sweden) through the ventilators computer interface. 
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Analog inputs enter through the 16 channel 12 bit AID convertor. 
Inputs include end-tidal C02, C02 production, and ineffective tidal 
volume (Siemens 930 C02 analyzer module); airway pressure, tidal 
volume, and minute volume (Siemens Servo Ventilator); volume of the 
anesthesfa circuit (Transducer Systems Incorporated, North Rradford, 
Conn.); inspired oxygen concentration (Critikon, Tampa, Florida); 
inspi red and end-tidal inhalation agent concentration (IR analyzer 
Siemens Elema, Solna, Sweden); and mean arterial blood pressure 
(Critikon, Tampa, Florida). A video terminal with slave video display 
and a dot-matrix printer are interfaced through RS232 ports. A 
dedicated keypad 15 interfaced through a 16 bit digital 110 port. 
The servo ventilator start of inspiration signal enter through an 

interrupt channel. 
The software consists of a main frame program to run the graphics 

display, coordinate data collection, and handle 110. This main 
frame program supports a number of different feedback control 
modules in order to allow a wide variety of anesthesia protocols. 
The main frame consists of three main parts. The first part requests 
information about the patient as well as the desired values for the 
inspired oxygen concentration, end-tidal inhalation agent concentra
tion, end tidal C02 concentration and tidal volume. The second 
sect ion i nc 1 udes user input-output rout i nes. It updates the trends 
on the video display, stores 10 breath averages on disc, and serv
ices the keypad. Keypad input includes changes in the desired 
setpoints, the selection of trending variables, entry of blood gas 
values or program termination. The third portion handles data 
collection and feedback control. This interrupt driven routine 
collects 16 parameters each breath, stores these parameters in the 
appropriate work space, applies feedback control algorithims and 
sends control signals to the DIA output channels. Feedback control 

is based on either proportional-integral-derivitive (PID) or self
tuni ng adapt he techni ques, dependi ng on the des i red response time 
and appl fcatfon. Fhe feedback control loops adjust the fresh gas 
flows and ventilation. 

The software also includes routines to handle offline data 
collection and calculations. The text editor is used to enter and 
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edit the following data: venous and arterial blood gases, pulmonary 

artery pressure, pu1monary arterial wedge pressure. centra1 venous 

pressure, body temperature. and cardiac output. Ca1culations include 
venous admixture, a1veo1ar-arterial oxygen content difference; arter

ial, mixed venous. and alveolar oxygen content; arterial, mixed venous, 
and alveolar oxygen saturation; and alveolar as well as mixed venous 

temperature corrected oxygen and C02 partial pressures. 
TESTING THE CONTROL CONCEPT 

Inspired Oxygen 

One of the main objectives in imp1ementing computer control was to 

provide better contro1 of the inspired oxygen concentration. The 

feedback contro 11 er for the oxygen contro1 loop was adjusted with 

sufficient integral gain to keep the inspired oxygen concentration 

within 0.1 % of the desired value. The actua1 oxygen concentration, 

however. remained at the desired level on1y if the oxygen sensor and 

the reference vo1tage remain in calibration. The sensor was found 

to drift less than 0.5 %/hr and the reference vo1tage 1ess than 

0.3%/hr. 5,6 With worst case conditions. the oxygen concentration 

was 4% from the desired value after 4 hrs. Using a prototype system. 

we found that it required approximately 1.7 min to make a 10% change 

in the i nspi red oxygen concentrat ion. The system returned to a true 
steady state in 6.2 min. 6,7 

When a constant inspi red oxygen concentration was maintained in 
a c10sed 1eak tight circuit, the fresh gas oxygen f10w provided a 
continuous measure of the patient's oxygen consumption (V02).8,9 

The accuracy of the V02 measurement was found to be withi n 5% of 
readi ng. There were several sources for error in thi s measurement 

of V02. The temperature of the rebreathing circuit had to be 

constant. if i t changes by 10 C/hr, V02 was in error by 0.4 ml/mi n. 

A 1eak in the c10sed circuit caused an error in the V02 reading 

which was direct1y proportional to the 1eak and the oxygen concen
tration. Drift in the oxygen sensor caused a worst case error of 4 

m1/min (sensor drift of .8%/hr at 60% oxygen). Finally, changes in 

functional residual capacity (FRC) caused an error in V02 which was 
proportional to the volume of oxygen moved into or out of the FRC. 



Circuit Volume 

When using a closed circuit to deliver anesthesia, the fresh gas 

flows must be properly adjusted to maintain a constant circuit volume. 

This function was performed automatically by the computer system. A 
linear variable displacement transducer (LVOT) attached to the top 

of a standing bellows ventilator was used to adjust the N20 flow to 
keep the end expiratory circuit volume constant. The nearly infinite 
resolution of the LVOT sensor allowed very precise control of the 
volume. However, the surgeon's elbow on the chest, shifting of the 
patient's position, movement of the extremities, etc, each caused the 
FRC and circuit volume to change. In our clinical experience with 

an analog controller, we found that the nitrous oxide flow varied 
consi derab ly to keep the vo 1 ume constant. Changes in the ci rcuit 

volume of 100 ml were no uncommon and, as a result, the nitrous 
oxide flow was not constant but had a standard deviation of approx
imately 30 ml/min. These fluctuations had to be averaged to give a 
mean value for nitrous oxide uptake. 
End-Tidal Inhalation Agent 
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Feedback control automatically adjusted the inspired vapor concen

tration of an inhalation agent to maintain the desired end-tidal con
centration. This technique, which provides an automated "over-pressure" 
induction, was studied in dogs (20 kg) during 4 hours of closed 

circuit anesthesia. 9 Using enflurane with oxygen and nitrous oxide, 
the end-tidal concentration was held within .037 ! .067 vol% (mean 
! SO) of the desired concentration. The end-tidal concentration 
overshoot the desired value by .28 ! .067 vol% three minutes after 
induction. After 8 min the concentration remained within 0.1 vol% 
of the desired value. 
Vent 11 at i on 

The ventilation control algorithm adjusted the 900 C ServoVentila
tor's inspired minute volume to keep the end-tidal PC02 at the desired 
level. Using a traditional pm prototype controller in an animal 
study, PaC02 was kept within 1.25 mm Hg of the desired value, even with 
an average increase in C02 production of 44%.10 Using a similar 

controller end-tidal PC02 was maintained within 0.1 ! .17 torr (mean 
! SEM) of the desired value in 12 dogs following a hydrochloric acid 
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1 njury.l1 

Rapid Induction 
Durlng lnduction of anesthesia, the inhalational agent inspired 

concentration was automatically adjusted under computer control to 
produce the desired end-tidal concentration. Initially, the inspired 
concentration was well above the desired final concentration, thus 
speeding the induction process. The tnitial inspired concentration 
depended on the ga1n of the feedback controller. Our system gain was 
adjusted so that the initial inspired concentratlon was approxlmately 
twice the deslred end-tidal concentration. Th1s approach was an 
attempt to match the tradHlonal "over-pressure technique".12 

A prototype end-tidal controller was used in two studies to vali
date the concept. Seven dogs were studled during a four hour period 
of enflurane-nltrous oxide anesthesia.9 Following a sodium thiopental 
induction, the animals were intubated and the necessary monitors 
placed. After 10 minutes of oxygen breathing, the controller was 
inltfated and the end-t1dal concentration brought to 2.0 voa. The 
inspired concentration began with a maximum of 3.7 vol% 3 min after 
induction. It gradually decreased until it reached 2.1 vol% after 4 

hours. In a second control group of 7 animals, the inspired concen
tration was held constant at 2.0 voa. There were no statistically 
significant differences between the two groups of animals with regard 
to enfl urane uptake, heart rate, bl ood pressure , or cardfac output. 
The uptake of enflurane was greater in the end-tidal group only during 
the first 6 mine The end-tidal induction technique appeared to have 
no adverse cardlovascular effects beyond those found during induction 
with a constant inspired concentration. 

In a second study, 23 patients were monitored during general anes
thesia. 13 Following endotracheal intubation, these patients were 
connected to the closed rebreathing circuit with the end-tidal concen
tration held at 2.0 vol%. The mean inspired enflurane concentration 
reached a maximum of 3.5! .35 vol% (mean! Sn) 6 min after induction. 
The inspired concentration decreased to 2.4 ! .25 vol % after 60 mine 
Though there was considerable variabillty in enflurane uptake between 
patients, the controller properly adjusted the inspired concentrat1on 
to compensate for these changes resulting in variabil1ty in the 
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end-tidal concentration of less than 0.1 vol%. 

Although a rapid "over-pressure" induction can be given according 
to a model of anesthesia uptake. the model must be tailored to the indi

vidual patient and careful clinical judgement is needed. 14-18 With the 
computer controlled system described here. it is not necessary to rely 
on a model or recipe. rather the gas concentrations are measured and 
contro11ed automatically. 

MONITORING TRENDS IN GAS UPTAKE 
The computer controlled anesthesia system was designed for use with 

either closed circuit or nonrebreathing anesthesia circuits. The control 
function remained the same with either circuit. Pulmonary mechanics 
and C02 production were monitored in each case. Oxygen uptake. N20 
uptake. and inhalational agent uptake were monitored only during closed 

circuit anesthesia. 
Though it is difficu1t to evaluate the importance of gas uptake 

monitoring during anesthesia.certain correlations have been found. 
Significant changes in V02 have been identified with the following 
conditions. 

1) Endotoxic shock was found to cause a 71% decrease in V02 when 
monitored during an endotoxin infusion in Rhesus monkeys.19 The 
fall in V02 may have been due to reduced cardiac output or to reduced 
tissue metabolism. 

2) Bolus infusions of fentanyl and thiopental given in patients 
undergoi ng general anesthesi a caused an average decrease in oxygen 
consumption of 8.7 and 8.8 "respectively.20 These changes were 
not seen in patients already at a level of deep anesthesia. 

3) Blood pressure and heart rate were elevated using dopamine. 
atropine. an electrical pacing and phenalephrine and the accompaning 
changes in V02 studied in dogs. 21 V02 fncreased by 14" with dopamine. 
17% with atropine. 16% with pacing. 14% with phenalephrfne. 
All changes were significantly different from the control values. 

4) Painfu1 stimuli increased V02 during light anesthesia but not 
during deeper levels of anesthesia. 22 Thfs relatfonship was studied 

during changing levels of nitrous oxide-fentanyl. and nitrous oxide
thiopental anesthesia in 24 dogs. Oose dependent relationships between 
V02. blood pressure. and cardiac output were found. 
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5) V02 and VC02 have been used to calculate the patient's meta
bolie rate by indirect calorimetry.23,24 When interpreted in light 
of the patient's substrate utilization, the RQ may indicate hyper
ventilation or C02 retention. 

Nitrous oxide uptake and inhalation agent uptake both follow muti
exponential curves with components for vessel-rich tissue, vessel-poor 
tissue, and blood and lung. 16 ,25 Jt would seem that there is useful 
information in an individual 's uptake curve. With the alveolar venti
l at i on contro 11 ed, the rapi d uptake phase becomes a funct i on of the 
patient's cardiopulmonary status. When the rapid uptake phase is 
complete, one has greater confidence that the patient has reached 
equilibrium with the selected gas concentration and may respond more 
predictably to surgical stimulus. 

SUMMARY 

An anesthesia machine has been developed with computer control 
of the fresh gas flows. Oxygen, nitrous oxide, and vaporizer flows 
are automatically adjusted by a microcomputer using mass flow control 
devices. Flow rates are optimized by the computer using feedback 
techniques. Flow rates are adjusted to achieve a "user selected" 

inspired oxygen concentration, end-tidal volatile agent concentration, 
and circuit volume. Ventilation is adjusted to a user-selected end
tidal C02 concentration and tidal volume. 

With a computer controlling the fresh gas flows several advant
ages resulted. The overpressure induction was automated, the 1nspired 
oxygen concentration was controlled, the circuit volume was held 
constant during closed circuit anesthesia, computerized records 
allowed instant recall of trends in gas uptake, and ventilation was 
automatically adjusted to maintain a desired end-tidal PC02. These 
advantages make for a smoother and more rapid induction, simpler use 
of a closed-rebreathing circuit, enhanced decision making, and better 
PaC02 control. 
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COMPUTER CORTROLLED ARAESTHESIA 

J.M. EURS, A. FRASER, C.C. VISE and V.L. DAVIES 

1. IHTRODUCTIOR 

The development ot microcomputers has allowed sophisticated computer 

techniques to be applied to many clinical procedures. The practice ot clinical 

anaesthesia presents a wide tield tor computer systems - in a variety ot 

tunetions trom record keeping to lite support systems. 

The principal tacilities ottered by computers are as tollows: 

1. Rapid and complex data prooessing. 

2. Extensive data storage. 

3. Sophisticated analysis and display. 

4. Compatibility with electronic monitors (i.e. input devices). 

5. Compatibility with therapeutic systems, e.g. syringe pumps, infusion 

controllers, lung ventilators (i.e. output devices). 

2. APPLICATIORS 

It is clear that computers have considerable potential in clinical 

anaesthetio praet1ee. The most obv10us areas of app11eat1on are: 

2.1 Monit0r1ng sutems 

The simpler biologieal signals e.g. ECG, blood pressure wave torm. are 

easily and aocurately recorded and displayed by hard-w1red random logio. More 

complex signals e.g. EEG. EMG. or oeular miorotremor. are more meaningtully 

interpreted when the signal has been processed e.g. by Fourier transtormation. 

Such prooessing techniques have been available on main-trame and mini-computers 

tor a long time. but on-line application in tbe operating room and intensive 

care is now possible with compaat selt contained monitors incorporating 

miaroprocessors. 

2.2 Technological evolution 

Many predominantly meohanieal systems (e.g. lung ventilators and 

anaestbetie machines). despite great mechanical ingenuity. have severe 
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practical design limitations. A marriage of mechanical systems, usually much 

simplified, witb electronic controls and transducers can produce devices of 

great functional sophisticatio~ Much of the elegance of sucb systems lies in 

the software and can be readily adapted or customised. 

2.3 Applied control tecbßQlogy 

Automated process control tecbnology is bighly developed and has many 

industrial and military applications. In tbe medical field it has been applied 

to the control of: 

Systemic blood pressure 

Muscle relaxation 

Pulmonary Ventilation 

Anaestbesia 

Analgesia 

Fluid balance 

Diabetic therapy 

The automated control of anaesthesia will be considered in further detail 

3. AUTOMATBD COHTROL OF AHAESTRESIA 

A variety of control strategies bave been used to date (see 1). 

3.1 Open-loop Qontrol systems 

An open-loop system can be compared to a ftrecipeft or a pre-programmed set 

of instructions with changes in anaesthetic drug administration occurring as 

preset events. Some variable elements are necessary to allow for factors such 

as patient weight and duration of operatio~ 

The fundamental deficiency of an open-loop system is thst it is unable to 

deal with individual patient variation. The magnitude of biological variation 

in response to anaesthetic agents, especially intravenous agents, is 

considerable - to the extent that open-loop systems cannot usefully control 

drug administratio~ 

3.2 Hybrid systems 

In an attempt to overcome the deficiencies of open-loop control additional 

information can be supplied to the control system to correct for drift. 

Open-loop systems can be supplemented with a closed-loop feedbac~ In such 

an application it is clear that the feedback signal is itself of limited value 

only (i.e. it is not adequate feedback for a pure closed-loop) and is intended 

to correct tbe open-loop system. For example. the off-line analysis of blood 

drug levels could be used to provide some retrospective correction to a 

controlled intravenous infusio~ 
An open-loop system may also be supplemented with feed-forward control in 

certain circumstances. The uptake of inbalational agents is highly dependent 
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upon alveolar ventilatio~ Thus prior knowledge of changes in alveolar 

ventilation can be fed-forward through the control system which can adjust the 

supply of the inhalational mixt ure. It can be seen that in this example the 

system is not "pure" in that the inhaled agent may change spontaneous alveolar 

ventilation and introduce an element of feedbacL 

3.3 Closed-loop systems 

In a closed-loop system one or more output parameters are measured and 

compared to reference or "set" levels. The discrepancy between the measured 

and set levels gives rise to an "error" signal which can then be used to adjust 

the rate of drug administration so as to minimise the value of the error 

signal. 

While this form of control is highly developed and reliable it is very 

dependent upon the measurement of meaningful output variables. Unfortunately 

the measurement of "depth" or "adequacy" of anaesthesia remains something of a 

Philosopher's Stone. We have to ac ce pt that the best we can do is to rely upon 

the measurement of physiological functions which provide an inferential guide 

to the adequacy of anaesthesia. A variety of physiological functions (see 

below) have been examined as suitable control system inputs. 

The output of the control system used to control a drug-delivery device. 

During inhalational anaesthesia changes in drug level will be effected by 

changes in gas flow and vaporiser settings; to date such equipment is mostly 

experimental. During intravenous anaesthesia changes in the rate of drug 

administration can be achieved by direct electronic control of intravenous 

infusion devices. 

4. PRYSIOLOGICAL VARIABLES/SYSTEM INPUTS 

A variety of physiological variables have been used as a guide to the 

adequacy of anaesthesia. 

4.1 Electroencephalography (EEG) 

This has been used since the early 1950's by Bickford and others as a 

monitor of anaesthesia (2). Although the EEG is a measure of the principal 

target organ of anaesthesia - the Central Nervous System, its interpretation 

has created many problems. On crude examination of the EEG the most marked 

changes are produced by relatively large doses of anaesthetic drugs - several 

MAC multiples in the case of volatile agents. In routine clinical practice 

such doses are not used and the various cocktails of drugs commonly used may 

produce relatively subtle and specific changes in the EEG. 
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The development of more sophisticated signal processing, for instance 

power spectral analysis and spectral edge frequency (3) has re-aroused interest 

in the EEG. Although these forms of signal analysis enable relatively fine 

changes to be observed they are often agent specific, the effects produced by 

fentanyl for example differing from those produced by halothane. 

4.2 Ocular-Microtremor 1QMIl 

OMT, usually measured by the application of an accelerometer to the 

conjunctiva, is the normal microscopic oscillation of the eyeball produced by 

the gaze control mechanism. OMT is changed in various disease states and has 

been shown to be suppressed by intravenous thiopentone.(4) Unfortunately it is 

readily suppressed by muscle relaxants and is thus of limited value in routine 

clinical practice. 

4.3 Clinical sigOS 

Individual clinical signs and measurements e.g. blood pressure or heart 

rate and spontaneous ventilation often show dramatic changes in magnitude as 

evidence of stress. Similarly, changes in sweating, tear formation and 

pupillary size can be observed during "light" anaesthesia. Attempts have been 

made to employ one or other of the traditional clinical signs as a controlled 

variable in a closed-loop control system. Suppan used the heart rate and the 

blood pressure for this purpose (5,6). Although attractive, such a simple 

approach has limitationsj the heart rate alone cannot be relied upon as a 

patient output variable, anaesthetic agents and various adjuvant drugs such as 

muscle relaxants will disturb the rate as will events such as haemorrhage. 

Despite their many limitations it cannot be denied that the great bulk of 

practical expertise in the use of anaesthetic drugs is based on clinical 

experience - the foundation of which is clinical monitoring. 

4.4 Skeletal Musele Aetiyity 

Skeletal muscle activity clearly indicates (for praotical purposes) 

insufficient anaesthesia but is seldom associated with recall in the non

paralysed patient. Skeletal muscle relaxants clearly suppress this response. 

It is interesting to note that in Guedel's classification of the stages of 

ether anaesthesia, measurements of blood pressure and heart rate are not 

considered. Furthermore, of the nine variables monitored only two (pupil size 

and tear formation) remain to be observed in the paralysed patient. 

Tunstall has extended the scope for examining the potential of the skeletal 
muacle reaponae by 1aolat1ng the forearm from system1c muscle relaxants w1th a 

tourniquet (7). In suitably prepared patients he has been able to demonstrate 
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the integrity of auditory perception, vOluntary control and ooordination, and 

peripheral skeletal muscle response during anaesthesia for Caesarean sections. 

The widespread usa of this technique outside of obstetrics for routine purposes 

presents many problems not the least of which is the fact that it can oo1y be 

applied for a limited period of time (8). 

The potency of inbalational agents is oonventionally assessed by the 

minimum alveolar concentration (MAC) required to prevent a skeletal muscle 

response. General clinical experienee and the observations of Tunstall using 

his isolated forearm teehnique, suggest that anaesthetie equivalence less than 

MAC is sufficient to produce adequate anaesthesia without recall but may not be 

suffieient to prevent some muscle response. In other words the amount of 

anaesthetic required to produce unconsciousness and lack of reeall is in 

general l~kely to be less than that required to suppress skeletal muscle 

response to noxious stimuli. 

4.5 Skin Resistange 

Skin resistance or conductance has been examined by many workers. 

Although significant changes in skin resistance ean be observed in response to 

stress, the pattern of response tends to be rather ineonsistent (9). 

Teehnical considerations such as electrode design, material,plaeement and 

eurrent characteristics (AC/DC etc) have not been standardised so that results 

are seldom comparable in absolute terms. 

4.6 Blegtromvogram !IHm.. 
Interest has been arousad in the use of the integrated BMG of the 

frontalis musele. It has been proposed tbat the frontalis muscle is not as 

sensitive as other museles to skeletal muscle relaxants (10). In turn it is 

argued tbat frowning, a funotion of the frontalis musele, can be monitored as a 

sign of lightening anaesthesia by measurement of the frontalis EMG. (11). 

Cbanges in the frontalis BMG certaio1y appear to oeeur during anaesthesia and 

these ean be seen to res pond to further drug administratio~ It remains to be 

clarified to what extent the frontalis muscle ean be relied upon especially 

during musole relaxatio~ It is important that the monitoring system is able 

to discern the BMG signal from the frontal BEG signal to minimise crosstalk. 

5. TVO HOVEL APPROACHBS TO AHABSTBBSIA MOHITORIHO 

As a development of our interest in anaesthetie monitoring and eontrol we 

have examined and investigated two novel techniques for monitoring 

anaesthesia. These are: 
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1. Clinioal sooring system. 

2. Lower oesophageal oontraotility. 

5. t... Clinica! scoring system 

With the evident defioienoies in using any single olinioal sign or 

measurement as a patient output variable we oonsidered that the summation of a 

number of individual olinioal signs might prove to be more useful. 

The following olio1cal signs/noninvasive measurements are generally 

available during anaesthesia: 

1. Skeletal musole aotivity. 

2. Pupll size. 

3. Blood press ure. 

4. Heart rate. 

5. Sweating. 

6. Tear formation. 

5.1.1. Skeletal musc!e agtiyity is of limited value. In the fully 

paralysed patient it is supressed: in the partially paralysed patient the 

absence of musole activity may provide ~ reassuranoe that anaesthesia is 

adequate. 

5.1.2. Pupi! size oan provide some guidanoe in certain oiroumstanoes. 

Guedel's desoription of changes in pupil size during ether anaesthesia is 

similarly observed with most volatile agents. In oontrast intravenous agents 

and analgesics have a oompletely different effeot. Most opioid analgesics 

produoe a miosis which is orten intense and persistant. Althesin (Glaxo) on 

the ether hand produoes a mydriasis in large doses; mydriasis is less marked as 

the infusion is reduced but may return during inadequate anaesthesia as a 

response to stressl 

5.1.3 Blood pressure and 5.1.4.Heart rate are two related oardiovasoular 

indices regularly recorded during anaesthesia. A rise in blood pressure or 

heart rate are both taken to indioate insuffioient anaesthesia. Clearly these 

ohanges may be obsoured by other events. 

Haemorrhage will tend to lower the blood pressure and increase the heart 

rate. A variety of drugs will ohange the heart rate e.g. atropine, gallamine 

and panouronium will tend to increase it while digoxin and beta-blookers will 

reduce it. 

Changes ~n b100d pressure may a180 be attenuated by beta-b1ockers, 

ganglion blooking drugs - inoluding curare and alouronium. Despite these 
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limitations, changes in blood pressure and heart rate are often relied upon as 

evidence of insufficient anaesthesiL 

5.1.5 Sweating is again a clinical sign generally acknowledged to indicate 

insufficient anaesthesia. The very earliest indication of sweating can be 

detected by electrical measurement of skin resistance. Clinicians have not 

been enthusiastic in making these measurements routinely and appear to rely 

upon their clinical acume~ 

Sweating is under the control of the sympathetic nervous system but has 

cholinergic post-ganglionic fibres. Thus it may be reduced by anticholinergic 

drugs and will obviously be affected by ambient temperatures and humidity. 

5.1.6 Iear formation An excess of tears is frequently observed during 

periods of insufficient anaesthesia. The exact mechanism of the response is a 

little uncertain - it probably has two components: in part it is due to pain 

and it is also part of a wider response to a foreign body (the endotracheal 

tube) in the airway. 

The efferent neurological pathway is parasympathetic and thus 

anticholinergic drugs may attenuate the response. 

In considering the clinical signs it is clear that the magnitude of the 

response may be altered by various drugs - notably those with autonomic 

effects. Similarly certain disease states will alter the response. Diseases 

involving the heart, peripheral vasculature, eyes, skin and autonomic nervous 

system may alter the pattern of clinical signs. 

In order to collate these clinical signs and measurements into a single 

entity we have developed a scoring system. Four patient variables are 

examined: 
Blood .lressure 

Heart .Rate 

ß.weating 

.Iear Formation 

P 

R 

S 

T 

This conveniently allows the score to be referred to as the PRST score. 

It is interesting to note that the P and R components predominantly involve a 

sympathetic response whereas the Sand T components involve cholinergic 

mechanisms. 

A score value of 0, 1 or 2 18 attached to changes in each of the 4 

indices. 

Control values of Pressure and Rate are obtained preoperatively shortly 

before the induction of anaesthesia. 
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.IAm& .I 

SYSTOLIC BLOOD LESS TRAN CONTROL + 15 0 
PRESSURE LESS TRAN CONTROL + 30 1 
(mmRg) MORE THAN CONTROL + 30 2 

HEART RATE LESS THAN CONTROL + 15 0 
(beats/min) LESS THAN CONTROL + 30 1 

MORE THAN CONTROL + 30 2 

SWEAT NIL 0 
SKIN MOIST TO TOUCH 1 
VISIBLE BEADS OF SWEAT 2 

TEARS OR NO EXCESS TEARS WITH EYELIDS OPEN 0 
LACRIMATION EXCESS TEARS VISIBLE WITH EYELIDS OPEN 1 

TEAR OVERFLOW FROM CLOSED EYELIDS 2 

As anaesthetic drug administration is reduced, score values are seen to 

increase, conversely, an increasing anaesthetic administration decreases the 

score values. The score has no inherent objectivity - it is simply a means of 

standardising the expression or description of changes in these selected 

clinical signs. Thus the clinician will have to decide what level of score is 

acceptable. In making this judgement he will have to bear in mind factors that 

will foreseeably affect the score values e.g. the use of agents such as 

pancuronium may increase the scores of the PR components. 

5.1.7 Application of PBST scores. We have used the scoring system in two 

ways. 
5.1.7(a) Control of incremental drug administration. If the anaesthetic or 

adjuvant drug (e.g. fentanyl) is administered in increments, these can be given 

when a specified maximum score value (e.g. 2, 3 or 4) is obtained. Clinical 

indices are assessed regularly at intervals of approximately 5 minutes. It is 

usual to observe a fall in score value following the administration of the drug 

followed by a progressive rise towards the maximum acceptable score value. 

5.1.7(b) Control of continuous drug administration. If the anaesthetic 

agent is continuously administered or infused then a form of closed-loop 

control can be employed. The clinician selects a desired score value (DSV) and 

monitors the clinical indices at regular intervals. The measured score value 

(MSV) can be compared to the DSV and an error signal genera ted to change the 

infusion rate accordingly. 
A var1ety of control processes can be used but the following equation 

provides a very simple control facility if scores are assessed at regular 



intervals (5 minutes). 

NDR = ODR (1 - kE) 

wbere NDR = new drug rate. 

ODR = old drug rate. 

k = system/drug oonstant (e.g. 0.1) 

E = (DSV - MSV) i.e. error. 

5.1.8 Results. The soore oontrol system employing the above oontrol 

teohnique has been used in 3 groups ot 10 patients to oontrol intusions ot 

tentanyl (as an adjuvant to nitrous oXide). Althesin/tentanyl mixture 

(exolusively intravenous) and etomidate/tentanyl mixture (exclusively 

intravenous) • 
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The anaesthetic was intused b:y a digitally oontrolled syringe pumP. 

manually set atter a simple oomputer programme oaloulated the new drug rate 

trom the olinical data ente red. The oontrol system was set to maintain a DSV 

ot 3. 

Over aperiod ot an hour individual variations in the anaesthetic 

requirements soon became apparent. A ratio ot higb:low demand rates ot 4:1 was 

seen in these groups ot 10 patients. 

No oases ot reoall were tound and all patients awoke in a relatively short 

time. 

Speed ot reoovery was assessed by measuring the time. trom disoontinuing 

anaesthesia and giving neostigmine/atropine. to fteyes open on oommandft -

TEOC.The mean duration ot anaesthesia and TEDC are shown in Table II. 

l'Am& l.l 

AHABaIUBI1C lUlBAIlQH no.c. 
(mean mins (SD» (mean mins (SD» 

Fentanyl/R2O 108.4 (42.4) 3.9 (1.7) 

Althesin/tentanyl 127.5 (79) 11.4 (14.8) 

Etomidate/tentanyl 104.5 (47.6) 15.4 (15.5) 

5.2 Lover Qesophageal Contraotility 'LQC> 

The lower halt ot the human oesophagus is unusual in that it is oomposed 

ot smooth musole. Thus its contraotile aotivity is not direotly attected by 

skeletal musole relaxants. 

Oeaophageal aotivity oan be olaasitied into 3 torms. 
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5.2.1 Primar! Peristaltia Agtiyity. This i8 the prime phY8iologiaal 

tunotion ot the oesophagus - to oonvey a bolus ot mastiaated tood trom the 

pharynx to the stomaoh. The primary peristaltio wave starts at the pharyngo

oesophageal junotion and progresses over aperiod ot about 5 seoonds to the 

lower oesophagal sphinoter. The passing oonstriction band oan be observed by a 

halloon, catheter transducer system as a single contraotion with apressure 

amptitude ot up to 100 mm.~ 

5.2.2 Seoopdary Peristaltic Agtiyity. This peristaltic aotivity which 

commences not at the top ot the oesophagus but at some point along the body ot 

the oesophagus. The secondary peristaltic wave is similar to the primary 

peristaltic wave except that it is usually triggered by a particle ot tood or 

other material lying in the oesophageal lume~ It tultills the tunction ot a 

-clearing up- process. 

5.2.3 Tertiary Oesophageal Aetiyity. This is a QQn-peristaltie oontraction 

ot the oesphagus which may involve the whole or isolated segments ot the 

oesophagus. 

It is an interesting torm ot oesophageal activity which has no obvious 

physiologioal tunation. It can be observed in tit subjeots but is seen more 

trequently in assoaiation with oesophageal disease and old age. 

A particularly interesting teature ot the tertiary activity is its 

relationship to stress. An increase in aotivity can be induced by exposure ot 

subject to stresstul situations (12,13). 
We have observed tertiary aotivity during general anaesthesia. It 

oesophageal pressure is monitored with a balloon/oatbeter/transducer system 

aotivity is seen as a contraotion lasting between 2 and 5 seconds with a 

typioal amplitude ot 50mmHg. These spontaneous lower oesophageal oontraotions 

(SLOC) ooour during light general anaesthesiL They are seI dom seen during 

inhalational anaesthesia at 1.0 MAC but generally appear as anaesthesia is 

l1ghtened, and may reaab a rate ot 4-5 oontraotions/mi~ during very -light

anaesthesia. 

A technique has also been developed tor examining the seoondary 

peristaltia response. This is aohieved by introduoing a seoond balloon into 

the oesophagus. This is brietly intlated and may, during -light- anaesthesia, 

provoke a seoondary peristaltio oontraotion whioh oan be sensed by the 

monitoring balloo~ 
5.2.~ C100ed-1oop contro1 tn agaesthesta. In preliminary studies we have 

used SLOC as a patient output variable to oontrol administration ot 



289 

inhalational anaesthetics (enflurane, halothane) and intravenous anaesthetics 

and adjuvants (Althesin, etomidate, fentanyl). 

The control of fentanyl administration will be described in greater 

detail. 

5.2.5 MethQd. Oesophageal activity was monitored with a 

balloon/catheter/transducer system. Contractions in excess of 25mmHg were 

registered as a significant event (by an electronics discriminator) and a pulse 

fed to a digitally controlled syringe pump. The pump was set to deliver an 

increment of fentanyl intravenously (5 ug/70Kg). 

Anaesthesia was induced with thiopentone, pancuronium and an initial 

loading dose of fentanyl (1ug/kilo). Anaesthesia was maintained with nitrous 

oxide:oxygen (70:30) using a non-rebreathing oircuit and aminute volume of 8.4 

1/70 kilo. 
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No other supplementation (other than extra doses ot pancuronium as needed) 

was required. At the end ot surgery muscle relaxation was reversed with 

atropine/neostigmine and anaesthetio administration stopped. The duration ot 

TEOC was reoorded. 
5.2.6 Resu1ts. Ten patients were ino1uded in this study. Tbe mean dura ti on 

ot anaesthesia was 123 (SD 60) minutes. 

light anaesthetios las ted tor more than 90 minutes and at this time the 

lowest tentanyl uptake was 5 ug!70 kg while the highest was 445 ug!70 kg. Tbe 

highest total demand was 635 ug and the lowest 25 ug. Despite these wide 

variations in dose all patients woke rapidly- the mean TEOC was 5.3 (SD 2.9) 

minutes. 

Anaesthesia was judged to be adequate and there were no oases ot 

postoperative recall. 

Tbe tigure shows the uptake ot tentany1 (1 inorement=5 ug/70 Ig) against 

time. Tbe wide range ot demand is obvious. It is interesting to note that a 

high tentanyl demand rate is assooiated with an ~ tirst demand (tollowing 

the initial 10ading dose). 

The majority ot the uptake curves tit the tollowing torm ot the equation 

Uptake = a + bt + clog t 

where a = loading dose b,o = oonstants t = time 

Tbe best tit equation tor the patient with the longest anaesthetio ( 335 

minutes) takes the tollowing torm 
Uptake = -53 + 0.08 t + 16.2 log t 

Tbe 10ading.dose is shown as a negative interoept sinoe it was not part ot 

the oontrolled dosage. 
5.2.8 LlmltatloDS ot Lover Oesophagea1 Contragti1ity monltoring. It may 

be subjeot to interterence trom a number ot souroes. 

Smooth musole relaxants such as sodium nitroprusside or nitrog1yoerine may 

inhibit LOC. Inhibition may also be produced by ganglion blooking drugs and 

large d088S ot intravenous antioholinergics. 

Oesophageal disease or autonomie neuropathy may naturally inhibit 

oesophageal oontractility. 

6. CORCLUSIORS 

As an alternative to existing techniques we have examined the potential 
value o~ tvo nev methods o~ monitorlng anaesthesla, ollnical PRST scorlng and 

lower oesophagea1 oontraoti1ity • 
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In preliminary studies, both methods were successful in maintaining 

satisfactory closed loop control of a variety of inhalational and intravenous 

anaesthetics. Lower oesophageal contractility may also prove to be a useful 

monitor to indicate "lightening" or insufficient anaesthesia. 
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COMPUTER REGULATED SODIUM NITROPRUSSIDE INFUSION FOR BLOOD PRESSURE CONTROL 

N.L. PACE. M.D. 
D.R. WESTENSKOW. PH. D. 

1. INTRODUCTION 
The use of the fast-acting vasodi1ator sodium n1troprusside (SNP) for 

the contro1 of b100d pressure has been 1n pract1ce for the last 20 years. 
Or1g1na11y. the on1y indication for SNP therapy was management of hypertens1ve 
c ri ses. Later. the use of thi s vasodil ator for contro11 ed hypotens ion 
became popu1ar. Fina11y. within the last 10 years. the use of SNP for the 
management of myocard1a1 dysfunction and ischemia has emerged. Computer. 
rather than manual. contro1 of SNP infusion to contro1 b100d pressure will 
probab1y be the next step 1n the safer and even wider use of the drug. 

In this paper we w1ll brief1y review the effects and uses of SNP. the 
contro1 theory used to create computerized SNP infusors. and the literature 
on computer controlled SNP 1nfus10n. We will conc1ude with a 1isting of 
criter1a for a good computer controller for the infusion of SNP for blood 
pressure regulation. 
2. PHARMACOLOGY. PHARMACOLINETrCS. AND TOXICOLOGY OF SOOIUM NITROPRlISSIOE 

Sod1um n1tropruss1de (SNP) 1s a unique vasodilator.1-3 Its structure 
has 5 cyanide (CN) molecules and a nitroso (NO) group covalently attached 
to one iron atom. On being metabolized. SNP releases the 5 CN and therein 
lies the toxic effect. Mechan1stical1y. the drug causes a relaxation of 
the smooth muscle of the periphera1 vasculature. both arter1a1 and venous; 
this action is direct. not via autonom1c or central nervous systems. ex
plaining the rapid onset. Alpha and beta adrenerg1c receptors are free 
and available for other drug intervent10n 1f necessary. 

The exact ce11ular mechanism is unknown. SNP binds to su1fhydryl 
groups; there is specu1ation that SNP ties up Ca++ intrace1lularly. An 
increase of fntracellular cyc1ic GMP 1s also associated with SNP infus1on. 

SNP infusion produces a relatively balanced arterfolar and venular 
dilat10n. resulting 1n a reductfon 1n both afterload and preload. This 
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dilating occurs throughout in the bOdy, including the coronary and cerebral 

vessels. 

Withfn the heart, the decrease in preload and afterload associated with 

SNP infusion causes a significant reduction in myocardial oxygen consumption. 
This beneffcial action of SNP is offset by the possible detrimental coronary 
"steal" effect caused by the arterfolar dilation of blood supply to normal 
myocardium. Therefore, although the heart needs less oxygen, the decrease 
in collateral flow caused by the "steal" might shunt blood supply from an 
al ready partially ischemfc area of the heart, thereby creating total ischemia 
of that area of myocardium. This latter effect is still debated. 

Within the brain, SNP initially causes vasodilation with increased 
cerebral blood flow and cerebral volume. When using SNP for neurosurgery, 
it has been suggested that one immedi ately decrease the MAP to 70'; of 
control to avoid this complication. From this pressure on down, brain 
blood flow and volume correlate with the MAP. 

Brafn blood flow autoregulation is impaired when surgery has required 
hypotension for extended periods. Therefore, when one returns blood pres
sure to the control value, autoregulation does not immediately take 
over. Overperfusion of the brain can take place unless the ·patient is 
gradually taken off the SNP infusion. 

Within the pulmonary system, SNP fs noted to alter the ventil ation
perfusion ratio, resulting in a decreased Pa02. This shunt-like effect is 
thought to be caused by a vasodilation of the pulmonary system resulting in 

areversal of the normal hypoxie pulmonary vasoconstriction mechanism which 
lowers blood flow to the unventilated or poorly ventilated alveoli. This 
could present problems 1n patients who already have a compromised oxygen
atfon. It has been suggested that at least 40'; 02 be administered 
during controlled hypotension. 

SNP is administered exclusively intravenously. Following a bolus in
jection, mean arterial pressure (MAP) falls in 40 to 90 sec, and peak 
effect is noted in I 1/2 to 2 minutes. After about 5 minutes, drug effect 
is dissapated. As the elimination half-life of SNP is one to two hours, 
termination of drug effect is by redi stribution. The short duration of 
action of SNP is thought to be the time for the drug to cross the red 
blood cell membrane where each SNP moleeule quickly receives one electron 
from oxyhemoglobin to begin degradation. 
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After cessation of infusion, MAP returns to control values in ahout 4 
minutes. Quite commonly, a "rebound phenomenon" is noted and thought to be 
caused by an increased activation of the Renin-Angiotension system (RAS). 
This rebound hypertension may be ameliorated bya slow, staged reduction in 
SNP infusion rate. Others have noted an increased activity of the norepine
phrine/epinephrine system (NES) during SNP infusion and consequently found 
that simultaneous administration of beta adrenergic blocking agents prevented 
rebound hypertension when terminating the hypotensive state. Furthermore, 
reducing the activity of the NES system reduces activity of the RAS system. 

SNP is metabolized to thiocyanate (SCN), which is excreted principally 
via the kidneys. The half-life of thiocyanate is 4 hours and has anormal 
renal clearance of 2.2 ml/min. 

Cyanide formation is thought to be directly dose-related. Once controlled
hypotension is achieved, it is imperative that one calculate the total amount 
to be infused (infusion rate X duration of induced hypotension). If this 
amount exceeds the recommended toxic limit (1.5 mg/kg within 21/2 hours), 
measures must be taken to prevent CN build up. Several suggestions include: 

1) Increase the volatile anesthetic. 
2) Change patient position to decrease venous return. 
3) Switch hypotensive agents. 
4) Administer an anti-cyanide agent concurrently (Sodium Thiosulfate). 

Recommendations for maximum drug limits over longer periods are less well 
established. 

Younger patients frequently require more SNP than the elderly. However, 
they are just as susceptable to dose-related CN toxicity as the elderly. 

SNP is also noted to be an 1nhibitor of platelet aggregation and should 
be carefully administered to those with associated platelet dysfunction. 
The metabolie product (SCN) is noted to decrease iodine trapping and there
fore SNP shoul d not be used with those in a hypothyroi d condit i on. (SCN 

toxicity is manifest at blood levels of 8-10 mg % or greater). 
If the SNP dose will be close to the maximum, symptoms of CN toxicity 

(metabolie acidosis, increased venous oxygen content, decreased venous
arteri al oxygen content di fference) shoul d be checked frequently. If 
unexplained metabolie acidosis is noted, immediate cessation of SNP is 
indicated. The acidosis might need to be corrected by administ@ring sodium 
bicarbonate. Anti-cyanide agents are administered to reduce the cyanide 
level (sodium thiosulfate). 
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1. THERAPEUTIC INDICATIONS 
Probab1y the most accepted use of SNP is for the contro1 of hypertensive 

crisis. Origina11y used for relief of such extreme cases as ma1ignant hyper

tension and ec1ampsia, there are now many more indications. Possib1y the 
most common is management of the postoperative cardiac patient. On emergence 
from anesthesia, catecho1amine levels are dramatically increased due to 
pain, hypoxia, hypercarbia, shivering, and/or anxiety. The associated 
increased cardiac work may resu1t in myocardia1 ischemia. Thus a reduction 
of e1evated b100d pressures to normal levels will decrease myocardia1 work 
and decrease the chance of myocardial ischemia. In addition, reduction in 
b100d pressure will generally 10wer mediastinal b100d 10ss postoperative1y. 

Generally the dose required is significantly 10wer than the toxic 
level and is needed for on1y the first 12-48 hours postoperative1y. 
Neverthe1ess, short term use requires observation for possib1e cyanide 
toxi ci ty; 10ng term use also requi res observat ion for both cyan i de and 
thiocyanate toxicity. 

Induced hypotension during surgery to prevent or reduce b100d 10ss and 
to provide a c1earer surgica1 fie1d has been in use since WW 11. SNP is 
he1pfu1 especially for neurosurgery because it also can shrink the brain 
once b100d pressure has dropped. If necessary, very 10w MAP levels can be 
maintained with SNP for short interva1s. 

SNP induced hypotension is also he1pfu1 in reducing the amount of 
b100d loss and can be used in the event of a blood bank deficit. 

The most sensitive areas of the body to contro11ed hypotension inc1ude: 
cardiac, cerebral, and spinal areas. Careful monitoring of their condition 
(ECG, EEG, spinal reflexes, etc.) is vital. 

An unwanted tachycardia is immediately seen in many instances of in
duced hypotens ion. Beta adrenergi c blockers wi 11 prevent thi s ref1 ex. 

Use of SNP to ame1iorate heart failure (HF) and 10w cardiac output 
states i snow common. Vasodi 1 ators, in general, have become a thi rd 
component in management of the patient with HF which also inc1udes the 
use of positive inotropic drugs and diuretics. 

Using SNP to improve CHF is not necessarily associated with tachycardia. 
The more impaired the cardiac function, the more the improvement (increased 
stroke vo1ume and cardiac output) seen with SNP. The increased cardiac 
output produces increased renal blood flow and correspondingly increased 
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urine flow. sodium excretion. and creatinine clearance. Catecholamine 

levels decrease with the fncreased cardiac efficiency. 
Most recent1y Durrer et a1 4 has reported a significant reduction in 

mortality when using SNP to reduce the infarction size. IJse was within 
the first 5 hours after the initial myocardial infarction (MI) and continued 
for 24 hours. 

Three beneficial actions of SNP therapy for acute MI were postulated. 
1) A reduction in afterload. thereby reducing energy requirement of 

the jeopardized tissues. 

2) An fncreased coronary blood flow. thereby supplying more oxygen 
to the jeopardized tissue even though perfusion pressures might 

be lowered 
3) A reduction in the amount of myocardium irretrievably lost. 

As is we11 known. there is a very wide range of effective infusion rates 
among patients. The dose required to drop blood pressure can vary over at 
least a 2 log range (0.1 ug/kg/min to 10 ug/kg/min). In addition. the sen
sitivity of a given patient can also vary enormously over very short time 

intervals (minutes). especia11y during anesthesia. The titration of SNP 
infusion rate is a tedious. highly labor intensive activity. Computer 
control. with proper safety restrictions. could alleviate this burden. 
3. COMPUTER CONTROL OF SNP INFUSION 

A SNP controller generally 1ncludes an automated infusion pump. a blood 
pressure monitor. and a computer (figure 1). The blood pressure is measured 
and compared with the desired pressure. the difference is used by the control
ler through some decison making routine to adjust the SNP infusion rate. 

This type of feedback control is not new to medicine. It has been 
used to control blood volume.5 blood pressure.6-10 depth of anesthesia. l1 •12 

blood gases. 13-17 and blood glucose level. 18 These numerous applications 
indicate that computer control can be safe and reliab1e. and at times. 

extremely usefu1. 
In designing a computer controller. the decision routine will determine 

the safety and the success of the system. Basica11y three types of routines 
have been proposed for sodium nitroprusside. The first category includes 
ru1e based or "wait-and-see" routines.8.10.19 These initiate a step change 
1n SNP infusion rate. then wait to observe the b100d pressure response. 
The next step change in infusion rate depends on the previous response in 
blood pressure. This mimics current manual control. The size and frequency 
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of the steps are determined empirically by each designer. These systems 
tend to have response times which are quite long; on the other hand, they 
have the advantage of providing stable, non-oscillatory control when 
delivering drugs with longtime constants. 
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The second category includes classical controllers of the proportional
integral-derivative (PIO) type. 6,7.l9 A PIO controller tracks the difference 
between actual and desired pressure in 3 ways: the absolute value (propor
t10nal). the rate of change (derivative). and the accumulated error (integral). 
A weighted average of these 3 measurements is then used to control infusion 
rate. Because of their wide spread industrial application. numerous analy
tical techniques are available for optimization of PIO eontrollers. 20 ,21 

An leu 1n Birmingham. Alabama headed by L. Sheppard et al has used a 
modified PID controller for SNP for many years. 19 They have. in fact. 
documented that better control of blood press ure is provided by computer 
control than is prov1ded manually. Recently. Slate et al and Smolen 
have developed techniques by which the parameters of these PIO controllers 
are modified on-line. thus improving response time of these otherwise slow 
controllers. 22 •23 This self-adaptation s1gnificantly improves the contol-
lers performance and the desired pressure is achieved in 5 to 10 minutes. 
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The thfrd category of controllers fnclude those whfch use adaptfve 
control theory.22,24-26 Adaptive control is a scheme of simultaneous 

identification and control. 21 ,27,28 It comb1nes an 1dentification 
al gorithm with the cl ass i ca 1 contro 1 procedure. The approach assumes 
that the patient can be described by a mathematical model in which the 
values of coefficients may be uncertain. Real time algorithms are used 
to estimate the coefficients and the resulting estimates affect a controller 
designed to match the assumed model. 

Self-tuning control is possibly the simpliest possible adaptive control 
algorithm for sodium nitroprusside control. 27 ,28 It uses algorithms which 
are as simple as possible, it is of a form which can readily be implemented 
on available microcomputers, and theoretical results although incomplete, 
indicate the satisfactory stable performance can sometimes be expected. 
Successful applications of adaptive control have generally been self-tuning. 

Model reference adaptive controllers use a model of the patient which 
is continually updated by an adaptive process. 27 ,28 Inputs to the model 
are determined which will cause the desired outputs. When the same 
inputs are applied to the patient, the patient will be closely controlled. 

Successful applications with self-tuning or model reference controllers 
report response times on the order of 5 to 10 minutes. Adequate control 

has been shown in simulations and animal studies, however, patient data 
is still lacking. 

Of the three catagories ("wait and see", PID, and adaptive) discussed, 
adaptive control has several advantages. 8y adjusting the system response 
to a particular patient, the adaptive controller is better optimized to 
that patient. Also, if the patient's circulatory system or sensitivity 
to sodium nitroprusside changes, an adaptive controller will change to 
compensate. In contrast, as conditions change, the classical controllers 

become less than optimum and may provide unsatisfactory control. 
4. CRITERIA FOR SAFE, SUCCESSFUL COMPUTER CONTROL 

As computer controlled infusion pumps become commercially available, 
by what standards should they be judged? These criteria should include 
standards of effectiveness, reliability, ease of use, safety and security. 
Our recommendations are the following: 

The controller should be fast. (If a slower ascent or descent to a 
desired pressure is needed, several small step changes can be used.) After 
lnitializing a change in the setpoint (desired pressure), the step change 



should be accomplished within 2-3 minutes, with an overshot of no more than 

10 mmHg. Once the setpoint is reached, actual blood pressure should vary 

no more than ! 5 mmHg. At all times, the controller should be adapting 

itself to possible changes in patient sensitivity to the drug. If there 
is a near catastrophic event (sudden massive blood loss, inadvertent bolus 
injection of SNP or vasopressor drug), the controller should restore MAP 
to the setpoint within 3 to 5 minutes. 

During initializing of the controller, the following parmeters should 
be entered: setpoint, patient weight, lowest pressure allowed, maximum 
infusion rate, etc. Thus, possible safety checks that can be implemented 
in the system include: 

1) limiting maximum dosage rate (8-10 mcg/kg/min) 
2) limiting maximum total dose (1.5 mg/kg over 2 1/2 hours) and 

displaying the time when this limit will be reached 
3) installing an alarm to detect unstable pressures that are beyond 

the controllers capability 
Computer controlled infusion of SNP must distinguish changes in blood 

pressure due to body funct i on from that due to care procedures. Common 
intraoperative and post-operative care procedures include: 

1) sampling of blood from the arterial cannula 
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2) flushing the arterial line 
In addition, damping of the pressure waveform by patient movement or line 
clotting must not destroy control stability. 

For security reasons, changing the setpoint or other parameters of the 
controller should be easy, but not allow absent minded fiddling or unin
formed trespassing. 
5. CONClUSION 

Sodium Nitroprusside is a valuable drug for the managment of hyper
tension, control of hypotension and management of myocardial dysfunction 
and ischemia. Because of the range of patient sensitivities to the drug 
is so large and because sensitivity may change during its administration, 
the drug is difficult to del iver with manual adjustment of the infusion 
pump. Computer control of SNP infusion offers a means of overcoming this 
problem. A computer controller can adjust the infusion rate automatically 
to compensate for changes in patient sensitivity. A self adapting controller 
meeting the safety criteria listed may result in even more effective use 
of the drug and bett er control of the patient's blood pressure. 
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COMPUTER CONTROLLED INFUSION OF DRUGS DURING ANESTHESIA: 
METHODS OF MUSCLE RELAXANT AND NARCOTIC ADMINISTRATION 

G. RITCHIE, l. SPAIN, l.G. REVES 

INTRODUCTION 
One of the anesthesiologist's tasks during surgery is controlling the effects 

of the drugs he administers. This is usually done by manually adjusting the dose 

so that the desired effect is achieved. Effects of IV drugs are usually controlled 

by administering them as aseries of boluses, constant infusion, or some 

combination of the two. 

The usual type of control can be c1assified as intermittent manual c1osed

loop contro!. Closed-Ioop control describes a system in which the output (in this 

case, the drug effect) and perhaps other system variables (such as temperature, 

heart rate, etc.) affect the control of the system. Current techniques may limit 

how finely the drug effect can be controlled. For b.olus injections, the control 

action is extreme (high gain), and only intermittently applied. For constant 

infusion, the infusion rate may be intermittently adjusted. These features tend 

to make control imprecise. 

One of the most promising uses of computers in anesthesia is in infusion 

systems that control a drug's effect. Such a system may be an automatie c1osed

loop control system where drug effect is monitored by a computer and infusion is 

automatically adjusted to bring the effect to the desired level. This type of 

system has been used to control blood pressure in post-operative cardiac patients 

with nitroprusside.1 Another system has been reported that automatically 

controls thiopental anesthesia.2 
Manual control of a drug's effect mayaiso be improved by the use of 

computer-based infusion systems. In these systems, the computer can control 

the infusion of drug so that it is infused according to its pharmacokinetics. The 

drug effect can be more evenly controlled because constant plasma 

concentration of the drug is more c10sely achieved than with bolus injections or 

constant rate infusion. Drug effect can then be manually controlled by altering 

the desired equilibrium plasma concentration of the drug rather than injecting a 

bolus or changing the infusion rate. 
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Two computer-based infusion systems for the infusion of drugs during 

surgery have been developed at the University of Alabama. in Birmingham. One 

system is an automatie dosed-Ioop control system that controls musde 

relaxation during surgery. The other is an infusion system that infuses a narcotie 

according to its pharmacokineties. 

AUTOMATIe eONTROL OF MUSCLE RELAXATION 

In controlling muscle relaxation during surgery, one must balance two 

opposing problems. Enough musde relaxant must be infused to provide adequate 

relaxation for the procedure and the infusion must be limited to avoid prolonged 

recovery of muscular function and to reduce the risk of impaired respiration in 

the recovery room. This task is complicated by the variabiliy in sensitivity to 

musde relaxants among patients, making appropriate doses diffieult to prediet. 

Automatic dosed-loop control of musde relaxation accounts for the 

patient's sensitivity to the drug by continuously monitoring the level of 

relaxation and adjusting the infusion rate of musde relaxant accordingly. In this 

way, only as much drug as needed to induce and maintain the desired level of 

relaxation is infused. 

Two systems for the control of neuromuscular blockade have been 

reported. One has been used to compare four non-depolarizing musc1e relaxants 

in sheep.3 The other has been used to maintain musde relaxation in surgieal 

patients with pancuronium.4 In this system, relaxation was induced with an 

initial bolus of the drug. Both systems used the evoked, rectified and integrated 

electromyogram (EMG) as the feedback signal to control the infusion of drug. 

We have deveJoped a new system that induces and maintains the desired 

level of musc1e paralysis. This computer-based control system uses the evoked, 

rectüied and integrated EMG to control the infusion of succinylcholine. 

System Descripticm A block diagram of the system is shown in figure 1. The 

c.ontroller triggers a Grass S48 stimulator (A) every 10 seconds. The stimulator 

delivers a 0.2 ms voltage pulse to the ulnar nerve through needle electrodes 

applied at the elbow or wrist. The stimulator is electrieally isolated from the 

patient by a Grass SIU-.5 isolation unit. The stimulation voltage is adjusted for 

supramaximal stimulation. The resulting EMG is then amplified, rectified, and 

integrated by an EMG signal processor (B) designed for this system. The 

processor begins integration 3 ms after the stimulus to avoid processing the 

stimulus artifact. The integration period is specified to be 16, 20, 24, or 32 ms, 
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depending on the duration of the EMG. The EMG is simultaneously displayed on 

a storage oscilloscope so the quality of the signal can be visually checked and the 

integration per iod selected. 

The output of the EMG processor is a voltage proportional to the rectified 

and integrated EMG. This voltage is converted to a numerical value by the 

controller (C). The controller is implemented on a Motorola EXORset 

microcomputer. Before the infusion of succinylcholine begins, the controller 

averages the processed EMG with the previous two to obtain a baseline value. 

Afterwards, the processed EMG is divided by its baseline value and multiplied by 

100 to express the response as a percentage of the baseline. This value is 

subtracted from the desired level of relaxation (the setpoint) to give the error. 

The infusion rate is calculated as mg of succinylcholine/kg of patient 

weight/minute, then converted to ml/hr by multiplying it by the patient weight 

times 60 and dividing it by the drug concentration. This value is then 

communicated to an IMEO 929 computer controlled infusion pump (E) which 

adjusts the infusion rate accordingly. This cyde is repeated every 10 seconds. 

The setpoint, patient mass, and drug concentration are entered into the 

controller before the infusion begins. The setpoint can be changed at any time. 

Infusion can be manually controlled on the IMEO pump should it be desirable to 

bypass the controller. 

The control algorithm holds the infusion rate constant at 0.1 mg/kg/min 

until the response is depressed to 9096 of the baseline. Then the infusion rate is 

calculated according to the following equation: 

infusion rate = (P x error) + (I x sum of the error) + 

(0 x difference between current error and previous error) 

where P, I, and 0 are constants that govern controller performance. When the 

response is within 1 % of the setpoint, the P and 0 terms are made zero in order 

to prevent the system from responding to small random variations in response. 

The maximum infusion rate is limited to 0.2 mg/kg/min. 

An algorithm to detect for interference from the electrosurgical unit was 

induded in the program. This interference usually caused the amplifiers on the 

EMG processor to saturate. Thus, when the rectified and integrated EMG was 

above a predetermined threshold, the controller assumed the signal was 

interference from the electrosurgical unit and ignored it. 

System Evaluation: The system was evaluated on 12 surgical patients. 

Anesthesia was induced with thiopental (3-4 mg/kg) and maintained with an end-
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tidal concentration of 1% enflurane and 66% nitrous oxide in oxygen. 

Endotracheal intubation was performed without relaxants. Setpoint for the 

degree of relaxation was 20% of the baseline. The infusion was arbitrarily 

limited to 30 minutes to prevent Phase 11 response. After the infusion was 

terminated, the EMG response was monitored until it recovered. 

The system successfully initiated and controlled the desired level of muscle 

relaxation in 10 of the 12 patients. A typieal example of automatie control of 

muscle relaxation is shown on figure 2. Table 1 summarizes the results obtained 

from the automatie control of muscle relaxation in the 10 patients. The total 

dose administered for 30 minute infusion and 80% depression of the EMG ranged 

from 1.21 to 3.77 mg/kg (mean = 1.92, S.O. = 0.72). The mean (± S.O.) time to 

reach the setpoint was 5.5 minutes (± 1.87), and the mean time for 95% recovery 

was 5.4 minutes (± 0.83). Two patients were relatively insensitive to the drug 

and the system was unable to control them. 

PROGRAMMED INFUSION OF NARCOnC 

The administration of IV anestheties usually involves the intermittent bolus 

administration of a drug whose elimination half-life exceeds the interval within 

whieh it is repeatedly administered. Figure 3 shows a hypothetical time course 

of the plasma concentration of a drug administered in this way. Not only does 

drug effect vary with the swings in plasma concentration but accumulation 

results from repeated injections of a drug at intervais shorter than its 

elimination half-life. Thus during a case of multiple IV bolus administrations of 

IV anestheties (e.g., fentanyl, diazepam, etc.) the plasma level of these drugs 

will rise, and presumably the action will be prolonged. If as in Figure 3, a last 

administration is given to facilitate skin closure, the highest drug levels will 

occur at the end of operation causing a prolonged recovery. 

A more rational method for infusion of anesthetie drugs may be based on 

knowledge of the partieular drug's kinetics.5 Plasma. concentration of the drug 

can be made constant if the drug's kinetics in a partieular patient are known. 

The amount of drug which is eliminated from the plasma per unit time is simply 

replaced. Figure 4 shows a hypothetieal time course of the plasma concentration 

for a drug infused in this way. Unfortunately, drug kinetics vary among patients; 

nevertheless, constant plasma concentration can be more closely achieved with 

this technique using pharmacokinetic data obtained from other patients than 

with current techniques. 
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A computer which controls an infusion pump can be programmed with an 

infusion function designed to infuse drug at the rate it is eliminated from the 

plasma (central compartment). This type of system has been used to control the 

infusion of fentanyl, etomidate, and midazolam.6,7 These systems enable the 

physician to more finely control the drug effect by changing the equilibrium 

plasma concentration rather than injecting a bolus of drug. It also provides a 

"background" effect of the desired drug which permits utilization of small 

amounts of other adjuvant anestheties, e.g., halothane or enflurane. 

We have designed a programmed infusion system that quiekly achieves and 

maintains a constant plasma concentration of fentanyl. The desired plasma 

concentration is quickly established by rapid automatie injection of the drug. 

The concentration is maintained by infusing the drug according to the ca1culated 

amount of drug that is lost from the central compartment. 

System Descriptian: The system consists of an Apple 11+ computer and an IMED 

929 computer controlled infusion pump. A program written in PASCAL for the 

Apple computer controls the operation of the system. Before the infusion 

begins, the user enters the patient weight (in kg), the fentanyl concentration of 

the injectate (in mcg/mI), and the desired fentanyl concentration in the plasma 

(in ng/mI) into the computer. The computer ca1culates the amount of fentanyl 

needed to load the central compartment to the desired concentration, then 

infuses this amount at a rate of 1599 ml/hr. To achieve the desired therapeutic 

drug level at this rate usually takes less than I minute. Afterwards, the infusion 

rate is ca1culated according to the following equation:5 

u(t) = VcCI(O) (KID + K12e-K21t + K13e-K3It) 

where 

u = infusion rate 

t = time 

V c = volume of central compartment 

Cl (0) = concentration of drug in central compartment after loading 

KlO = elimination rate constant from central compartment 

Kl2 = transfer rate constant from compartment 1 to 2 

K21 = transfer rate constant from compartment 2 to 1 

K13 = transfer rate constant from compartment 1 to 3 

K31 = transfer rate constant from compartment 3 to 1 
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This equation reflects the theoretical 1055 of fentanyl from the central 

compartment in a three compartment open model. The equation is based on the 

pharmacokinetics of fentanyl.8 Every 15 seconds the computer calculates the 

infusion rate and communicates it to the IMED infusion pump. The user may 

stop the infusion at any time. An example of the infusion function is shown in 

figure 5 and cumulative dose is tabulated in Table 2. Ultimate design will permit 

the anesthesiologist to raise or lower the therapeutic blood level much as he 

regulates the inspired concentration of inhalation anesthetie by adjusting the 

vaporizer setting. 

DISCUSSION 

Computer-based infusion systems offer a number of advantages over 

manual methods of drug administration. The primary advantage is that control 

of the drug effect is more precise. Additional benefits include possible reduction 

in the amount of drug used, fewer side effects, and speedier recovery. A smooth 

anesthetic course can be obtained (Fig. 6) without the use of large "front end 

dosing". 

Automatie closed-Ioop control can be especially useful for controlling the 

effects of drugs for wh ich there is a large variability in sensitivity among 

patients. The control algorithm used in our muscle relaxation system was 

relatively simple. A more sophistieated algorithm will probably be more 

successful in controlling a higher percentage of patients. An adaptive control 

algorithm that adjusts itself to the patient sensitivity may be required for some 

drugs. 

Not all drugs produce effects wh ich are easily measured. The physician 

may use considerable judgement in adjusting the dose of these drugs. Automatie 

control of the effects produced by these drugs may be difficult to achieve. 

However, computer controlled infusion based on the anesthetic drug's 

pharmacokineties oUer signifieant advantages over the manual methods while 

retaining the physician's direct control over the drug's effect. 

Computer controlled infusion systems show even greater promise for future 

drugs. The benefits of these systems are maximized with drugs that produce 

specific effects, have fast onset and recovery of effect, and have a high 

therapeutic index. These are precisely the design goals for new drugs being 

developed such as alfentanil. 
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SUMMARY 
We have presented two systems of drug infusion for use in anesthetized 

patients. 80th systems depend on computer assistance, and both have promise 
for widespread routine clinical application as weIl as immense clinical research 

value. 

TASLE I 
TlMETO 

TOTAL TlMETO ,,'" 
AGE WT DOSE" DOSE/WT" SETPOINT RECOVERY 

PATIENT SEX (YRS) (KG) (MG) (MGIKG) (MIN) (MIN) 

1 F 27 59 91 1.55 3.9 5.2 
2 F 30 43.6 68 1.55 4.0 4.4 
3 F 22 65 114 1.75 4.7 4.4 
4 M 56 78 149 1.91 5.2 5.8 
5 F 51 69.5 84 1.21 4.3 6.1 
6 F 57 87 165 1.90 7.6 5.6 
7 M 36 85 120 1.41 3.8 5.2 
8 M 36 67 154 2.30 6.2 5.1 
9 F 39 63 118 1.87 5.4 5.0 

10 M 33 70 264 2.77 9.6 7.2 
MEAN 38.7 68.7 132.7 1.922 5.47 5.4 
s.o. +12.1 ;t12.8 ;t55.76 +0.72 ;tl.87 +0.83 
Muscle relaxation characteristics obtained with the computer controlled 
system. In aIl patients the setpoint was 20% of the baseline. *For 30 minute 
infusion periode 

TABLE2 
FENTANYL INFUSION DESIGNED TO MAINTAIN , ng/ml* 

E1apsecI Time (min) V(mI) mcg mcg/lcg ml Pentanyl 

1 18 180 2.0 3.6 
3 33 330 3.7 6.6 
5 42 420 4.7 8.4 

10 62 620 6.8 12.4 
15 78 780 8.6 15.6 
20 92 920 10.2 18.4 
25 104 1040 11.5 20.8 
30 114 1140 12.6 22.8 
40 133 1330 14.7 26.6 
50 149 1490 16.5 29.8 
60 163 1630 18.1 32.6 
70 176 1760 19.5 35.2 
80 187 1870 20.7 37.4 

Patient's wgt = 90 kg. Where V = volume infused, mcg = mcg of fentanyl 
kumulative dose), mcg/kg = cumulative dose in mcg/kg, ml Fentanyl = 
cumulative dose in ml of fentanyl (50 mcg/mI). (See figure 5) 
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FIGURE 1: Block diagram of muscle relaxation controller (see explanation in 
text). 
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FIGURE 2. Example of automatie control of muscle relaxation (patient 114, see 
Table 1). The upper graph shows the response as percent of baseline. The lower 
graph shows the infusion rate. In this case, the setpoint was reached 5.2 minutes 
after infusion of succinylcholine began and recovery of 9596 of muscular function 
occurred 5.8 minutes after the infusion was stopped. The setpoint was 2096 of 
the baseline. Absolute recovery to the baseline was not achieved probably 
because of the peripheral effect of the enflurane. 



311 

ToD .................................. Ör~ö ·w·ltt.· i .;2 ~f 6ö;"ln 

Loadlno dOll. 2D 
Rlplat dOll ID at 1120f lll2 

OPERATION ----......... ---RECOVERY 
30 60 90 120 150 180 

TIME 

FIGURE 3. Hypothetical time course of the plasma concentration of an IV drug 
administered as a sequence of bolus injections. This graph shows how drug 
accumulation results from injections at intervals less than the elimination half
life. To 0 is the toxic dose and Th 0 is the therapeutic dose. (From ref 115 with 
permission of authors and publisher.) 
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FIGURE 4. Hypothetical time course of the plasma concentration of a drug 
infused according to its pharmacokinetics to keep the plasma concentration 
constant. (From ref 115 with permission of authors and publisher.) 
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FIGURE 5. Fentanyl infusion rate and cumulative dose for 80 minutes of 
programmed infusion. The patient mass was 90 kg and the desired plasma 
concentration was 5 mcg/l. 



314 

FIGURE 6. Blood pressure in a 90 kg man anesthetized with diazepam 
0.3 mg/kg, pancuronium 0.1 mg/kg and a continuous infusion of fentanyl designed 
to maintain a plasma fentanyl level of 5 ng/ml. Note the stable blood pressure 
at all times, inc1uding induction (INDUCTION), tracheal intubation (TUBE), leg 
incision (LEG), chest incision (CHEST), with and without N20 50:50 (N20 ON and 
N20 OFF). 
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OXYGEN REQUIREMENTS DURING ANESTHESIA 

STUART F. SULLIVAN 

Department of Anesthesiology, UCLA School of Medicine, Los Angeles 

1. INTRODUCTION 

Oxygen requirements of the body during general anesthesia will vary with 

depth of narcosis. Whole-body oxygen consumption has been measured by closed 

and open-circuit methods. In the closed-circuit method, the subject breathes 

from aspirometer and returns the exhaled gas to the spirometer. Carbon 

dioxide is absorbed within the spirometer, and rebreathing of dead-space air is 

prevented by aseries of one-way valves in the breathing circuit. Spirometer 

volume is decreased by an amount equal to the subject's oxygen consumption. 

The spirometer reservoir gas must be of sufficient volume to allow several 

minutes of rebreathing, and must, start with an enriched oxygen mixture to 

prevent hypoxia. Benedict, a pioneer investigator of human metabolism, was 

instrumental in developing and refining clinically useful closed-circuit 

spirometry.1 Benedict's spirometer included the measurement of carbon dioxide 

production; Roth's modification eliminated this aspect, thereby measuring oxygen 

consumption exclusively. The Benedict-Roth apparatus has remained the most 

widely used closed-circuit spirometer, with small refinements adapted by 

individual investigators where applicable. The foundation for thinking that V02 

can be controlled by specific anesthetic agents begins in 19.51, when Shackman, 

Graber and Redwood reported a 1.5% decrease in measured oxygen uptake in 

patients anesthetized with thiopentaI/nitrous oxide or thiopentaI/cylopropane.2 

A Benedict-Roth spirometer with C02 absorber was used. Topkins and Artusio 

in 19.5.5, demonstrated a significant increase in oxygen consumption during diethyl 

ether and during cylopropane anesthesia) A similar experimental method was 

used. In these studies and in subsequent studies when the closed-circuit method 

is used, carbon dioxide production and RQ cannot be measured. 

In the open-circuit method, a known inspired oxygen concentration (FI02) 

is breathed from a reservoir, and exhaled gas is collected. A correction must 

be made for the difference between inspired and expired volumes. The combined 

measurement of VC02, V02, RQ and anesthetic gas has presented formidable 

methodological and technological barriers. Using new technology for 

simultaneous multiple gas analysis and on-line computation, it is now possible 
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to measure minute-to-minute anesthetic and respiratory gas exchange reliably. 

The purpose of this work is to describe and demonstrate our approach to the 

measurement of total respiratory gas exchange during the uptake of inhalational 

anesthetics. 

2. MEmODS 

2.1 Pulmonary Gas E.xchange4,.5 

The volume of pulmonary gas uptake or elimination is: 

VIFIX - VEFEX = Vx (Eq. 1) 

where 

VI = Inspired gas volume/minute 

VE = Mixed expired gas volume/ minute 

FIX = Inspired fractional concentration of gas X 

FEX = Mixed expired fractional concentration of gas X 

Vx = Volume of gas X uptake or elimination/minute 

Measurement of both inspired and expired volumes can be used by having 

the subject inspire from a large spirometer of known gas composition and exhale 

into another spirometer. This is an ideal system where aB the variables are 

measured directly. Although this approach would be expected to yield the most 

reliable steady-state data, it is very cumbersome and rarely used. 

More commonly only expired air volume is measured, requiring evaluation 

of steady-state conditions. When gas exchange is in a steady-state (implying 

that gas exchange at the tissues equals gas exchange measured at the mouth), 

then the volume of nitrogen (N2) exchange is zero. 

where . . 
VIFIN2 - VEFEN2 = 0 (Eq. 2) 

and 

(Eq. 3) 

and 

(Eq. 4) 

substituting Eq. 4 in Eq. 1 

Vx • VE ~IX (FEN2/F1N2~ - F~ (Eq • .5) 

This equation for V X may be used for the volumetrie measurement of any gas 

(respiratory or anesthetic). The only conditions necessary are: (1) an inert gas 
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is present in the inspired mixture (nitrogen, argon, or other); (2) a steady-state 

is present or closely approximated6,7 (more discussion of non-steady-state errors 

to follow). 

Using this approach, the equations of interest are: 

VC"2 = VE [FEC02 -~IC02 (FEN2/FINiJJ 

V~ = tE [tl~ (FEN:zIFlN~ - FE~ 
V ANES = VI! [flANES (FEN2/FIN2~ - FEANEJ 

The volume of exhaled air (VEAPTS) is measured at spirometer temperature, 

saturated with water vapor, and at ambient barometrie pressure. This volume 

is redueed to standard conditions, i.e., ~ESTPD for the calculation of VXSTPD. 



2.2 Instrumentation 

The on-line gas exchange 

measurement systemS is 

depicted schematically (Figure 

1). Data aCCJIisition, analog 

input, digital input/output, 

timing, computation, data 

storage and other functions 

are managed in a program run 

on a small digital computer 

(NOVA, Data General, 

Southboro, Mass). Inspired, 

mixed expired and calibration 

tank gas analyses are made 

for 02, C02, N2 anesthetic 

using a multiple inlet Perkin-

Eimer MGA-llOO gas analyz-
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'VANES.l 

'VANES.2 

ing mass spectrometer (Pomona, California). Exhaled air is collected in a 

modified, 10 liter, dry rolling seal, displacement spirometer (Cardiopulmonary 

Instruments Inc., Houston, Texas). Spirometer logic indudes detection of (user 

preset) full volume and end-exhalation. Typically at completion of the collection 

cyde, the computer real time dock is read, together with the voltage 

representing spirometer position, the gas operated spirometer inlet valve closes 

(outlet valve opens), the coUected exhaled air is dumped and analyzed for the 

gases of interest. Analysis of the entire collected sam pie is necessary as gas 

mixing in the spirometer is not always complete. During spirometer dumping 

and at the completion of current exhalation (flow sensor in external limb of 

spirometer inlet), the spirometer outlet valve closes (in let valve opens). At 

this moment the clock is read, together with the voltage representing spirometer 

position. This is the start of a collection cycle. During the filling cycle both 

inspired gas and two calibration gas tanks are analyzed through alternate mass 

spectrometer inlets selected under computer program control.. All of the required 

information, i.e., inspired gas concentrations, collected gas volume, spirometer 

temperature, collection time, and expired gas concentrations are available, each 

cycle to compute VC02, V02 and VANES. 
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2.3 Steady-State Evaluation 

During transient conditions the validity of open-circuit gas exchange 

equations were examined to determine the magnitude of errors that may exist.9 

Open-circuit measurement of 02 uptake requires that net N2 exchange be zero 

('VN2=0). Increasing FI02 necessarily decreases FIN2 resulting in adjustments 

of body 02 and N2 stores. Since VN2 is non-zero during these transients, open

circuit measurement of ~02 is not valid. A dynamic model of body N2 stores 

was developed to predict: (1) the time required to re-establish zero net N2 

gas exchange, and (2) the error magnitude in transient state values of open

circuit V02. Since the open-circuit V02 equation is invalid during transient 

conditions, a second equation is needed, transient V02 (rV02), which describes 

02 uptake during periods of non-equilibrated N2 stores. 

The error term, (VN2FI02!FIN2), is simulated by the model and provides 

magnitude and time course error information in transient state open-circuit V02 

values. It is clear that at the moment of change in FI02, the two fll'lctions 

produce significantly different values of oxygen consumption rate. The larger 

the step change in FI02, the greater the initial value error. As FI02 changes, 

FE02 changes to adjust to inspired conditions. The greater the inspired 02 

change, the greater the displacement of N2 and thus a larger value of \lN2. 

For example, during eucapnic ventilation, when increasing FI02 from 0.21 

to 0.40, the model predicts a 10% and 1% relative difference between open

circuit \102 and rV02 at 0.55 and 1.44 minutes respectively, following initial 

FI02 change. For a change in FI02 from 0.21 to 0.80, the 10% and 1% times 

are predicted to be 0.9 and 1.70 minutes. The results provide a method to 

estimate transient values of V02 and to predict the earliest time of 02 

equilibration following a step change in FI02. 

2.4 System Reliabllity 

The reliability of the system over a 2-hour period has been measured using 

a model with constant ventilation and constant inspired and expired gas 

concentration. Individual variation in gas concentration measurement is minimal. 

for example, FI02 (%) is measured at 20.94 :!:. 0.0113 (X :!:. S.E.), FE02 (%) 15.7.5 

.:!: 0.0064, VE(L/min) at 7.16 :!:. 0.0023, and V02 (ml!min) at 332.9 :!:. 0.81. A 

coefficient variation for V02 is 2.9%. In a similar analysis, the coefficient of 
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variation for VHAL was 1.7%. This variability is the summation of contributions 

from all aspects of measurement (spirometer, mass spirometer, and 

computer).lO,ll 

3. RESULTS 

3.1 Laboratory Studies 

Oxygen uptake during halothane anesthesia9 was measured in seven clogs, 

average 23.5 kg, given pentobarbital, 30 mg/kg intravenously, intubated, and 

ventilated artificially. Pancuronium 0.1 mg/kg/hr provided muscle paralysis. 

Arterial (femoral artery) and mixed venous (right ventricle) blood sampies were 

analyzed for pH, P02, PC02, and hematocrit using a blood gas electrode system 

(l.L. 313). Cardiac Index (C.I.) 

was computed from V02 and 

a-v 02 content difference. 

Ventilation was adjusted to 

provide normal pH and PaC02. 

VE, VC02, V02, and RQ were 

measured on a minute-to-

minute basis. Following 2 

hours of constant ventilation 

with air, halothane 1% was 

added to the inspired mixture. 

Halothane uptake ('VHAL) was 

measured for 2 hours (See 

Figure 2). In addition to the 

continuous gas exchange meas-

urements, other relevant meas

urements were made at 5, 10, 

22 kg . 
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Figure 2. Halothane Uptake and Washout 

with Measured VC~ and V~ 

15, 30, 60, 90, and 120 minutes. During this 2 hour period, V02 (ml/m2/min) 

decreased from 151 .:!:. 5 (mean .:!:. S.E.) to 118 .:!:. 6 (P <. 0.002), heart rate 

decreased from 179.:!:. 9 to 132 .:!:. 4. Systemic blood pressure reached a minimum 

value at 30 minutes and then began to return toward initial values. The rate 

of decrease of oxygen consumption and cardiac output (half-time = 5 minutes) 

had a high degree of correlation with the initial phase of anesthetic uptake. 

The decrease in metabolie rate of the body, as measured by oxygen uptake and 

cardiac output, parallels the initial rapid phase of halothane uptake. 
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3.2 Intraoperative Studies 

On-line V02 during halothane anesthesia was studied in twelve patients 

undergoing cardiac surgery.12 The purpose of this study was to define sequential 

changes in respiratory gas exchange during inhalation anesthesia in man. 

Following premedication with lorazepam (0.0.5 mg/kg IM) anesthesia was induced 

with thiopental (3-.5 mg/kg) and maintained with halothane (0.8%) in .50% 02, 

balance N2; endotracheal intubation was facilitated with pancuronium (0.1 

mg/kg). Induction to intubation period varied from 1.5 to 20 minutes. Data 

collection began following intubation; the Engstrom ECS 2000 ventilator provided 

constant inspired gas concentration and tidal volume. PC02 was maintained at 

33 :.!:. 2 torr. \TE, VC02, V02, and RQ were computed at approximately once 

aminute. Data were grouped at 10, 20, 30, 40, .50, and 60 minutes post-intubation 

for statistical analyses (See 

Figure 3). V02 did not change 

significantly during the entire 

period of measurement, 

ranging from 96-100 

ml/m2/min (2.5% below basal 

V02 of 130 ml/m2min). VC02 

did change significantly 

(p < 0.00.5), decreasing to a 

steady-state level after 30 

minutes. RQ decreased in the 

same manner dJring this 

period. Body temperature 

decreased significantly 

(p < 0.00.5) from 36.1 ·C to 

3.5.0 ·C. The decrease in V02 

seen in these patients is due 

to both a decrease in body 

temperature and the effect of 

halothane anesthesia. A drop 

of 2 ·C in body temperature 

can aeeount for 12% decrease 

in V02. The metabolie depres-
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sion of V02 by halothane anesthesia is very rapid, with a new steady level of . .. 
V02 seen within 20 minutes. The change in VC02 is slower than that of V02 

due to the larger reservoir of C02 in the body, thus a longer period is required 

to reach a new equilibrium. In our study, changes in VC02 and RQ require up 

to 30 minutes dependant upon the magnitude of alveolar ventilation. The RQ 

remains weIl within the expected range off 0.7-1.0. 

3.3 Postoperative Studles 

Oxygen uptake during anesthetic washout was studied in twelve 

postoperative patients. 13 Anesthesia consisted of thiopental (3-5 mg/kg), N20/02 

(50/50), enfhrane (0.5-1.5%) and muscle relaxation was provided by either 

dimethyl tubocurarine or pancuronium chloride. Moderate hypothermia (28-30 ·C) 

and enfhrane in 02 were used 

during cardiopulmonary by

pass. Ventilation (VE) was 

controlled throughout. Anes

thetic concentrations were 

maintained into the recovery 

room. In the recovery room, 

the patients were ventilated 

with 02-N2 mixtures through 

a volume cycled ventilator 

(Engstrom ECS 2000). VE and 

Fl02 were matched to those 

during anesthesia. V02, VC02, 

anesthetic washout (VN20 and 

VENF) were measured. Meas

urements were taken at 5, 10, 

15, 30, 45, 60, 90, 120, 150, 

and 180 minutes postopera

tively (See Figure 4). Reetal 

temperature was monltored 
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Figure 4. Postoperative v~ During Anesthetic 

Yashout. Adjustment in F~ Demonstrates . . 
Trarwent Effect on Measured Vüz 

continuously. During tl'!e study period, the patients were sedated with morphine 

sulfate as required (4-14 mg/3 hours) and the mean arterial blood pressure was 

maintained between 80 and 90 Torr with Nitroprusside. Average body 

temperature was 35.5 ·C on arrival in the recovery room and 36.5 ·C at the end 

of 3 hours. V02 and VC02 increased 10110wing the cessation 01 anesthesia. 
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• • The increase in V02 was proportionaHy larger than that of VC02 initiaHy, this 

resulted in a gradual decrease in respiratory quotient (RQ); finaHy approaching 

steady-state at 60 minutes. The V02 also reached a new level after 60 minutes 

and showed a maximum of 118 ml/m2/min after 3 hours and at that time the 

PaC02 and pHa averaged 32 Torr and 7.43. The low value of t02 at the end 

of general anesthesia is not unexpected and is due to both the depressant effects 

of enflurane and that of hypothermia. Post-bypass hypothermia is weH 

recognized, and at 35.5 ·C can cause a 10% decrease in V02. The postoperative 
• rise of V02 is rapid and correlates weH with the rapid washout of anesthetic. 

In our series of patients, postoperative V02 is minimized by sedation and 

mechanical ventilation, thus the t02 after 3 hours is relatively low. The first 

hour of emergence is the time of the greatest metabolic change. 

IJ. DISCUSSION 

Multiple reliable measurements of whole body oxygen consumption are a 

prime requisite of our studies. With a view to c1inical use, we also desired to 

develop a non-invasive method using expired respiratory gas analysis. Some of 

our early studies delineated the barriers, both in techniques and interpretation. 

Typical of such a problem is that, conceptuaHy, a change in ceHular metabolic 

rate is expected to effect changes in the circulation and in gas exchange within 

the lung which will be reflected by a change in expired gas concentrations. 

However, the gas stores of the body act as a volume buffer, so that tissue or 

circulatory changeS are not immediately reflected in the expired gas. Breath 

to breath respiratory oscillations in normal man at rest cause a continual change 

in the distribution of lung ventilation to perfusion ratios, further reducing the 

accuracy of intermittent sampling of expired gases or of blood gases to determine 

V02. We also demonstrated the need for on-line data availability. This 

preliminary work led to the development of our system of continuous collection 

of expired gas in an automated spirometer, its analysis by respiratory gas mass 

spectrometer and subsequent processing by an on-line computer system. To 

measure oxygen consumption of patients in the perioperative period in the 
• recovery room and in the ICU, we require a continuous analysis of V02 showing 

the trends and asymptotes, as weIl as an indication of steady-state gas exchange 

conditions defined as a constant ratio of C02 production to 02 consumption 

(RQ), or alternatively, a constant ratio of inert gas exchange (ratio of expired 

to inspired nitrogen, FEN2/FIN2). 
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The fundamental aim of general anesthesia is to provide reversible 

unconsciousness without limiting oxygen-dependent processes. Oxygen 

availability during anesthesia has been traditionally considered as primarily a 

problem of pulmonary ventilation, controllable to a variable degree, but whose 

distribution as well as the remainder of the pathway (alveolar/capillary gas 

transfer, mass transfer by the circulation, tissue utilization) was essentially a 

sequence of passive uncontrolled dependent variables. Tissue metabolism, i.e., 

oxygen re<,.Jirements, determines circulatory and respiratory function and viewed 

from this aspect, various interdependent relationships appear which are 

potentially subject to modification or disruption by disease, surgical intervention, 

anesthetic agents and techniques. 

mCYGEN TRANSPORT MODEL 

The oxygen content of the 

body is constant (steady-state) 

when volume of oxygen uptake 

via the lungs equals oxygen 

consumption of the body. Ca02 

depends upon cc\n, Qs/Qt, V02 
and QT)4 Oxygen deli very 

(QT· Ca02) in turn depends upon 

Ca02 and QT. It is apparent 

that in the presence of a shunt, 

an increase in oxygen consump

tion produces a decrease in 

arterial oxygen content and 

initiates a potentially vicious 

cycle if compensation by chang

es in QT are restricted. 

t 
Ol '---+_-' 

Figure S. Oxygen Transport Model 

The overall equation relating arterial 02 content (Ca02) or oxygen 

availability to tissue is: 

• To further illustrate the role of V02: when both sides of the above equation 

are multiplied by QT the following results: 
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Ca02 • QT 

Total 02 
available 

= Cc'02 • QT 

Maximum 02 
for a given QT and Hb 

[ 
QS 

~(Q~T --Q~S) 

Term decrementing 
available 02 as QS 
and/or V02 increase 

This emphasizes the functional interrelationships between four major 

physiological entities involved in the delivery of oxygen: (1) cardiac output 

(QT), (2) body 02 consumption (V02), (3) the fraction of venous blood not being 

ventilated in the lung (QS/QT), and (4) the oxygen content in the pulmonary 

capillaries (Cc'02), and with a contribution from V /Q inequalities this may be 

represented by mixed end capillary 02 content (COO2). 

There are a significant number of conditions which will increase V02 

(hyperthermia, alkalosis, anesthetic emergence, work of breathing, et aHa) and 

adverserly alter 02 deHvery in the critically ill patient. Control of oxygen 

consumption can be beneficial to patient welfare. For example, mechanical 

ventilation is used to combat respiratory insufficiency and hypoxemia following 

major abdominal, thoracic, and cardiac surgery. Adverse alterations in both 

lung volume and mechanics of breathing occur during the immediate postoperative 

period, especially when associated with preoperative impairment in pulmonary 

function. Increased expenditure of energy for breathing will increase the oxygen 

cost of breathing, or in the amount of oxygen utilized by the respiratory muscles 

during spontaneous respiration. The increase in whole-body 02 consumption 

secondary to the addition of the oxygen cost of breathing is undesirable in the 

immediate postoperative period. 

5. CONCLUSION 

Measurement of oxygen uptake during anesthesia has not been used to 

guide c1inical care, primarily because of the difficulty in measurement. Crucial 

to the success of our studies is the ability to continuously measure body oxygen 

uptake so that transient changes in oxygen stores of the body or transient 

changes in respiratory gas exchange are not misinterpreted as being of 

significance. Conventional methods of sampling expired air, with gas analysis at 

a later time does not provide the real-time information needed to assess steady

state conditions during the actual data collection. Our approach has resolved 

these barriers. Using portable equipment in the operating room (spirometer, 

gas anaJyzlng mass spectrometer, and digital computer), it Is now possible to 
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reliably quantitate respiratory and anesthetic gas exchange in the anesthetized 

patient. 
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REAL TIME OXIMETRY 

Mark Yelderman, M.D. 

James Corenmen 

The foremost responsibility of the physician in the care of 

the anesthetized or critically ill patient is to provide assurance 

of oxygen delivery to vital organs. state of the art monitoring 

extends to following indirect parameters of oxygen transport such 

as heart rate via EKG or plethsthymograph, blood pressure 

invasively or non invasively, and cardiac output in very selected 

and isolated situations. Earlier attempts to directly monitor 

tissue oxygenation by measuring transcutaneous oxygen tension 

using Clark electrodes has seen limited success in adults (34). 

The commercial availability of solid state components such as the 

microprocessor, light emitting diodes, and miniaturized photo

detectors has made possible the application of classical 

spectrophotometric techniques of measuring oxygen saturation to 

the development of a monitor to accurately and precisely in real 

time, on a beat by beat basis to measure arterial blood oxygen 

saturation. 

Oxygen transport depends heavily upon the ability of hemoglo

bin to reversible load and unload large quantities of oxygen at 

physiological oxygen tensions. This relationship between oxygen 

tension and the oxygen binding is explified in the weIl known 

classical oxyhemoglobin dissociation curve. The sigmoid shape is 

crucial for physiologie oxygen transport. During circulation 

through the lungs, blood is nearly fully saturated with oxygen 

over a fairly large range of oxygen tensions (P02) and during 

flow through systemic capillaries a relatively large amount of 

oxygen is unloaded with a relatively small drop in oxygen tension. 

This allows oxygen to be released into the plasma at sufficiently 

high concent~ation to provide an adequate gradient for diffusion 

into the interior of cells. 
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The sigmoid shape of the oxyhemoglobin dissociation curve is 

due to the 'heme-heme' interaction. The hemoglobin protein 

contains four subunits, each containing a heme moiety capable of 

binding with one oxygen moleeule. In heme the iron atom occupies 

the center of a porphyr in ring. The shift of ir on in and out of 

the plane of the porphyrin ring with oxygenation and deoxygenation 

results in the marked alteration in the quanternary structure of 

hemoglobin. The salt bonds holding the moleeule in its tense 

conformation represent a considerable amount of potential energy. 

With oxygen binding to successive heme groups, the small shift in 

the heme iron is amplified into much larger conformational changes 

as the salt bonds are ruptured. As the successive oxygens bind to 

the hemoglobin moleeule at one stage, the hemoglobin moleeule 

snaps into the relaxed or 'oxy' conformation. The remaining un

bound heme groups of this intermediate then have an increased 

affinity for oxygen (7). 

The affinity of oxygen for hemoglobin can be conveniently 

expressed by the term P50, the oxygen tension at which hemoglobin 

is half saturated. The higher the affinity of hemoglobin for 

oxygen, the lower the P50 and visa versa. Thus P50 is inversely 

related to oxygen affinity. Oxygen affinity varies inversely with 

pH and varies inversely with temperature. The P50 tends lower 

with decreasing pH and increasing temperature. The P50 for human 

blood at physiologie pH (7.4) and temperature (37 C) is 26 mmHg. 

The P50 of whole blood increases directly with 2,3-DPG, the prime 

determinant of whole blood oxygen affinity, by directly binding 

to a specific site on hemoglobin and by effectively lowering 

intracellular pH due to its high charged impermeant anion. Carbon 

dioxide has a dual effect on the oxygen affinity of hemoglobin. 

First, CO 2 binds directly to hemoglobin, forming carbamino com

pounds. Second, there is the indirect but quantitatively more 

important effect of pC02 on pH. An organism can be considered 

to bind and unload oxygen and CO 2 reciprocally:oxygen is picked 

up by the lungs as CO 2 is expelled. In the tissues, the reverse 

process occurs. CO 2 exchange facilitates oxygen exchange. This 

phenomenon is a direct corollary of the dependence of oxygen 

affinity on pH. 
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It is important to realize that the saturation or oxygen 

content of hemoglobin is independent of P50 and the factors which 

determine it. The P50 is an indication of the tissue oxygen 

tension necessary for oxygen unloading of hemoglobin to occur, 

not of the amount of oxygen available (24). 

The oxygen carrying capacity of blood is expressed 

quantitatively in the Fick equation: 

where V02 is the amount of oxygen released (l/min), 1.39 is the 

amount in milliliters of 02 bound by 1 gram of fully saturated 

hemoglobin, Q is blood flow (l/min) and sa02 and Sv02 are 

arterial and mixed venous oxygen saturation (%). The term 

(Sa02-sv02) is a quantitative expression of the fractional 

unloading of oxygen from hemoglobin during the flow of blood from 

artery to vein. This parameter is dependent upon the blood oxy

hemoglobin dissociation curve, which determines the amount of 

oxygen the blood can release for a given decrement in P02. 

It has long been appreciated that oxyhemoglobin is red and 

reduced hemoglobin is blue. A technique which measures color 

changes allows determination of degree of hemoglobin oxygenation 

or saturation. Since color changes are due to difference in 

selective light absorption, similar results can be obtained by 

using one monochromatic light source and noting the amount of 

absorption. For a given wavelength, red oxyhemoglobin will have 

a different absorption than blue reduced hemoglobin. This 

spectrophotometric technique, known mathematically as 'Beers' 

Law, applies to a large number of other 'simple solutions' 

(9-14,16-21,35,39,40,46-49). 

Beers's law assumes (1) that the light source is monochro

matic, (2) that the light is all parallel and directed 

perpendicular to the test chamber, (3) that the unknown sampIe is 

in a non interfering solution, (4) that the test chamber can be 

compared to a blank with suspending solution only for comparison, 
(5) that only one unknown solution is present, (6) that the 
solution is clear with no turbidity, and (7) that no luminescence 



nor phosophorences occurs. For each substance and for each 

discrete wavelength, there exist a unique amount of light 

absorption included in Beers's law as the molecular extinction 

coefficient. 

where 

lout 

1 (-ß ·C·X) 
=1 exp ). 

out in 

I. is the incident light to the test chamber 
l.n 

Iout is the transmitted light from the test chamber 

X is the length of the test chamber 

C is the concentration of the species sampie 

ßA is the molecular extinction coefficient for the 

species sampie. 
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Since the molecular extinction coefficients are both wave

length and species dependent, it would be expected there would be 

great variability among hemoglobin species as seen in figure 1. 
(46) 

If the test chamber were filled with oxyhemoglobin and a 

wavelength of 660nm were used, the molecular extinction coeffi

cient ( ß~ ) would be 92 thus allow solving for any one of the 

four variables if the other three are known. 

To know the degree of saturation implies that the sampie 

contains a mixture of both reduced and oxyhemoglobin. It can be 

assumed that all the oxyhemoglobin can be put into saturation 

fraction (S) of the test chamber and the reduced hemoglobin put 

in the remaining fraction (1-S). The light would be directed 

trough both cornpartments sequentially. 
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o where ßA is the molecular extinction coeffficient for 

oxyhemoglobin and ßX is the extinction coefficient for reduced 

hemoglobin at a specific wave length A. note that ß~ and ß~ do 

not have the same value . 

Combining the two into one unit, one has 

Ibis then becomes 
o r 

log[ I 11 . 1 .. -(ß ·X·C·S + ß ·X·C·(l-S» 
ou t ln " 0 , ,. , '0 

from which saturation, S, can be calculated if 'X' and 'c' 
are known. 

log[ lout/lin] is often referred to as optical density. 

This approach assumes that purified hemoglobin, not red 
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blood cells, is present, that only two species of hemoglobin are 

present and works quite weIl in laboratory instruments. However, 

it must be modified to work invivo. Vetebrate hemoglobins in 

general have identical absorption spectra in visible light 

because of the uniformity of the herne moiety (7). Differences in 

globin structure accounts for the various differences in the 

function properties such as P50 in various hemoglobin such as A1, 

A2,A3,F,H. There is excellent agreement between spectrophotometric 

and gasometric measurements of oxygen binding to vetebrate 

hemoglobins(7,13). 

Early invivo oximeters utilize ear arterial vasculature. 

Single wavelength models obtain a reference or calibration point 
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by allowing the subject to first breath 100 percent oxygen (26). 

Such instruments can only trend saturation. Dual wavelengths models 

use mechanical pressure to first 'avascularize' the tissue bed to 

obtain a 'tissue' baseline(5,41-43). 'Arterialization' is achieved 

by heat or chemical treatment. Since it is virtually impossible 

to solve the two simultaneous Beer equations in real time using 

analogue circuitry, the calculation must be simplified. By 

requiring one wavelength to be at the isobestie wavelength, the 

point where the extinction coefficient for two hemoglobin species 

is the same (805 nm), the two equations degenerate into only one. 

However, this complicates the manufacture of the instrument since 

it is likewise difficult to produce a stable wavelength at exactly 

the isobestie wavelength (15,27,32,37). 

Numerous factors introduce errors into the values derived 

by these early oximeters. The values obtained are not real 

arterial saturation since some venous blood always remains in the 

'arterialized' vasculature bed. Ambient light causes some inter

ference. The tenuous pressure relationship between ear tissue and 

the transducer light source, detector, and heater allows signi

ficant error secondary to motion. 

The principles of operation of the early oximeters are based 

on Beer's law which had been developed using hemolyzed hemoglobin 

in very controlled test chambers. Invivo oximetry uses whole blood 

and is subject to light scattering secondary to red blood cells, 

surrounding tissue, etc. Light no longer follows parallel beams 

nor Beer's law. Extensive studies have been made on errors 

occuring with invivo oxygen saturation measurements. Numerous 

researchers have attempted to describe invivo whole blood 

absorption, but not sufficiently weIl to make it useful clinically. 

Consequently, such oximeters utilize an empirical calibration 

based on a manometrie method of determining saturation (1-4,22, 

23,30,31,33) . 

Whole blood contains not only reduced and oxyhemoglobin, but 

frequently several dyshemoglobins such as carboxyhemoglobin and 

methemoglobin. The actual 'oxyhemoglobin' value displayed by the 

oximeter may be in error depending upon the treatment of the 

dyshemoglobins (6,28,36). A wavelength is required to measure 
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each hemoglobin species assuming total hemoglobin is known or 

remains constant. Four wavelengths are needed to measure reduced 

hemoglobin, oxyhemoglobin, carboxyhemoglobin, and methemoglobin. 

If fewer wavelengths. are used, some error will be introduced, the 

degree of which depends upon the number and characteristics of 

wavelengths actually used. Other compounds such as bilirubin 

have the potential to introduce errors if certain wavelength 

ranges are used. 

The definition of hemoglobin saturation depends upon the 

treatment of the various hemoglobin species present. Hemoglobin 

may be unbound, may be bound to oxygen, or may be functionally 

inert. Saturation can be defined as the ratio of oxyhemoglobin 

to the sum of dyshemoglobin and reduced hemoglobin, (functional 

or reversible saturation) or alternatively as the ratio of oxy

hemoglobin to the sum of all hemoglobin species present, whether 

available or not for reversible binding to oxygen (total 

saturation). Hemoglobin not available for reversible oxygen 

binding is effectively removed from the functional hemoglobin 

pool and appears inert with changes in oxygen partial pressure. 

Excluding such dyshemoglobin species from the definition of 

saturation provides a more physiologie indication of arterial 

oxygen content versus oxygen saturation. However, the two 

definitions are interrelated mathematically(6) . 

It is desirable to greatly reduce or eliminate the error 

due to venous blood and tissue. This is accomplished by 

realizing that arterial blood pulsates whereas other optical 

components such as venous blood and tissue do not. The pulsating 

arterial bed by expanding and relaxing will modify the amount of 

light detected. The increase in absorption with onset of systole 

is due primarily to inflow of arterial blood. Thus measuring the 

difference in absorption or the amplitude of the increase in 

absorption from the non-flow baseline will reflect absorption of 

arterial blood. The amplitude of the arterial pulse change is 

dependent upon all the components of Beer's las, that is (1) 

pulse amplitude, (2) wavelength of light, (3) and saturation of 

hemoglobin(44,45). Again two wavelengths are required to calculate 

saturation of arterial blood. Modifying the model to calculate 
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saturation, the optical path length now is X at diastole and 

X+6X at systole. The equations are then rewritten to look at 

saturation only in the 6X segment. 

The equations then become 

I~(-------x-------*~~x 

logt I 11 ) , , 0 
_(ßo -S + ßr - (l-S) ),u-C 

out in ' '0 , '0 

logt Ir ) , .0 
0 

ßr -x- (l-S) ),u-C r =-(ß,.o-S+ 
out in ' 40 

from which arterial saturation can be calculated (44,45). 

The microprocessor based real time oximeter contains several 

hardware/software modules. The transduces consists of two light 

emitting diodes (LED's), one in the visible red (660 nm) and one 

in the infrared (940 nm) and a photodiode. The three components 

are mounted in a finger receptacle which supports them and 

maintains them in contact with finger tissue. The LED's more 

or less transilluminate the finger permitting the photodiode to 

receive a combination of a transmitted and backscattered light 

from the finger vascular bed. The LED drivers and photodiode 

amplifiers are coupled to the microprocessor via D/A and A/O 

converters. Final levels are monitored by software control. Each 

LEO alternates through an on/off state such that the photodiode 

detects the light from only one LEO at a time. Because no part of 

the transducer phase is temperature dependent nor temperature 

sensitive, no heating nor temperature sensing elements are 

required. 

The microprocessor executes an algorithm to determine the 

pulse amplitude associated with each wavelength. The baseline is 
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followed until thresholds are exceeded. If criteria for a pulse 

are then met, the maximum pulse amplitude for each wavelength 

is calculated. Criteria for acceptable pulses are based upon 

present data and weighted historical data thus allowing some 

adaptability to the artifact rejection alogrithm. Saturation is 

calculated using the ratio of the two wave amplitudes. The 

average of the last 5-7 values is then displayed. Heart rate is 

calculated by using time between beats and the average of 5-7 

va lues are displayed. 

Front panel LED's under microprocessor control display 

saturation and heart rate results, alarm limits, and pulse 

amplitude. The amplitude of the detected pulse is portrayed 

using a vertical sixteen segment LED post: the apparent lighted 

height of the post rises with increase in pulse amplitude and 

visa versa. Alarms for low and high heart rate and low saturation 

are provided and default to initial values at power on: (1) Low 

Saturation at 85 (2) Lew Heart Rate at 55 and (3) Hight Heart 

Rate at 140. Limits are user altered by depressing the 

appropriately designated button. The active limit is displayed 

and can be increased or decreased by turning the front panel 

control knob. 

Information on heart rate and saturation is provided using 

audible tones. A beep is heard with each pulse and the pitch of 

the beep tone is changed with the saturation value. As saturation 

goes down, the pitch goes down and visa versa. When alarm limits 

are exceeded, a continuous tone is heard. The loudness of each 

beep is adjustable using the control knob. The user can know 

heart rate and arterial saturation by listening only and with no 

visual contact with the instrument. 

Failure to achieve a reliable signal for calculation of heart 

rate and saturation is revealed in several modes. If the trans

ducer receptacle loses finger contact, the pulse amplitude post 

indicates a no amplitude and the saturation and heart rate display 

likewise show o. A panel indicator light illuminates indicating 

no pulse can be found. If the pulse amplitude is present, but 

weak, the amplitude post will indicate a very small pulse 

amplitude. 
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No calibration of the instrument iS required! The finger 

receptacle LEDls are fixed wavelength devices and do not change 

with time. The change in absorption of hemoglobin with saturation 

does not vary with any known physiological phenomenon (pH, 

temperature, 2,3-DPG, hemoglobin species). Tissue effects are 

eliminated automatically by using ratios of arterial pulse 

amplitudes and by using automatic LED amplitude control. Since 

the measurement is absolute, no calibration is required. 

Because pulse oximetry utilizes light absorption changes 

produced by arterial pulsation, any event which significantly 

reduces vascular pulsations will greatly reduce the instrumentls 

ability to calculate saturation. Adequate finger pulsation is 

generally lost with (1) significant hypothermia, (2) hypotension 

(mean blood pressure less than about 50 mmHg.), (3) infusion of 

vasoconstrictive drugs, and (4) direct arterial compression. 

Pulsation of the nasal septal anterior enthmoid artery (supplied 

by the internal carotid) persists under greater extremes that the 

finger pulse. A special nasal sensor may be used in these 

circumstances. 

Skin pigmentation is not a limitation since saturation is 

calculated on relative pulse amplitude ratios and not on absolute 

absorption (8). 
The pulse oximeter has been clinically evaluated and found 

to have saturation error of 1-2% compared to simultaneously 

obtained invasive measurements over the range of 60-100% 

saturation (44). A IL282 Co-Oximeter was used as a standard. The 

pulse oximeter offers significant clinical utility by providing 
continuous, accurate, and precise measurement of patient arterial 

blood saturation (6,25,38,50). Such continuous real time 

information allows better assessment of patient status and allows 

immediate detection of sudden deleterious changes. Primary areas 

of operation are the operating room and intensive care environ

ments. 
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Graphie Presentation of blood gas data 

Osswald PM, Bernauer J, Bender HJ, Hartung HJ 

In the practise of anaesthesiology and intensive medicine, 

acid-base disturbances are everyday occurrences. Especially 

in this field, one frequently meets problems of breath in

sufficiency and metabolie derangements, and one is forced to 

intervene in partial functions of the organism. Often the 

task arises here of taking over externally defunct control 

functions, in order to maintain the acid-base homeostasis. 

Disturbances in the acid-base content and gas exchange are 

frequently to be found in the perioperative patient care of 

a large hospital. Whilst during an operation, disturbances 

of arespiratory kind as a consequence of an inadequate res

piration pattern are more common, and post operative, the 

respiratory acidosis is more to the fore, due to anaesthesia 

overhang, or when breathing is limited because of pain, during 

the intensive therapeutic treatment, the whole spectrum of 

acid-base disturbances can be observed. Apart from restrictive 

and obstructive lung changes, it is above all, inhomogenous 

ventilation-perfusion conditions through atelectatic lung 

areas or diffusion disturbances which are responsible for the 

infringements of the gas exchange of the lungs. They go hand 

in hand with an increase of the intrapulmonary shunt volume, 

before lung changes can be detected by means of stethoscope 

or x-rays. Apre-requisite of the precise interpretation of 

blood gas data is an understanding of the complex physiolo

gical processes which acid-base disturbances induce in the 

organism, and it is an unalterable condition for their speci

fic treatment. The beginner especially often has difficulties 

in the interpretation of the acid-base derangements and their 
underlying mechanisms. 
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Interpretation of acid-base disturbances 

The clinical symptoms of disturbances in the acid-base content 

are ofte~nspecific and sparse, especially for onlv moderate 

pH changes. For their exact interpretation one is therefor 

dependant on an arterial blood gas analysis, which apart 

from the analysis of the actual blood gases c02and 02' also 

contains the pH value and the bicarbonate concentration. As 

a rule in blood gas laboratories or automatie analysis 

equipment, the pH, PC02 and P02 parameters are measured by 

specific electrodes and the bicarbonate or standard bicar

bonate or the base excess are deduced from these. Here the 

influence on the measurement of the temperature of the blood 

sampIe is to be watched. If the adjustment to body tempera

ture is not made directly in the equipment or laboratory, 

then the relevant corrections must subsequently be made with 

a temperature factor, by means of nomograms. This temperature 

adjustment has a special significance in operations where 

controlled hypothermia or fever conditions occur. The inter

pretation of blood gas data involves the task of defining the 

extent of respiratory and metabolie components of a distur

bance, distinguishing primary from secondary processes, and 

evaluating compensation effects. This can only happen in the 

context of the whole clinical situation of the patient, 

whereby the basic illness and a possible medication must be 

taken into consideration. The respiratory share of a distur

bance can be obtained simply from the PC02 value of an arte

rial blood gas analysis. Its normal sphere lies between 36 

and 44 mmHg. In the past, many efforts were made to find a 

measure for the non-respiratory components of a disturbance. 

Here there ist a choice of basically two opposing methods: 

the standard bicarbonate and base-excess concept of Astrup 

and Siggaard-Andersen (3), and the pH/pC02 concept of 

Schwartz (18). Criticism of the Astrup concept is directed 

at the assumption that the parameters gained in such a way 

from isolated blood apply to the conditions of the whole 

organism, and are equivalent in their in vive and in vitro 
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titration curves. However, the ca se of acute hypercarbia 

shows that the bicarbonate increase to be expected after the 

buffer reaction is smaller in in vive than in in vitro, since 

apart of the newly formed bicarbonate diffuses into the 

interstice (diag. 1). This discrepancy between the in vivo and 

in vitro behaviour of the buffer bases is the basis of the 

theoretical objection to the parameters of the Astrup method 

as a measure of the metabolie components of acid-base distur

banees. Howorth describes a fatal practical effect. He shows 

the widely used formula for the corrective calculation of the 

base deficit NaHC03 (rnrnol) = BE x 0,3 x body weight, can lead 

to overestimations of the dose of up to 50 % in the case of 

acute respiratory acidosis (14). 

As a better solution Severinghaus suggests the new parameter 

BE3 as .in vive base excess. On the assumption theoreti

cally and empirically proven, that the extracellular space as 

a whole behaves in the sense of the buffer equilibrium in 

such a way, as if it had an Hb concentration of 3 mg/l00ml, 

this parameter can be obtained from the nomogram of Siggaard

Andersen for Hb=3, or can be calculated with an approximation. 

Experiments were made in various ways into the in vive be

haviour of the buffer bases in isolated acid-base disturban

ees, and the expected reaction between pH and pac02 in 95 % 

confidence bands was described. Such bands are known for the 

acute respiratory acidosis and alkalosis (2,7), for the 

chronically respiratory acidosis (8) and for the chronically 

metabolie cases (1,12). They can be depicted in semiloqarith

mic PH/PC02 coordinates in a linear plot and are surnrnarized 

in a diagram (diag. 2). For the interpretation of the diagram 

it is important that the confidence bands not only statically 

identify the expectal areas of isolated disturbanees, but 

also define dynamically the direction of their development. 

There the bands of the acute disturbances can be interpreted 

as vectors in a two-dimensional vector space, which allows 
the division of an acid-base status into its respiratory and 
metabolie eomponents (diag.3). 
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In this way disturbances situations can, by means of the 

confidence bands, be illlistrated in their pathophysiological 

development, which Flenley has already pointed out (la). 
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In the interpretation of acid-base disturbanees, the confi

dence bands give safe decision criteria in the evaluation of 

the degree of compensation, and the distinction between simple 

and mixed disturbanees. The acute bands limit the conditions 

to be expected for uncompensated disturbanees, the chronic 

bands respresent maximum compensation. Values outside these 

bands point to the overlapping of respiratory and metabolie 

components and suggest, if they cannot be explained by com

pensation, a mixed disturbance. 

Computer-based interpretation of blood gas data 

The exact interpretation of blood gas analysis is important 

for the diagnosis of disturbances in the acid-base content 

and for their suitable treatment. In view of the complexity 

of the acid-base physiology this is not always straight for

ward. In the past, computer pro grams for the interpretation 

of blood gas data were written in various ways. In their 

assessment of acid-base disturbances they are based partly 

on the Astrup-method (9,17) partlyon the concept of the 

confidence bands of isolated disturbances (5,6,1]), whereby 

the electrolyte conditions in the serum and urine can addi

tionally be taken into consideration (6). 

How far the evaluation of blood gas analysis, which are 

carried out routinely in the framework of the perioperative 

patient care of a large surgical hospital, can be supported 

by the use of computers, was tested with the development and 

realisation of two program systems of the Institute for 

Anaesthesiology. One pro gram system was conceived as an 

interactive information system, the other as agraphie 

system for the pictorial representation of the course of 

disturbanees. 
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Information System 

Assessment of the disturbance mechanism 

In order to be able to undertake, for a given acid-base status, 

the selection by a computer program of the disturbance mecha

nism relevant to the situation, rules of decision had to be 

formulated. This happened in the form of binary decision 

chains, which were defined, sectorwise, by means of simple 

exclusion criteria. The decision chains are stored 

in the information system as a control basis. They form the 

basis for short dialogues with the operator in the interac

tive evaluation of blood gas data, and after a few steps 

they show the type of disturbance which most probably under

lies an acid-base disturbance. To each disturbance possible 

clinical causes are differential-diagnostically assigned, as 

are measures for their therapeutic treatment. At the same 

time the treatment reccomendations were applied overall, and 

not made dependant on the extent of an acid-base derangement 

or its course. 

For the programming of the information system a command

oriented programming language was used with the PASCAL system, 

implemented by the Institute's own computer system, using a 

conventional programming technic with the flow-diagram method. 

In this respect the system is comparable to that of Bleich 

and Goldberg (5,6,11). Such a technic forces the programmer 

right at the beginning to consider all possible combinations 

of input data and to take account of these in the proqram. 

With qoal directed software technics, as they are possible 

with LISP-similar symbolic manipulation languages, the diffi

culties mentioned can be more easily overcome (13). Such 

languages make no formal distinction between data and pro

grarr.s. On this same foundation, computer-based advisory 

systems of a quite different structure have very recently 

been developed under the term "expert systems". Examples of 

medical expert systems are MYCIN (19), a program system for 
the differential diagnosis of infectional illness for anti

biotic treatment, PUFF (15), a system for lung function 
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diagnosis, or INTERNIST-I (16), which allows complex diagnoses 

of internal medicine. These systems have the capacity to be 

able to make their own logica1 deductions from a basis of 

stored facts, whereby the programming technics they have 

allow the moulding of complex medicinal associations in a 

much more comfortable way than is possible with PASCAL-simi

lar languages. 

Assessment of the virtual shunt 

Disturbances in the gas exchange of the lungs can be led 

back to obstructive or restrictive ventilation disturbances, 

to amisproportion between ventilation and perfusion in 

individual lung sectors, or to an infringement in the diffu

sion in the alveolar membrane. Especially disturbances of 

the ventilation/perfusion condition and of the diffusion are 

manifested in an increase of the intrapulmonary (venous) 

shunt volume, and can be identified by a low arterial oxyqen 

tension, relative to the inspiratory oxygen concentration 

(FI02 ). In order to be able to evaluate this relationship 

with a computer, the virtual shunt concept of Benatar and 

Nunn was consulted (4). In this concept, iso-shunt-lines are 

defined on the assumption of a fixed arterial venous 02-dif

ference (avD02) of 5 %. They are valid within a relatively 

broad pc02area between 25 and 40 mmHg, and haemoglobin values 

between 10 and 14 mg/mI. Since the calculation of the venous 

admixture, amongst other things, assurnes a knowledge of the 

present aVD02 value, the shunt volume, definable by means of 

the iso-shunt-lines, is only a virtual shunt, based on" an 

aVD0 2 value of 5 %. However, by means of the virtual shunt 

volume, relative changes of the gas exchange conditions can 

be defined, even with changing FI02 factars. These iso-shunt

lines are implemented in the information system. On the 

basis of these, the virtual shunt volumes in artificial 

respiration situations are ca1culated and" issued by the 

computer. This makes possible a qualitative orientation 

during the anaesthesia. 
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With the iso-shunt-lines predictions of the expected p02 

with a changed FI02 are also possible. They are also suitable, 

therefor, for the control of the oxygen treatment, and for 

the avoidance of .toxically higher oxygen tensions. The vir

tual character of the shunt lines, however, must be taken 

into consideration for all applications of the shunt diagram. 

In all cases shunt changes are to be regarded critically 

when there are inconstant circulation conditions, or when 

ventilation/perfusion disturbances exist. 

Graphicsystem 

Parallel to the information system, a program system was 

constructed on a graphic computer (Tectronix 4051) for the 

pictorial representation of the course of disturbances. It 

allows the consecutive representation of blood gas data on 

the acid-base and shunt diagrams, and explains their inter

pretation by means of an inclosed text. The program system 

was written in the BASIC-programming language, whereby the 

qraphic functions of the computer were used for the diagrams 

~O). It is stored in several segments on a cassette tape, 

and from this it can be loaded into the work store of the 

computer. This store, with 8 Kbytes, is relatively small. 

In its basic form the operator has the choice of the avai

lable functions. The results of blood gas analyses of up to 

5 people can be fed in and stored at any one time. pH, PC02 , 

P02 and FI02 are provided as input parameters. At the same 

time incorrect inputs can be erased again by means of a 

separate function. As a control, the values stored in the 

computer can be listed for each patient. 

In the course presentation the acid-base diagrams and/or the 

iso-shunt-lines are drawn in on the screen, and the data of 

a selected patient is listed in the sequence of its input. 

For documentation purposes, the possibility exists of copying 

the contents of the screen onto paper by means of a hardcopy 
unit. For the explanation of the diagrams and the concepts 



lying behind them, a short text with an index of reference 

literature was stored. It can be printed out via aseparate 

function. 

Conclusions 
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In the routine application of the graphie program, it has 

been seen that the presentation of the results of consecutive 

blood gas analyses on acid-bases and shunt diagrams is much 

clearer and more informative than their mere writing up in 

the anaesthesia protocol or the medical re cord of patient 

data. 

Both systems are used in the evaluation of blood gas analyses, 

which are carried out in the perioperative therapy control. 

The experiences aained up till now show benefits both from 

a didactic and a diagnostically therapeutic point of view. 
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TEACHING THE INTERPRETATION OF ACID-BASE AND BLOOD GAS 
PARAMETERS BY COMPUTER APPLICATION 

E.VOIGT 

INTRODUCTION 
Management of acute disturbances of acid-base equilibrium 

and blood gases requires rapid and detailed information. In 
addition to measured values of pH, pC02 , p02; derived 
parameters and additional parameters of pulmonary function 
and gas exchange must be available for evaluation of the 
severity of presenting disorders and for deciding on subsequent 
therapy, especially in patients undergoing open-heart surgery 
or those with severe thoracic or polytraumatic injuries. 

Supplementation of alphanumerical printout of the various 
variables with graphical representation (17,18,19) offers 
many advantages for bett er teaching and understanding of the 
pathophysiological mechanisms. 

Computer application is a valuable method (4,16) towards 
this end, because the task of tedious evaluation of different 
parameters using slide rules (12) or nomograms (13,15) can be 
performed more exactly and much faster. The time for processing 
and feedback of measured and computed data can be reduced even 
further by using data lines for electronic data transmission. 

A complex system for measurement, computation, electronic 
data transmission, and graphical demonstration of the various 
parameters is described in the present paper. 

INSTRUMENTATION 
Analysis of p02' pC02 , and pH is performed using a manually 

controlled GAS-CHECK-AVL+ operating at 310 K (37°C). The p02 

+ AVL GmbH, Dietigheimer Str.3, D-3680 Bad Homburg v.d.H. 



and pC02 electrodes are calibrated with two gases, whereas 

the pH electrode is calibrated with buffer solutions. The 
rft 

System is checked daily using Acid-Basol~test solutions. 

The three measured values are fed "off-line" to a desktop 

calculator (HP 9825A++). An "on-line" mode can be installed 

if desired. 
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Parallel to this step (i.e. during the equilibration period 

of the analyzer) the hematocrit; hemoglobin concentration; and, 

if needed, oxygen saturation are determined and fed to the 

calculator via keyboard. Furthermore, patient data such as 

name, birth date, time and body temperature must be entered 

(Fig.1) • 

Fig.1 
Equipment of the central bood 
gas laboratory. Due to 
substantial transmission 
distance, two common carrier 
interfaces per line are 
necessary. 

Temperature correction of the measured values, as well as 
computation of acid-base equilibrium parameters and oxygen 
dissociation curve are based on specifications in the literature 

(4,12,16). 
When all of the data has been entered, the program is 

initiated and the measured and derived data are printed 

together with a computer diagnosis of the acid-base status (14) 

on a thermal printer it a velocity of 190 linesjminute. 

++Hewlett-Packard, Herrenberger Str. 110, D-7030 Böblingen 
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Transmission to the external printers (HP 5150A) via the two 

data lines is accomplished with a single "continue" step. 

Transmission and printing of all data requires only 6 seconds 

(Fig.2). 
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Fig.2 
Acid-base status printout 
for rapid information 

A four-color X-Y plotter is connected in parallel for graphi
cal representation. 

The numerous programs are written in HPL (Hewlett-Packard 
Language) and stored on a high speed cart~idge (max. capacity 

250kbytes) with 225 cm/s search and rewind speed. When needed 

the program can be read into the calculator memory (6,844 bytes) 

at a speed of 14,300 bytes/so 

COMPUTER INTERPRETATION 

Interpretation of data indicating disturbances of the 

acid-base equilibrium requires knowledge of basic principles 

of respiratory and renal physiology. In many cases, such 
interpretation is quite difficult for the beginner because the 

complex phenomena are described by only three variables 
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(pC02 , pH or [H+), and [Hc031) which are combined in the 

Henderson-Hasselbalch equation. For initial help, 12 diagnoses 

(14) can be printed out. The programed decision criteria are 

the nonrespiratory hydrogen ion concentration nrH+, the actual 

hydrogen ion concentration H+ and the actual pC0 2• This is 

shown in the flow diagrarn (Fig.3) • 

.. 

\ ~=~T-
~J 

,., 

=-~ 
,., 

~~ ... 

~..G~ .. 

~ 
~ 
~ 

.~ .... ·1091~ö,1 
o· . ... . ~ I~~-.ol 

1 .......... ·· .lCIOQ5I5 

Fig.3 Flow diagrarn for computer diagnosis. nrH+ = non
respiratory hydrogen ion yoncentration, H+ = actual hydrogen 
ion concentration, pCO~ ~ partial pressure of CO?' SB = standard 
bicarbonate ( at pH 7.~, pC02 40 mmHg, 37°C, fulIy oxygenated 
hemoglobin) • 

GRAPHICAL REPRESENTATION 
Acid-base nomogram 

The graphical representation of the Henderson-Hasselbalch 
equation in a pH/HC03 nomogram has distinctive advantages in 
clinical practice (3). The actual situation is marked by only 
a single point derived from the actual pH and pC0 2• The 
disturbance of the acid-base equilibrium is obvious and the 
direction of compensation towards pH 7.4 can be easily seen 
because metabolie deviations cause a shift parallel to the 

pC02 isobars, whereas endogenic or exogenic compensatory 

mechanisms cause a shift parallel to the bicarbonate binding 
curve. 
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Respiratory deviations proceed parallel to the bicarbonate 
binding curve, and compensatory mechanisms (towards pR 7.4) 
cause a shift parallel to the pC02 isobars (Fig.4). The 
respective compensatory mechanisms are plotted starting from 
the actual state and moving towards pR 7.4. The final points 
of compensation are printed together with the computer diag
nosis, beneath the nomogram. 
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Fig.4 Four-colored acid-base nomogram with numerical print-
out of the measured, corrected and derived parameters;the 
actual state (star) in relation to normal condition (square 
area); computer diagnosis; and directions of compensatory 
mechanisms. 

Most cases reveal a combined disorder; due to the dynamic run 
of events the therapeutic procedure should be adjusted to the 
clinical condition and the patient's history. 

Temperature correction of measured data (at 37°C) to actual 
patient conditions (5,12) is essential for accurate assessment 
in extraordinary situations (severe hypothermia or hyperthermia). 
Under closed-system conditions (8,9), the alpha-stat theory 
calls for shifting of normal values to a new origin (Fig.5). 
All dis orders at a given temperature must be examined in 
relation to the new origin at that temperature. 
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For example, pR 7.6 is anormal value at a body temperature 

of 250 C (not unlikely during extracorporal circulation). 

Oxygen dissociation curve 

Fig.5 
Normal acid-base values at 
different body temperature as 
indicated by the alpha-stat 
theory. 

When oxygen saturation is not measured it can be computed 
using a modified (16) Kelman fit (4) of the standard oxygen 
dissociation curve (12). In addition to direct estimation 
of actual saturation, the algorithm is also required for 
computation of the whole curve which in turn, is required 
for several progra~ steps. Deviation of this curve from the 

standard dissociation curve is only 0.7 % saturation in the 
middle and lower ranges. Appropiate corrections for changes 
in pR, pC02 and temperature are also made (16). 

Because the standard dissociation curve is based on 
normal hemoglobin A in the presence of anormal amount of 
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2,3-DPG, all ehanges in these substanees ean influenee the 

shape of the eurve. A different algorithm should therefore 
be used in the presenee of fetal hemoglobin (11). 

The plotting of the oxygen dissoeiation curve (Fig.6) has 
many advantages in clinieal praetiee (18). Deviations from 

normal eonditions beeome obvious not only from the p02,0.5 
but also the shape of the eurve - espeeially when the curve 

is plotted as the reJationship between the p02 and 02 eontent. 
If arterial and eentral venous blood are scoopled simultaneously 

- normally no problem with patients in an intensive eare unit -

the arteriovenous oxygen differenee ean also be shown. 
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Fi~.6 Ori~inal plot of the arteriovenous acid-base state, 
and standard (dotted line) and aetual oxygen dissoeiation 
eurve, a = arterial, v = central venous. 

Estimation oI unsatisfactory peripheral oxygenation is simpli

fied (Fi~.7). The ma,ior disturbanees, e.g. "hypoxie anoxia", 
"isl .emie anoxia" and 11 anemic anoxia", as well as intermediate 

situations are elearly doeumented. 



361 

:'0 1 
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o 

Fig.7 
10 

Anox ie 
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~ 

Classification of unsatisfactory 
peripheral oxy~en availability. 
a - V = normal 
a'- v'= pathological arteriovenous 

oxygen difference. 

02-C02 diagram and isoshunt line 
Respiratory therapy of critically ill patients must 

maintain sufficient oxygen tension for adequate tissue 

oxygenation. It is also important to avoid unnecessarily 
high inspiratory oxygen concentrations, which may lead to 
absorption atelectasis or may even dama~e pulmonary tissue 
secondary to oxygen toxicity (2). 

Arterial hypoxemia is most commonly ca~se~ (hypoventilation 
excluded) by pulmonary venous admixture (Qs/Qt), dead space . . 
ventilation (VD/VT) and disturbed ventilation/perfusion ratios 
(VA/Q). Assessment of the influence of these factors on 
pulmonary ~as exchange and therapeutic planning is greatly 

facilitated by ~he 02-C02 diagram (7,10,22) and isoshunt lines 
(1), althou~h the complexity of the relationships necessitates 

extensive computation (6,21). 

The ventilation/perfusion ratio from zero to infinity 
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characterizes the possible intraalveolar gas concentrations 
between the mixed venous point (Pv), and the inspiratory 

point (PI). The basic assumption in the underlying pro~ram 
is that the respiratory quotient (RQ) in the ~as phase equals 
that in the capillary blood during steady state conditions. 

Because of such pecularities of the 02 and CO2 dissociation 
curves as the Bohr and Raldane effects, the equation for RQ 

cannot be solved algebraically for P02 and pC02 • This can only 
be done graphically or with the aid of an iteration procedure 

(19). 
The isoshunt line describes the relationship between 

inspired 02 concentration (FI02) and arterial oxygen tension 

(pa02). The relationship of these two variables is nonlinear 
and depends on five factors: . . 

1. venous admixture in the lungs (Qs/Qt) 
2. arteriovenous oxygen difference (a - v - D02) 

3. hemoglobin concentration (Rb) 

4. arterial CO 2 tension (paC02) 

5. shifts of the oxygen dissociation curve (P02,0.5) 

The initial values required for computation and plotting of 

the 02-C02 diagram, the isoshunt line and other parameters of 
the acid-base state are: 

1. simultaneousJy collected arterial and central venous 
blood sample 

2. hemoglobin concentration 
3. patient temperature 

4. barometrie pressure for conversion of vol % into 
partial pressure 

5. inspiratory oxygen concentration (FI02) 

6. endexPiratory CO 2 concentration (FEC02) 

wLth all these values the complex four-colored picture (Fig.8) 
can be plotted within 6 minutes. 
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Pv = venous point, Pa = arterial point. PAi = "ideal" alveolar 
point, PE = endexpiratory point. PI = inspiratory point. 

The basic underlying assumption, which should be kept in mind, 

is that there are no diffusion gradients and th8.t the alveolar 

p02 equals the pulmonary capillary p02' Furthermore, steady 

state conditions must exist and the respiratory quotient in 
the blood phase must equal that in the gas phase. The global 
ventilation/perfusion ratio is indicated by the "ideal" 
alveolar point (PAi). Widely scattered VA/Q inhomogeneities 
can only be detected using a more sophisticated method (20). 

Changes in venous admixture are indicated by a shift of 
the arteria! p~int (Pa) on the blood RQ line. The venous 
admixture (Qs/Qt) derived from this diagram is the sum of 
desaturated blood bypassed to arteriaJ. b.ood in the lung, 

and consists of the true shunt and so called "shunt-like" 
effects due to disturbances of the venti l ation/perfusion or 
ventilation/diffusion ratios • An improvement can be achieved 

by application of a positive endexpiratory pressure (PEEP) 
during arteficial ventL ation. This respiratory regime runs 
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the risk of partly overinf~ating apical alveolar areas, 

especially in hypovolemic situations, thus leading to increased 
dead space ventiJation, The amount of dead space ventiJation 
is indicated by the endexpiratory point (PE) on the gas RQ 
line. 

Under such conditions, the 02-C02 diagram and the isoshunt 
lines provide a valuab}e aid for adjustment of respiratory 

parameters ( tidal volume, respiratory frequency, PEEP, time 

ratio) so as to achieve minimal venous admixture, dead space 

ventilation, and inspiratory oxygen concentration required 

for satisfactory oxygenation. 

Though some simp}ifications are inherent and a mixed venous 
blood sampIe from the pulmonary artery is required, the above 
graphicaJ representation of analytical findings of acid-base 
equi-ibrium and bJood gases has proved beneficial in our ICU. 
It has been an aid both in the management of arteficiaj 

venti:' ation in critically ill patients with disturbed pulmonary 

function as weJl as in training our junior medical and nursing 
staff • 
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1. Introduetion 

Moderate and deep hypothermia are often applieated in 

eardiovaseular surgery. Studies on physiologie/patho

physiologie ehanges have led to the development of 

monitoring teehniques for the eardiovaseular system 

(1), gas exchange, kidney function, oxygen supply of 

several tissues, and brain funetion (2,3). Continuous 

monitoring devices may provide the possibility for 

prompt and effective reaction to any adverse develop-

ment in organ function during anesthesia, operation 

and recovery period. In order to reduee complications 

for the brain like severe hypoperfusion intraoperative 

and postoperative monitoring of brain parameters is 

mandatory. Various methods and aspeets of monitoring 

the central nervous system during and after open-he art 

surgery have been described (7,8). Invasive monitoring 

of direct parameters like cerebral perfusion pressure 

(CPP), cerebral blood flow (CBF) and intracranial pressure 

(ICP) usually is not avaiable during surgery. Indirect 

measures base on the evaluation of cerebral funcition and 

367 

use noninvasive electroencephalographic techniques in a 

computerized form (4,5,6). Sensory evoked potentials are 

being used increasingly to monitor brain funcition (9). 

Evoked potentials are an objective measure of cerebral 

function and integrity; they depend on the integrity of 

cortical flow and are specific for certain cerebral regions 

and afferent systems (10). 

In neurosurgery visual evoked potentials (VEP) are used for 

monitoring optic nerve function during pituary gland - and 

aneurysm-surgery in the anterior cranial fossa (11); 
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brainstem auditory evoked responses (BAER) are detected 

during posterior fossa surgery (12). Somatosensoryevoked 

potentials (SSEP) are monitored during spinal operations 

when cord's function may be impaired (13). 

Evoked cortical potentials may be recorded when the afferent 

systems are in danger or the brain itself may be damaged by 

hypoperfus!on (14). Like electroencephalography evoked 

potentials, particularlythose of cortical origin, can be 

altered by anesthetic agents (15,16) premedication (17) or 

by other factors under the control of the anesthesiologists. 

Some of these factors are: temperature, arterial blood 

pressure and PaC02. The effect and the extent of these 

potentially interacting veriables has to be known, when 

evoked potentials are monitored intraoperatively. 

In our study we tried to get information about the effects 

of neuroleptanalgesia, etomidate, p CO2 and temperature on a 
visual evoked potentials enabling us in drawing conclusions 

about the feasibility of this method. 

2. Method and materials 

115 patients have been investigated, all of them being older 

than 18 years. Patients with preexisting psychic, neurological 

or visual deficits were excluded from the study. 

2.1 In 35 urological patients VEP were recorded intraopera-

tively during steady-state neuroleptanalgesia with fentanyl 

and droperidol. Control measurements were made prior to 

induction of anesthesia. 



2.2 In 10 patients undergoing abdominal surgery VEP were 

measured at different PaC02 tensions (in the range from 

20-50 mmHg). 

2.3 In 31 patients the effeets of etomidate on VEP were 

studied. 
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2.3.1 20 patients reeeived a bolus injeetion of 0,3 mg/kg bw 

etomidate within 30 seeonds. VEP were elieited before, 

1, 2, 3 and 10 minutes after injeetion. 

2.3.2 In 11 patients VEP were reeorded before and after an 

infusion of 1 rng/kg/h. 

These measprements were made during abasie neuroleptanal

gesia, patients were normoventilated, body temperature was 

kept eonstant at 36°C by means of warming blankets. 

2.4 39 patients were studied during surgery for eoronary 

artery bypass grafting. After premedieation with 0,02 mg/kg 

bw flunitrazepam .i.m. 60 min. prior to induetion of anesthesia 

a modified opiate analgesia with etomidate, fentanyl and 

paneuronium was performed. The management of extraeorporeal 

eireulation (ECC) has been standardized with a pump-flow of 

2,4 l/min x m2 ; arterial pressure during ECC was kept between 

50-100 mmHg with aperfusion pressure (Part-Pven) being 

always above 40 mmHg. Arterial pressure and nasopharyngeal 

temperature were reeorded and monitored eontinuously. 

Reeordings were made during steady-state opiate analgesia: 

first at 35°C, then at different temperatures during eooling 

(31°C, 29°C, 27°C, 25°C), during rewarming (27°C, 29°C, 31°C, 

33°C, 38°C) and 1 h after ECC. The rapidity of eooling (OC/min) 

was measured for eaeh patient. 
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Parameters and Equipment for Intraoperative Recording of VEP 

Stimulus: 

rate: 

duration: 

intensity: 

transducer: 

wavelength: 

Recording Channels: 

reference: 

filters: 

number of averages: 

analyse time: 

Electrodes: 

skin preparation: 

Equipment: 

biocular flash through closed eyelids 

1 ,1 /s 

200 ms 

not measured, depending on eyelid thickness 

3 arrows of 5 light emitting diodes 

630 nmm 

Oz (-) , Cz (+) 

A1 or A2 

1-100 Hz 

100 or more 

500 ms 

silver EEG cup electrodes, diameter 9,5 mm 

interelectrode impedance less than 1 kJt 

conductive, abrasive, adhaesive paste 

NIC L.E.D. Eyepieces 

HGA 100 Physiological Amplifier 

CAL 200 Calibrator 

NIC CA 1000 

X-Y-Plotter 

In order to ascertain that evoked responses were related to 

the visual stimulus and not to artefacts the eyepieces were 

removed from the patients while computer averaging continued, 
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being synchronized with the flash. The components n2 and P2 

immediately disappeared after removal. Further information 

to the method can be taken from the Literature (18,19). 

In groups 2.1 - 2.3 Student-t-test has been applied for 

statistical evaluation~ in group 2.4 in addition analysis 

of variance and covariance for temperatture (as adependent 

variable) has been performed (20). 

3. Results 

3.1 Major negative (n2) and positive (P2) peaks of the visual 

evoked potential increased during neuroleptanalgesia: 

n2 from 80,0 ms to 89,4 ms, P2 from 100,3 ms to 110,1 ms, 

amplitude between n2 and P2 remained relatively constant. 

n2 (ms) P2 (ms) n2 P2 (~V) 

:erior to NLA: mean 80,0 100,3 10,8 

S.D 8,8 12,0 7,1 

--------- ------------- -------------
during NLA: mean 89,4 110,1 8,43 

S.D 7,8 18,0 4,45 
-------- ------------- -------------

P 0,005 0,025 n.s. 
-------- ------------- -------------

II % +11,7 +10,1 -22 
----------------------- -------------

3.2 Changes in paCOz in the range from 20-50 mmHg did not 

alter latencies or amplitude. 
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3.3.1 After injection of 0,3 mg/kg bw etomidate latencies 

of n2 and P2 increased. 10 minutes later the preinjection 

values were reached again (fig. 1 ) 

3.3.2 Etomidate (1 mg/kg bw/h) caused a 9,6% latency in-

crease for n2 from 93,9 ms to 102,95 ms and a suppression 

of afterdischarge during the infusion period. 

3.4 Mean latencies of n2 and P2 at different temperatures 

during cooling and rewarrning are listed in fig. 2 

With decreasing ternperature latencies of n2 and P2 increased 

continuously. Mean latencies of n2 were 97,1 ! 8,0 ms at 35°C, 

+ + at 31°C 119,6 - 9,2 ms, at 29°C 134,7 12,8 ms, at 27°C 

148,5 + 15,8 ms, at 25°C 184,1 ! 27,0 ms, with respect to 

+ + P2 at 35°C 121 - 10 ms, at 31°C 146,4 - 13,4 ms, at 29°C 

+ + + 166,7 - 17,9 ms, at 27°C 192,4 - 26,5 ms, at 25°C 235,5 -

49,8 ms. 

Changes in latencies were significant for n2: F = 106,9 

(p= 0,001) and for P2: F = 47,6 (p = 0,001). 

At 31°C during cooling depression of aterdischarge occured. 

After initiation of ECC nasopharyngeal ternperature was falling 

continuously with 0,36°C ! 0,13°C per minute. 

Depending on the rapidity of cooling visual evoked potentials 

disappeared at different temperatures: 

Cooling with 0,6°C/min: VEP disappeared at 27°C (fig. 3). 

Cooling with 0,25°C/min: VEP disappeard at 25°C or were 

detectable at lower temperatures (fig. 4). 
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n2 

NLA nz = 94ms 
ETOMIOATE: 
1min nz =124ms 

3min nz =114 ms 

5min nz =104ms 

h.Nl 10min nz = 94ms 

n~ __ -+-___________ ~ t [msl 

94 500 

figure 1: The visual evoked potential after a bolus injeetion 

of 0,3 mg/kg bw etomidate: Lateneies of n2 and P2 

inerease for some minutes. The traees 1,3 and 5 

min after injeetion show the lateney return for 

Temperature 
(0 C ) 

before ECC 
35 

31 
29 
27 
25 
27 
29 
31 
33 
38 

1 h after 
ECC 
36 

n2 • 10 min after injeetion the pre-injeetion values 

are reaehieved. 

mean latency (msl. mean latency (ms), 
S.o. and % of nz S.O. and % of Pz 

mean S.O. % mean S.O. % 
97,1 8,0 100 121 10,0 100 

119,6 9,2 123 146,4 13,4 121 
134,7 12,8 139 166.7 17,9 138 
148,5 15,8 153 192,4 26,S 159 
184,1 27.0 189 235,5 49,8 195 
128,7 12,8 133 163,1 11,9 135 
120,0 14,0 124 149,8 15,0 124 
108,9 11.5 112 134,7 14,2 111 
99,2 10,8 102 120,5 14,2 100 
87,5 9,4 90 106,4 9.7 88 

91,2 8,4 94 111,8 10,4 92,4 

figure 2: Mean lateneies and standard deviations of the major 

negative (n2 ) and positive (P2) peak at different 

temperatures during eooling and rewarming. 
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luVl 

T (OCI 
Prior to ECC 

34 

ECC 
Cooling 
31 

29 

27 

{ ~ 

10 u---_---------.....-t t Imsl 
100 500 

figure 3: Visual evoked potentials when cooling was performed 

with o,6°C/min: The VEP disappears at 27°C. 
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31 

33 
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figure 4: The visual evoked potential is detectable during 

the whole time, even at the minimal temperature 

of 24°C. Cooling was performed with o,25°C/min. 

n2 is marked with a dotted line. 
T (Oe) 

Rewarm'l1g 

29 

30 

33 

luV! 
37 

·L-__ -+L-______________ ~'I~! 
IX) 500 

figure 5: Same patient as in figure 3, with increasing 

temperature latencies decrease, n2 and P2 are 
marked with a dotted line. 
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During rewarming an immediate recovery of latencies could 

be demonstrated (fig. 5). 

With increasing temperature latencies decreased: 

At 27°e me an latency for n2 was 128,7 ! 12,8 ms, at 29°e 

120,0! 14,0 ms, at 31°e 108,9 ! 11,5 ms, at 33°e 99,2 + 

10,8 ms, at 38°e 87,5 : 9,4 ms, with respect to P2 at 

27°C 163,1 : 11,9 ms, at 29°e 149,8 ! 15,0 ms, at 31°e 

134,7 ! 14,2 ms, at 33°e 120,5 : 14,2 ms, at 38°e 106,4 + 

9,7 ms. 

At 33°e during rewarming the pre-Eee-values were reached 

again, then latencies become shorter in comparison to the 

pre-Eee-period. When perfusion pressure was kept above 

40 mmHg no alteration in VEP wave form, except in corre-

lation to ternperature changes, was noticed. 

4. Discussion 

The human visual evoked potentials generally consist of 

five or more waves with defined amplitude an latency (19). 

Waves are subdivided in those with short latencies (primary 

response), which are not widely used in clinical work, 

latencies appearing between 70 and 250 ms (secondary response) 

and waves with latencies later than 250 ms (afterdischarge). 

The early waves are of subcortical origin and do not vary 

during anesthesia (15). 

The most important peak appears at about 100 ms after the 

end of stimulus onset, thus it is called P100 or in our 

nomenclature P2 (18). P100 is generally used when VEP are 

applied in ophthalmological or neurological diagnosis and 

for monitoring devices (21). For the appearence of P2 the 



integrity of visual pthways and of the occipital cortex is 

necessary. 

P100 and other peaks of the secondary response can be altered 

by anesthetic agents (22, 23, 24, 25, 28, 29) or by premedi-

cation (26, 27): 

Influence of anesthetics on visual evoked potentials 
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latency amplitude afterdischarge 

Thiopental (Ciganek,1961) -----*---_ .. -
t ----------

Z N2 0 (Domino,1967) . --------_._---
J, 

----------Promethazin (Corssen,1964) 2 . -------------
Diazepam (Bergamasco,1967) ~ 

Halothane (Uhl,1980) 

Neuroleptanalgesia (Russ,1982) ___ t __ _ 
Sufentanil (Bovill,1982) ___ t __ _ 'l . 2 . -------------
Na-gammahydroxybutyrate 
(Desbordes , 1982) 

1 '2 2 
------- -----·-----1-------.:-----·-
r ~ .J, __________________________________ ~ __ -L ____ ~ Etomidate (Russ,1982) 

= increase of latency or amplitude 

= decrease of latency, amplitude or afterdischarge 

no changes reported 

not investigated 

Neuroleptanalgesia with fentanyl and droperidol causes a latency 

increase of about 10 %~ an increase of the same amount was 

reported by Bovill (23) for sufentanil anesthesia. 
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Standard deviations in our patients often exceeded 10 % 

of the mean. This leads to a general problem illuminating 

difficulties with VEP during surgery:Under general anesthesia 

only flash stimulation is feasable, interindividual and 

intraindividual variability is larger than with pattern

revers al stimulation (30), which is usually employed for 

diagnostic procedures. Therefore each patient has to be 

his own control when VEP are changing during surgery. 

Nevertheless evoked potentials can easily be obtained 

when electrodes are fixed accurately and skin has been 

prepared. 

Ta increase reliability VEP should be reproducable any 

time under identical pharmacological conditions. The effect 

of a bolus injectionofahypnotic agent like etomidate 

causes short acting changes which could lead to misinter

pretation and would reduce validity of the methode During 

monitoring periods, when perfusion pressure is falling to 

a critical level or when thoracic aorta is opened and air 

embolism might happen, a constant pharmacological (with 

respect to hypnotics) or physiological state (with respect 

to temperature) should be maintained. From this point of 

view a continuous infusion of anesthetic agents can help 

to minimize the interferences of bolus injections. When 

etomidate is given continuously a stable waveform results: 

Etomidate causes a 9,6 % increase in nz-latency and a 

persisting depression of afterdischarge. These results 

demonstrate that the effects of etomidate infusion on VEP-
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latencies are less (only 50 %), than a temperature decrease 

to 31°C, afterdischarge suppression is comparable. This 

might add to our information on etomidate and its possible 

effects in cerebral protection. Some workers (31) use a 

continuous infusion of barbiturates or etomidate for brain 

protection during ECC, the effects of thistherapeutic pro

cedure on evoked potentials should be known. 

Alterations in VEP during hypothermia have been described 

by various authors in different animal species. Wolin (32) 

in cats and pigs, Aunon (33) in dogs and Boakes (34) in 

rats found a latency increase of about 100 % at rectal 

temperatures of 24-25°c. It is known that hypothermia 

decreases generally body metabolism, this decreased meta

bolism appears to be a reflection of the general reduction 

in rate of chemical reactions at reduced temperatures. 

The amount of this reduction seems to be the same in animals 

and humans. 

In 1982 Bovill reported on VEP changes during sufentanil 

anesthesia in six patients (23). Onset latency at 26°C 

tympanal increased between 40-75 ms, during rewarming he 

found a linear return of onset latency to normal (4-5 ms/oC). 

This return of latencies correlates weIl with our findings 

during rewarming: In our patients latency return was larger 

at temperatures between 25-27°C and smaller in the range 

from 33 to 38°c. Latency return was about 2ms/oC for n2 

and 3ms/oC for P2. These differences can be explained with 

varying temperatures in the heart-lung-machine and a different 

rapidity of rewarming. 
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With systematic cooling latency of all components increased. 

In some cases early components disappered at higher tempe

ratures than late components (fig. 6, 7).This is in contrast 

to results reported by Stejskal (35), who investigated 8 

epileptic patients during systemic and local cooling of the 

brain. After perfusion of brain ventricles with cold saline 

he found pronounced differences between early and late 

components: latency of early components increased slightly, 

while late components diminished. 

In this study SSEP were evaluated, temperature reduction 

was performed by surface cooling or by local cooling of 

the brain. These differences may be explained with unequal 

cooling of brain structures. In our patients the different 

reaction of early and late components could be related with 

an insufficient perfusion of the brain. But none of these 

patients suffered from neurologic sequelae after operation. 

We could not find patterns of visual evoked potentials that 

correlate with insufficient cerebral blood flow and post

operative neurological deficits. In one patient we did not 

obtain VEP after rewarming. This patient suffered from 

circulatory arrest during induction of anesthesia and from 

cardiopulmonary problems during ECC. 

Perfusion pressure could not be kept above 40 mmHg in this 

case. At the end of the operation this patient had dilated 

pupils and died during extracorporeal circulation. In all 

other patients VEP changed as described already. Latency 

decreases and increases in a certain range. This normal 



range has to be defined for eaeh temperature step and 

for a defined rapidity of eooling and rewarming. A 

depression of VEP at temperatures where they usually 

are present and latency increases outside of normal 

range may be signs of inadequate perfusion of the brain. 

To verify this, further investigations in patients, 

where postoperative neurologie dysfunction is aggravated, 

are neeessary. 

T (OC) 

Prior to ECC 

:'5 
Cooling 

33 

31 

~--29 

25 

L..._--:!~ __________ ":':!t (ms) 

100 500 

figure 6: VEP recordings of a patient where n2 disappears 

at 26°C while nJ is detectable during the whole 

eooling period. 
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T (OC) 

Reworming 

26 

27 

29 

31 

33 

36 

38 

t (ms) 
100 500 

figure 7: Same patient as in figure 6, after rewarming an 

immediate recovery latencies is demonstrated. 
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31 Phosphorus Nuclear Magnetic Resonance ( P NMR): 

A Computer Based Instrument for Studying Brain Hypoxia. 
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Departments of Anesthesia, Biochemistry and Biophysics 

University of Pennsylvania, Philadelphia, PA 19104 

Introduction 

The brain is a critical organ for human function, yet techniques 

for quantHying brain function or predicting outcome following acute 

injury remain poorly developed, particularly by comparison with the 

heart. The wealth of information and the limitations in existing data 

regarding brain energy metabolism and brain protection from ischemic 

and/or hypoxic injury have recently been reviewed (Siesjo, 1978; Myers, 

1979; Hossman, 1982). Inability to quantify intracellular bioenergetic 

state in a non-destructive manner is one reason for the conflicting 

conclusions which exist regarding the minimum blood pressure adequate 

for cerebral perfusion. Thus, studies in higher mammals and man have 

suggested that permanent brain damage may be caused if mean arterial 

blood pressure (MABP) falls below 50 mmHg (Stockard, et a1. , 1974; 

Michenfelder & Theye, 1977). Other investigators have found that 

hypovolemic hypotension in monkeys to a level at or below 25 mmHg was 

required to produce permanent brain damage (Selkoe & Myers, 1979). 

Trimethaphan induced hypotension in dogs failed to produce pe;rmanent 

brain damage even though MABP fell to 15-25 mmHg (Dong, et al., 1983). 

The relevance of these low pressures to humans is emphasized by recent 

observations in patients undergoing cardiopulmonary bypass, which 

indicate that perfusion pressures of 30-50 mmHg are well-tolerated 

(Kolkka & Hilberman, 1980; Ellis. et al., 1980). 

Further examples of the difficulty in differentiating between 

normal and necessary may be found in the literature on cerebral blood 

flow and neurophysiological function. Harper (1966) demonstrated that 
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cerebral blood flow (eBF) was maintained at approximately 80 

ml/l00gm/min until mean arterial pressure fell below 70 mmHg, and that 

an arterial pressure of approximately 30 mmHg still maintained eBF at 30 

ml/l00gm/min. The levels of eBF at which injury occurs are apparently 

still lower. Thus, in their review of data relating neurophysiological 

changes and damage to eBF, Morawetz, et al. (1979) and Hossman (1982) 

indicate the eBF falls below 20 ml/l00gm/min before 

electroencephalographic silence ensues, and that evoked potentials 

disappear at about 15 ml/l00gm/min. Loss of cellular integrity and 

permanent damage occurs below these extremely low values. 

Reconciliation of these observations, and understanding the 

relationship of these extremes to norms for clinical decision-making is 

important and requires precise methods for quantifying bioenergetic and 

functional state in a sequential and non-destructive manner. 

31p NMR spectroscopy is the best method available for the 

non-destructive quantification of tissue bioenergetic state and the 

functional integrity of the mitochondrial redox system. As such, we 

believe it the linchpin requisite for understanding the relationship 

between various hypoxic or ischemic insults, function, permanent tissue 

damage, and protection. The correlation of changes in brain 

bioenergetics, measured by 31p NMR, with detailed and quantified 

neurophysiologic measurements promises fundamentally important insights 

into these latter, inherently more portable, measurements. Finally, 
31 

important experimental observations obtained with P NMR in animals, 

can provide scientific information during controlled acute 

pathophysiological perturbations, not ethical in man, thereby enhancing 

knowledge and therapeutic capability. 

Such studies are inherently computer dependent, and offer an 

excellent example of how advances in computer technology permit advances 

in the scientific basis of anesthesia not possible otherwise. 
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31· Technical Description of P NMR SpectoscoPy 

NMR spectroscopy is based on the fact that nuclei such as IR. 

13C and 3lp , etc.. possess magnetic moments due to their non-zero 

spin angular momentum. In the presence of an applied d. c. magnetic 

field BO' the nuclear magnetic moment tends to align itself along 

BO' Since the nuclear spin angular momentum is quantized. this 

process leads to a set of energy levels. NMR spectroscopy is a method 

used to study the transitions induced between these energy levels by an 

applied electromagnetic field BI of the correct frequency. Since 

different nuclei have different magnetic moments. they have very 

different BI resonant frequencies at a given BO thus permitting 

study of a single isotope without interference from other elements. For 

each element, the NMR resonant frequency of a particular nucleus depends 

on its chemical environment. Thus. the spectrum of a molecule consists 

of several lines, one for each chemical group. The intensity of the 

signal at a given re sonant frequency is linearly proportional to the 

total number of absorbing nuclei in the sampie in that chemical 

environment. At present. in vivo 3lp NMR distinguishes 7 peaks: 

sugar phosphates (SP). inorganic phosphate (Pi). phosphodiesters (PD). 

phosphocreatine (PCr) , and adenosine triphosphate (ATP. 3 peaks). The 

theory of NMR methods and relevant experimental techniques are more 

fully discussed in several monographs. e.g., Gadian (1982); Fukushima 

and Roeder (1981). We would like to discuss some practical aspects of 
. i 31p NMR .!!!. ~ spectroscopy. 

The most important component of an NMR spectrometer is the magnet 

producing BO' Since chemical shifts are of the order of a few parts 

per million (ppm) , the magnetic field. BO' must be homogeneous to less 

than 1 ppm over the sampie volume. Since the theoretical sensitivity of 

NMR depends on the strength of BO' one would like to have large BO 
values (typically 1.5 to 2 Tesla (T), where 1 Tesla is 10.000 times the 

earth' s magnetic field). The use of NMR for in vivo tissue study 

further requires wide-bore magnets so that the whole animal (or human 

limb) can be inserted in the magnet. These considerations make it 

imperative that one use 

spectroscopy studies. 

superconducting magnets for in vivo NMR 
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The observation of NMR requires radio-frequency electronics. Most 

of the modern spectrometers are pulsed Fourier Transform NMR 

spectrometers. The nuclear spins are excited by a short radio frequency 

(rf) pulse and one "listens" to the response of the spin system 

following the pulse; this signal is called a free induction decay (FID). 

The spectrometer is coupled to a minicomputer which performs the 

function of control as well as data processing. A simplified block 

diagram of our experimental set up is given in Figure 1. 

Since one normally uses the NMR signal from tissue water protons to 

adjust the homogeneity of the BO field around the specimen. our NMR 

spectrometer system can be used either at 60.1 MHz for proton NMR. or at 
31 24.3 MHz for P NMR. We use a single coil transmit/receive system 

for in vivo NMR. Most of our NMR coils are "surface coils" (Chance. et. 

al •• 1980; Ackerman. et al •• 1980). 

FiS 1 Simplified Block Diasram of the NMR Spectometer 

24.3 MHz 
r--~-I Transmitter 1------, 

Receiver 

60.1 MHz 
..... _ ..... -1 Transmitter 1-+---' 

Audlo Receiver 
Signal 

out 

Analog/ 
Digital 

Converters 

Control Unes 

Computer 

Superconducting 
Magnet 

Probe 

Room 
Temperature 

Shim Co/ls 
Power Supply 

31 
The basic process of obtaining P NMR spectra can be represented 

by the flow chart in Figure 2. This process can be split into 3 stages. 



Fig 2 Process 

POSITION THE SPECIMEN IN TB! CENTER OF TBE MAGNET AN)) IN TBE NMR PROBE 

TUNE AND MATCH TRE NMR PBOBE TO 60 HIlz AND PULSE RAPIDLY 
(5 to 10 PULSES/SEC) AN)) OBSERVE PBOTON FID'S 

ADJUST MAGNET SHIM CURRENTS 

TUNE AN)) MATCH TB! PBOBE AT 24.3 MHz 

ACQUIRE AND AVERAGE 31-P NMR FID'S 

PLOT /DISFLAY TRE SPECTRUM 

Y 

Y 
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First, is the set up stage in which the specimen is positioned inside 

the homogeneous volume of the magnet and the magnet homogeneity is 

adjusted (shiunned) using the proton NMR signal from the tissue. The 
31 

pulse parameters are set up for acquiring P NMR spectra. The 

parameters that are important are 1) the pulse width, 2) the waiting 

time between pulses, and 3) the acquisition time. Next, is the 

acquisition stage. Sequential rf pulses generate FID's which are 

acquired and coherently added to improve S/N ratios. The third stage is 
31 

the digital processing of the signal averaged FID. The final P NMR 

spectrum is plotted on paper, the data may be stored on floppy discs. 

If the probe is being used for the first time, the correct set of 

parameters must be determined experimentally. If the resolution is 

unsatisfactory, the process must be repeated. 

The currently implemented steps in the digital processing of the 

NMR data are illustrated and explained in Figure 3. The extent to which 

the data are dependent upon this mathematical processing is evident 

therein. Beyond the steps shown, the large PD peak evident in the dog 

(and human) 31p NMR brain spectra (see Figs 4-7) has made precise 

quantification of these peaks difficult. Therefore, we are in the 

process of developing and validating curve fitting routines which will 

permit such quantification, further automate the process, and enhance 

our ability to modify experimental perturbations based upon the bra1n'~ 

bioenergetic response measured in more or less real time. 

Animal Experiments 

Studies in cats demonstrated the feasibility of combining the 
31 

electroencephalogram (EEG) with P NMR data. However consistent high 

quality spectra were difficult to obtain, and the scan times required 

for good spectra (16-32 mins) were unsatisfactory for the study of a 

number of interesting pathophysiological problems in which rapid changes 

in brain bioenergetic state may be expected. Since September of 1982, 

we have focused our efforts on improving the time resolution and 
31 

consistency of the brain P NMR spectra. We can now routinely obtain 

high quality spectra in 4 minutes, and 1 minute spectra may be used to 

study rapidly changing events. In addition, shielding and filtering of 
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Fig 3 
31 

Data Processing of the FID to Obtain the P NMR Spectrum 

scole: I cm : 3ppm 

RAW FID: The time - dependenl response 
of the 31p nuclear spins. 

VI(t) 

WEIGHTED FID: Weighting reduces 
Ihe noise conlribulion from the tail of 
V 1 (I). 

V2 (t):V I(t) * e-(,..*LW*t) 
LW:IO 

FID WITH CONVOLUTION DIFFERENCE: 
This removes noise from the inilial porlion 
of the FID. 

V3(t): V2(t)_ FAn-('" *L2 * t) 

with L 2: 100, FA: 1.0, 

SPECTRUM WITH NO PHASE CORRECTlON: 
The real part of the Fourier Transform of 
Vll(l). Instrument limitations delay FID 
acquisition from the true time origin of the 
FID, introducing phase errors inlo the spectrum. 

1 
s(.,) : f Vll(t) e- i211'1/1 V4(.,): R.e [s(lfl] 

o dl 

SPECTRUM WITH PHASE CORRECTION: 
Vl (.,) the phase errors can be correcled using 
o phase angle ., and making a linear combing
lion of the real and imaginary parIs af s (If I. 

Vl (.,): [Re {S(If)} ] * cos. + 

[Im{s(.,)}] * sin. 
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the leads from amplifier to skull have permitted us to obtain 

electroencephalographic data without degrading the NMR signal. The 

factors responsible for this improvement include: 

1. Revision of the animal holder to permit reproducible centering 

of the brain in the homogeneous field. In addition. shielding 

of the animal's hind quarters. which protrude from the magnet. 

has been greatly simplified by the new holder and a bolt of 

conducting fabric. 

2. Increasing the amount of phosphorus compound detected in the 

homogeneous field was achieved by switching from cat to dog. 

and increasing coil diameter. 

3. Improvement in surface co11 performance. Our best results 

have been obtained with a simple single turn. 4 cm diameter 

co11 made of ,"," copper tubing. Further co11 work is needed to 

define optimum size and improve fit to the irregular surface 

of the dog's skull. 

Figure 4 illustrates selected 4 minute brain NMR spectra. 

electroencephalographic. hemodynamic and arterial blood gas data. from a 

dog subjected to severe hypoxia (Pa02 < 20 mmHg for 45 minutes). The 

initial scan (A) at Pa02 .. 96 mmHg is normal. The dog responded to 

the hypoxic stress by hypertension and tachycardia. which for 10-15 
31 minutes succeeded in maintaining cerebral perfusion by EEG and P NMR 

criteria. At 18-22 minutes (Ican B) a distinct decline in per and 

increase in Pi is evident; the EEG. recorded at 5mm/sec. shows slowing. 

loss of amplitude and bursting. At 26-30 minutes. the blood pressure 

has declined and a further decline of per is evident. as is marked 

slowing of the EEG (sean C). Of extreme interest. the Pi peak has 

shifted to the right and disappeared into the PD peak. This result 

differs fram that seen in the next data set and may reflect a distinct 

pR shift from the more extreme brain lactic acidosis in this animal due 

to: a) Prolonged sustained hypoxia and. b) potential hyperglycemia from 

continuous dextrose infusion (Rehncrona. et al •• 1981; Myers and 
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Yamaguehi. 1976). By 42-46 minutes (sean D). systemie arterial pB 

dee1ined to 6.8. MABP dee1ined to 85 mmHg. and the EEG was f1at. despite 

normal brain ATP levels. Sean D also shows a further dee1ine in per and 

a suggestion that Pi has moved further into the phosphodiester peak. 

Fina11y. at 46-50 minutes. during extreme hypotension and bradyeardia. 

deterioration of brain ATP levels is evident and the deve10pment of a 

single phosphorus peak is seen (sean E). 

Fig 4. Dog brain response to systemie hypoxia 

ereated by deereasing the inspired oxygen eoneentration. 

Time 31 p NMR 000 Brain EEG MABP pH 
MMHO 

pOz 
MMHO (mini) per 

B 

6-10 

c 

o 

E 

PD 

" , 

10 0 10 20 
ppm 

(5mm I sec) ,... 

~140 7.3 

~1607.04 

120 

96 

13 

60 6.8 19 

o 

Figure 5 i11ustrates a seeond graded hypoxia experiment in whieh a 

1esser degree of hypoxia (Pa02 35 mmHg) was reasonab1y we11 

to1erated for an hour; thereafter. gradual undeteeted hemmorhage from 

the operative site superimposed hypovo1emia on more profound hypoxemie 

stress. These data differ from those above in showing 1ess systemie 
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acidosis (pR just prior to death = 7.0 vs. 6.8) and less shift in the Pi 

peak, which remains distinct from the phosphodiester peak until the 

onset of death. The EEG was recorded at 25 mm/sec and no glucose was 

administered. Scan A control. Scan B, 58-62 minutes, shows a slight 

increase in the height of the Pi peak and loss of high frequency 

activity on the EEG. Scan C, 12 minutes later, shows a sharp decline in 

PCr, and increase in Pi associated with further slowing and flattening 

of the EEG. The subsequent 4 minute scan (D) shows progression of the 

PCr and Pi changes. Again, the EEG is nearly silent prior to the onset 

of ATP depletion and the loss of the "background hump" associated with 

the development of a single phosphorus peak (beginning in E). The EEG 

is flat. 

Fig 5. Dog brain response to systemic hypoxia 

created by decreasing the inspired ox~~~~tratio~. 

Time 
(mins) 

A 

Control 

B 

58-62 

C 

72-76 

o 

76-80 

E 

80-84 

-

EEG MABP pH p0 2 

MMHO MMH 
-----. 

140 7.30 116 

~130 7.18 26 

7.13 23 

7.06 26 

___ --20 7.04 37 
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High repetition rates cause saturation (decreased intensity) in all 

P-compounds, especially Pi and per (Shoubridge, et al., 1982), our data 

indicate this is severe below 3 second intervals. Nonetheless, for 

certain insults, rapid repetitions and short scans allow useful data to 

be obtained. Figure 6 illustrates the consequence of arespiratory 

arrest in the dog brain 31p NMR acquired at a repetition rate of 

2/sec, pulse width 50 microseconds, for one minute each. No difference 

was detectable between the first and second and between the third and 

fourth scans. and these were averaged to simplify the illustration. 

Similarly, scans beyond seven minutes showed no change and were deleted. 

A 

I 

c 

D 

E 

F 

Fig 6. Time resolved 
31 P NMR: Respiratory Arrest 

Tim. 
IlIIIn.' 

P NMR Dot Irain MAIP HR 
MMIig IboGtt'min' 

PD 

D-2 100 100 

2-4 130 50 

4-5 ID 21 

5-1 ID 12 

1-7 75 

I-I zo D 

pp .. 

At 2-4 minutes, the animal 

became hypertensive, Pi 

increased, per decreased, 

and the ATP peaks remain 

unchanged. Further decrease 

in per and increase in Pi is 

evident at 4-5 minutes, the 

beta-ATP peak may be 

somewhat diminished by this 

time. Profound depression 

of creatine phosphate is 

evident before significant 

ATP depletion takes place 

(5-6 minutes) • Beyond 6 

minutes, a single peak 

progressively dominates in 

the area of the original PD 

peak, presumably, this 

represents a composite Pi 

and PD peak with Pi right 

shifted by intracellular 

acidosis. Detailed 

analytical biochemical and 

high resolution NMR studies 

will be required to fully 
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characterize the changes shown in Figures 4-6. (See G10nek et a1., 

1982). 

31 
A human brain P NMR spectra obtained from a neonate with fetal 

a1coho1 syndrome is shown in Figure 7. The high sugar phosphate peak, 

low phosphocreatine peak, and prominent phosphodiester peak are 

characteristic. While pertubation protoco1s in humans are not now 

justified, we be1ieve our animal studies will great1y faci1itate 

interpretation of these spectra. 

DISCUSSION 

In these spectra (Figures 4-7) quantification of SP, Pi, PD, and 

PCr is comp1icated by 1imited resolution which resu1ts in over1ap of the 

Fig 7. 
31 

P NMR spectrum of human neonata1 brain. 

SP 

ATP 

PD I!~ 

o 
ppm 

10 

ß 

20 
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bases of the spectral peaks with creation of a background hump (which 

disappears after death). The "phosphodiester" peak we have observed in 

the human and dog brain 31p NMR spectra is higher than in the rabbit 

(Delpy, et a1. , 1982), and little PD is evident in rat (Ackerman, et 

al., 1980; Shoubridge, et al., 1982) or gerbil brain (Thulborn, et al., 

1982). These results also differ from those obtained in rodents in 

showing better time resolution, better signal to noise ratio, and 

simultaneous neurophysiological, blood gas, and hemodynamic data. 

We find these preliminary data exciting. They demonstrate the 

increasing time resolution of 31p NMR and the power and potential of 

combining in vivo brain phosphorus biochemistry with measurement of 

neurophysiological function. Furthermore, they suggest that in the 

brain, as in muscle (Chance, et a1. , 1981), loss of PCr limits work 

(measured here by the spontaneous EEG) prior to ATP depletion. Further 

observations with more complete physiological control and quantification 

of spontaneous EEG and evoked potential measurement is needed to fully 

characterize and validate these initial observations. 

Finally, we believe this example important to the purposes of this 

conference. both the NMR measurements and the appropriately quantified 

measurement of brain electroencephalographic and evoked potentials which 

are being incorporated into our measurement system are inconceivable 

without the application of contemporary computing power. Thus, in this 

application computing power is being applied to develop an important 

area of information relevant to the scientific basis of anesthetic 

practice, which could not be elucidated in the absence of computational 

techniques. 
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MEASURIHG PULMONARY BLOOD FLOW WITH AN 8&85 

J.W. BELLVILLE, L. ARENA, O. BROVKO AND D.M. WIBERG 

1. INTRODUCTION 

Pulmonary bloodflow is 

patient's physioloqic state 

an importRnt indicator of 

durinq the clinical course 

a 

of 

anesthesia, while recuperatinq from myocardial infarction and 

many serious diseases. We wished to measure it non-invasively. 

We rejected the method usinq metabolie qases such as C02 

essentially for the reasons stated by Butler in his review (1). 

We also rejected methods that are too slow to analyze, that iso 

they cannot be done on-line such as that of Homer and Denisyk 
(2) • 

Zwartls Soluble Gas Method (3) is a relatively new non

invasive method that appears to be cheap and convenient. It is 

a soluble qases technique and can be directly implemented usinq 

a standard anesthesia machine or a ventilator. For most other 

soluble qas techniques to be truly non-invasive, one requires 

estimates of the mixed venous concentrations to apply Fick's 

principle (4). Zwartls method and ours does not. 

A small amplitude sinusoidal inhaled concentration of 
halothane is introduced with a relatively hiqh frequency (3 
mine period). Because of the larqe time constant of the body 

tissues this causes the sinusoidal amplitude in the mixed 

venous concentrations to be damped to very small levels. 
Consequently, one can model the whole body circuit as just a 
co~partment representinq the lunqs. That is: 

• -1 
PA (00) = (1 +~) (joo TL + 1) -1 Pr (00) 

where: V 

PA (00) = the alveolar concentration (%) transform 
00 = anqular frequency (min- 1 ) 
A = blood to qas partition coefficient o = cardiac output (l/min) 
V = ventilation (i/min) 
j=~ 
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CI = the equivalent ideal part lunq capacity (liters) 

the inhaled anesthetic concentration (%) 
transform 

•• .lif ... Figure 1. Implernentation 
of Zwart's ~ethod of 
determining pulmonary 
blood flow over 3 min
utes. Note the a~pli
tude of PA and PI and 
the phase shift ~t. 

And, consequently, the cardiac output estimate (See fiqure 1) 

where: 

This 

Q 
V 

-).- cos cf> - 1) 

I x I = the ampli tude of sinusoidal time function x 
cf> = the phase laq between the inhaled and alveolar 

qas. 

method that 

nonva ryi nq 

required. 

is equivalent to a spectral technique. so 

hemodynamics and steady state conditions are 

Error sources such as distorted (sinusoidal) inhaled 
concentration, measurement noise (cArdioqenic oscillations 

included), stochastic nature of lunq perfusion, nonsteady state 
and varyinq hemodynamics, lunq inhomoqeneity, variability of 

bloodjqas partition coefficient, and small fractional mixed 

venous returns still exist in this method as with most 
classical soluble qas techniques. 

We have extended Zwart's method by ditherinq the inhaled 

halothane (forane or ethrane). This then reduces to a simple 

problem in system identification and a new estimate is obtained 

after each breath. 
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The monitor has been built. and is currently underqoinq 

extensive laboratory and clinical testing. Initial modelinq and 

algorithmic development have been reported in detail elsewhere 

(5.n), as has an extensive error analysis (n.7). Here the 

development of an actual hardware device from a mathematical 

model is reported. A more complete treatment is qiven in (8). 

The pulmonary perfusion monitor operates on the soluble 

gas principle so that the amount of any inert blood-soluble qas 

taken 

blood 

up by a subject is proportional to the amount of 

flowinq through the lungs, provided that the 

Eresh 

blood 

contains no soluble qas initially. The amount of the gas taken 

up at each breath is measured by subtractinq the amount of the 

gas exhaled from the amount inhaled. 

The solubility of the gas in blood must not be too low, 

(Ab < 30). or the amount of gas taken up per breath is 

difficult to measure. Also. the solubility of the qas must not 

be too hiqh, (such as the solubility of acetone) because then 

most of the gas is taken up by tracheal and bronchial tissue 

rather than the blood. For clinical use, the gas must be non

flammable, easily handled, easily measured. etc. At present 

ethrane Is used because it also serves as the anesthetic so 

that no other connection with the patient is needed. However. 

in applications other than surqery. the pulmonary blood flow 

monitor can also function at trace (non-anesthetic) levels of 

ethrane or other suitable Gases, i.e. concentrations below .1%. 

Multiple breaths of the soluble gas contaminate the fresh 
blood enterinq the lunqs because the soluble gas is 

recirculated. For this reason. the direct fick method needs an 

invasive measurement of venous blood. Zwart's (9) modification 

and our dither method (5) obviates this measurement by applyinq 

the soluble qas inhaled concentration as a sinusoidal waveshape 

or square wave in time. 

The parameter estimation technique is that of Wiberg (10) 

which is essentially a modification of the extended KaIman 

filter. Details of this alqorithm applied to the pulmonary 

perfusion monitor can be found in Brovko (6). 
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2. 'l'tf!!: ,'lODE L 

Inhaled and end-tidal soluble qas pressure Pr(t) and PAlt) 

are measured. End-tidal qas is the last portion of exhalation. 

in which the qas partial pressures are most nearly in 

equilibrium with arterial qas partial pressures. The breath 

time t is necessarily discrete, but traditionally a continuous 

time corapartmental model has been used to model qas uptake and 

recirculation. This traditional model is: 

C. 
J 

where: 

Cr 

c· 
"J 

b 
x 
y 

PAlt) 
Pr (t) = 
r j (t) 
Qj (t) 

V 
N 

It 
influence 

N 
P +(l-y)"b L Q.P.+(l-x)VPr 

A j=i J J 
(1) 

j=1,2, ..• ,N (2) 

Equivalent qas volume of the qas exchanqinq part 
of the lunq; th 
Equivalent qas volume of the j body compartment; 
Blood-qas partition coefficient; 
fraction of physioloqic dead space in the lunq; 
fraction of cardiac output shunted ac ross the 
lunq; 
End-tidal (alveolar) qas partial pressures; 
Inhaled qas partial pressuhes 
Partial pressure i~ the jt body compartment; 
Perfusion of the jt body compartrnent; 
thus. L~=lQj (t) = 00 , vol urne per unit time; 

Ventilation, volume per unit time; 
Number of body compartrnents. 

was found that the factors x and y have . 
on accuracy of measurement °0 eHl) • This 

a great 
is the 

larqest error source and invalidates the quantitative accuracy 

for subjects with lunq disease states or other abnorrnalities in 

which a qood estimate of x or y is not available. However. 

relative pulmonary blood flow chanqes can still be measured in 

these subjects. which in many clinical situations is perhaps of 

qreater importance than the quantitative accuracy. Also. 

constants x and y can be measuren if it is necessary or if it 

is suspected they are abnormal. 
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Figure 2. A typical multiple 
compartment of the uptake 
and distribution of a soluble 
gas. 

PI CL ROo·...l-. lbG(, 

Figure 3. The multiple com
partment model of a soluble 
gas uptake can be to one com
partment for gases with Ab~30. 

~or inputs in the frequency range of interest, it was 

found that the uptake model can be very accurately described by 

four body compartments (1)/=4). However, one body compartment 

(N=I) gives errors of Iess than 3~. and is used in most of our 

simulation studies and experiments. Equation (1) is a one 

compartment model of the Iunq. Actually the Iung is a 

distributed gas exchanger. The associated time constant is 

actuallya Iumped approximation to this (See Fiqs. 2 and 3). 

The alQorithm takes measurements of Pr (t). PA (t), and 

V(t), and computes an estimate of (I-y) AbQo based on the model 

(1) and (2). Initial estimates for Cr and Cj are fitted to the 

data. The blood-gas partition coefficient Ab is considered 

known and constant. The model and the alqorithm are stored in 

the computer. 

3. HARDWARE DESIGN 

The design philosophy of the pulmonary perfusion monitor 

is to combine maximum versatility for Iaboratory use with the 

greatest simplicity for clinical applications. Calibration and 

commands are self-explanatory and diaqnostic messages are 

displayed if the software or hardware faiis. For clinical 

applications the monitor has been built into a standard 

anesthesia machine. The anesthesia machine also houses the 

transducers for the measurement of ventilation and inhale

exhale concentration of anesthetic qas. 

The main tasks to be performed by the pulmonary perfusion 

monitor are (i) modulation of the inspired qas 

(ii) measurement of the inspired-expired 
concentration, 

anesthetic gas 

concentration, and (iii) implementation of the parameter 
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Figure 4. Diagram of anesthesia machine and bypass valving. 

estimation routine. 

these various tasks. 

order qiven above. 

Different parts of the monitor per form 

These parts are discussed here in the 

The computinq unit containinq the display and the cOM~and 

keyboard is located on the upper part of the anesthesia machine 

at eye level. The qas flowmeter and the gas analyzers are in 

the lower part, below the anesthesia qas lines. 

The inspired qas concentration is modulated usinq a qas 

bypass across the ethrane vaporizer. Three solenoid valves, 

driven by the 8085 CPU, control the variable bypass flnw. The 

flow through each valve can be individually adjusted to realize 

, lariety of waveforms. A manual control also requlates the 

flow throuqh the three solenoid valves and acts as a 

multiplicative factor. The manual control also has the 

function of valve override. When the shut-off valve is closed, 

the monitor can be used as an ordinary anesthesia machine. 

The solenoid valves used in this application are desiqned 

for low current and low heat generation. As a safety measure, 

the action of the valves can only reduce the qas concentration. 

Additionally, a flow switch which senses the flow in the bypass 

loop qenerates an error signal in case of valve failure and is 

included in the qas control circuit. 
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'l'he 

presents 

able to 

measurement of the anesthetic qas concentration 

contrastinq requirements. The gas analyzer must he 

measure small variations of concentration arounn a 

relatively larqe constant value. 

sensitivity and larqe dynamic range. 

It must have both high 

Also,it must not be as 

expensive 

hydrogen 

nor as larqe as a mass 

flame ionization detector, 

spectroneter. A compact 

specially built for this 

kind of application, has recently become commercially available 

from WTI in Holland. Main features of this instrument are (i) 

sensitivity (O.OfHHll mI/mI), (ii) hiqh level of stability, 

(iii) rapid response tiMe (0.2 sec). (iv) small amount of 

sampIe needed (3.0 ml/min), (v) siMple calibration, (vi) built

in vacuum pump, (vii) accuracy of 5% of full scale, and (viii) 

transport delay of 0.6 sec, variable durinq an operation, but 

corrected by the software. 
The tidal volume is calculated by rectanqular inteqration 

of the flow signal during the expiratory phase. A constant 

temperature linearized anemometer (T.S.I. model 1054 B) is used 

to measure the mass flow of expired qas. 

The data processinq unit was chosen on the basis of the 

computation load. For this application a word size of 32 bits 

was chosen to minimize numerical instability in the estimation 

algorithm. However. the time constraint for an on-line 

operation is satisfied with an 8-bit processor. Simulations 

showed that a single 8085 system could handle both the data 

collection and the pulmonary blood flow estimation routines. 

The system reached its final sinqle-processor confiquration 

shown in Fiqure o. 
The 5pace Byte CPU, used in the final confiquration of the 

data processor, is almost a complete computer on a sinqle 

board. It contains most of the interfaces for hard copy, CRT 

terminal and disk operation. This board also contains a 3K 

resident monitor which provides most of the basic software used 

by the estimation routines. The data processor is built 

according to the industry standard "5-100" bus. A larqe supply 

of add-on modules are available for this confiquration. The 

only custom made units in the pulmonary blood flow monitor are 
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Figure 5. Block diagram of the complete system including anes
thesia machine, gas sensors, interface, computer and display. 

the four-channel signal conditioner, the keyboard encoder and 

the solenoid valve driver. 

Ta increase the flexibility of the monitor, the operatina 

system is not stored in EPROMs but on floppy disks. Each time 

the monitor is used, the operatinq system is loaded into a 

larqe HAl"l memory by a selE-startinq bootstrap sequence. It is 

thus possible to change the operating system by simply loadinq 

a new maqnetic disco 

Four analoq inputs connect the qas and flow transducers to 

the data processor. Each channel has an independent ~ain and 
bias control to match the range of the analoQ input to the 

characteristic oE the A/D converter. This solution simplifies 

the calibration procedure and reduces the quantization noise. 

The analog signalS are sampled and diqitized at a rate of 

50 samplesper second. The input bandwidth is then restricted 

to 25 Hz. This is not a limitation for the gas concentration 

siqnal whose bandwidth is approximately 10 Hz. It is a 

limitation for the flow signal whose bandwidth is about 5 KHz 

and must be then low-pass Eiltered. It is convenient ta choose 

the samplinq rate as high as possible because this allows the 
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use of simpler inteqration routines. i.e. rectanqular instead 

of trapezoidal. A hiqh samplinq rate also reduces the aliasinq 

and has less stringent pre-filterinq requirements. The upper 

limit of the saMplinq rate is determined by the computation 
power of the processor. The sanplinq interval is controlled by 

a 7555 chip which is connected to a hiqh priority (7.5) 

interrupt. A standard S-lß0 module, Cromemco O+7A 1/0. is used 

for A/D conversion. To meet the real time requirement an~ to 

increase the numerical accuracy. a floatinq point Arithmetic 
Processinq Unit (APU) is used to perforM most of the 

computations for both the estimation and the preprocessinq 

routines. The APU performs 41 different floatinq point 

operations and does automatie floatinq point normalizations. 
Graphie capability is realized by meRns of a proqramMahle 

character generator which is under software control. The use 
of this module reduces the software overhead. The character 

generator board has its own memory and works (in combination 
with the video driver board) as an independent unit without the 

use of external system memory or any OMA activities. The 

central processor is free to execute different tasks while the 

video display is beinq refreshed. The monitor display is a 12-

inch high resolution unit. The natural choice of mass storaqe 
to qo wi th the Space Byte CPU was the ICOM "FO-370ß disk drive 

with the FC-3~ß controller formatter. 

8-inch IBM compatible 25~K diskette. 

The ICOM drives use an 

It is thus possible to 
store the data of the day-lonq study on one disko 

The valve controller circuit has two functions. First it 

converts the T'fL loqic siqnals to a power level sufficient to 

drive the solenoid valves. Second. it qenerates the pulsed 
siqnals required by the valves from the computer command. 

A single one-byte command controls the three valves. The 

bit pattern of the command word selects the valve to be 

operated. The duration of the current pulse is determined by a 

monostable circuit activated by the processor output strobe. 

The keyboard decoder shares a diqital port with the 
solenoid valve decoder. An interrupt line is used to siqnal 
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the CPU when a character is typed in. This solution is 

preferred to a "po lIed" confiquration because it saves time. 

4. SOFTWARE DESIGN 

As was the case for the hardware, the constraints on the 

software were that no particular computer skills were to be 

required from the operator and that the monitor operatinq 

system had to be flexible enouqh to allow its use both in the 

laboratory and in clinical applications. 
Effective use of loqic processors requires that the 

software be intimately related to the hardware. Hiqher level 

lanquaqes are more powerful but their translation into ohject 

code is not as efficient as a proqram written directly in 

machine lanquaqe. For this application it was important to 

choose a proqramrünq lanquaqe which mini:rlized both the si ze of 

the proqram and the execution time. Assembly lanquaqe was 

therefore a natural choice. 

The monitor operatinq system occupies about 24.000 bytes 

of memory, shared in equal parts by the estimation routines and 

the housekeepinq routines. The software packaae can be dividerl 

into the followinq parts: (1) user prompt routines. (?) 

preprocessinq, (3) estimation. (4) valve contro!. (5) qraphics. 

and (fi) util i ty routines. 

'fo start the system, aRESET command initializes the 'n{AP 

service routine by writinq a JUMP to the on-board loarler 

sequence. The bootstrap command activates the TI~P interrupt 

which causes the operatinq system to be transferred from disk 

into core. Once the loadinq of the operatinq system is 

complete. the execution of the proqram starts automatically. 

An interactive sequence takes the operator throu~h the 

initialization. hardware check. calibration and commanrl 
settinq. At the enrl of the prompt sequence a "H~ADY" messaqe 

informs the operator that the system is correctly initializerl 

and then the file number can be entererl nnn the S'fAH'l' key 

pressed. When the START key is pressed n new rlisk file is 

opened and the current set of parameters is stored. the 

saMplinq clock is enabled and the collection of data beqins. 
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Warning 

file name, 

messaqes are qiven in the case of (1) 

(2) hardware failure in the rlisk 

duplicate 

nrive, (3) 

incorrect disk positioninq, (4) disk full. 

In calibration mode the output of the flowmeter ann the 

gas analyzer is continuously sampled and displayen. The values 
of the bias and multiplicative factors used to convert. in 

software, the siqnals from A/O units to flow and gas 

concentration units are also displayed. 

The preprocessinq routines perform the following 

operations: (1) sarnpling of analog signals from gas and flow 

analyzers, (2) A/D conversion. (3) calculation of inspired and 

expired gas concentrations. tidal volume and breath time, (4) 

detection of inspiratory and expiratory ohases, and (5) 

compensation for the delay between the flow and aas analyzers. 

Oetection of inspiratory and expiratory nhases are especially 

critical, and flow artifacts due to couqhinq, swallowing. etc. 

are eliminated by threshold co~parisons. 

The estimated values of pulmonary perfusion are displayen 

on the CHT as shown in figure 8. This format was chosen in an 

effort to convey the information in the most effective way for 

clinical use. On the Y axis are values of blood flow in 

liters/minute, on the X axis the breath number. The screen 

contains a maximum of fiß breaths. When a full screen is 

completed the qraphic wraps around. 

Ourinq the execution of the estimation routines the 

collection of da ta is interrupted but no information is lost. 

The perfusion estimation is performed 
initial part of the inhale phase. when 

either for the calculation of the 

in 2~0 msec. during the 
no sarnples are collected 

tidal volume or the 

calculation of the qas concentration. The tidal volume is 

calculated durinq the exhale phase and the end-inspired and 

end-expired gas concentrations are calculated when the 

collection of da ta has already been restored. 

5. RESULTS 

Experiments were performed for two main reasons. a) to 

compare the estimated values of pulmonary perfusion to values 
of cardiac output measured with an invasive technique so that 
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the hardware and software eoulrt be evaluated and b) to evaluate 

the aeeeptanee of this monitor in the elinieal environment. 

espeeially in the operatinq roo~. 

More thein 140 measurements were performeil on the healthy 

volunteers. patients underqoinq surqery. and doqs. Heferenee 

methods were thermal dilution and. in the doq. eleetromaqnetie 

blood flow. 

\ 
.'AIT .. 

ci .&I liA\Il 12&1 lii&i 1. iIOO 
TIIE (SEtS) 

Figure 6. Thermal dilution 
cardiac outputs and continuous 
pulmonary blood flow estimates 
in 67 year old female (see 
text) • 

In Fiqure fi are shown the results from the pulmonary 

perfusion monitor in a fi7 year old female unnerqoinq surqery. 
The anesthetie 'las was ethrane and you eiln see the severill 

thermal dilution estimates as eompared to the eontinuous on

line pulmonary perfusion estimates. The 

monitor was initialized shortly after 

eardiae output showen 2.4 liters. The 

converqed and aqreed weIl with the two 

thermal determinations. Both thermal 

pulmonilry 

a thermal 

alr'Jorithm 

Swan-Ganz 

dilution 

perfusion 

dilution 

rapidly 

eatheter 

estimates 

eorrelated weIl with the eontinuous pulmonary hlood flow 

monitor. 

'I-l 

:J 
H 
Q) 
P< 

t:i m 
....... 
~ 
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I.M. F1DVIIRter 
IIU_ted C.O .• 1.15 l/.in lpul ... perfoll~_l ________ _ 

Figure 7. Output 
from an electro
rnagnetic flow 
meter and from the 
pulmonary perfusion 

I r-----'I------Ir-----TI-----.I------rl-----,' monitor. 
'4.44 128. B~ 193. J2 257.7' 322.20 3a •. 6 I. la 

TIME (SEC) 

Studies were done on noqs with eleetromaqnetie flow meters 

around the ilseendinq aorta. There was qenerally 'lood 
eorrelation between electromaqnetic fl~w meter reaninq and the 

estimated pulmonary perfusion (Fi~ure 7). 
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Figure 8 . The pulmonary 
blood flow monitor with 
the computer and display 
at eye level. The anes
thesia machine flow 
meters can be seen in 
the lower left while in 
the lower right corner 
is the gas vaporizer. 
Beneath the cabinet is 
located the computer con
trolled valve-rig. 

fi. SUMMARY AND CDNCLUSION 

The first prototype of the pulmonary perfusion monitor has 

led to the identification and solution of nunerous problems 

connected with the implementation of this soluble qas 

technique. 
Dur exper imental exper ience has shown that the accuracies 

of pulmonary perfusion estimate is dependent in larqe me~sure 

on accuracies of the parameters me~sured. The newer estimation 

technique which me~sures the exact amount of ~as taken up qives 

consistently better results. 

The error analysis has shown that the correct 

representation of the lunq capacity in the model of the qas 

uptake is of qreat importance. We plan therefore in a new 

version of the monitor to incorporate means of estimatinq 
periodically the lung capacity from another soluble qas. This 

then would be an additional state and be estimated on-line by 

the computer alqorithm. 

The vulnerability of the model to deviations in lunq 

capacity or dead space represents the most serious problem of 

this monitorinq technique. The arbitrary, althouqh educated 

choice of the parameter sets can induce errors on the estimated 
pulmonary perfusion. We are now extendinq this model to the 
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use of four qases for estimatinq parameters within the model 

such as dead space, functional, residual capacity and capacity 

of the lunq; 

estimate. 

this will improve the pulmonary perfusion 
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A MICROCOMPUTER-BASED CHARTING SYSTEM FOR DOCUMENTATION OF 
HEAMODYNAMIC,RESPIRATORY PARAMETERS AND DRUG ADMINISTRATION 
DURING CARDIAC ANAESTHESIA. 

S.G. van der Borden, O. Prakash, S.H. Meij 

INTRODUCTION 

The praetiee of doeumentation of respiratory and heamodynamie 

parameters during an anaesthetie proeedure has proven to be of 

great value. Doeurnentation of anaesthetie reeords ean be aehieved 

by either manual or automatie methods. Manual reeord keeping is 

done by entering into the ehart, the relevant parameters every 

15 minutes. Manual reeord keeping was found to be laborious and 

time eonsuming speeially during an aeute episode. During this 

period, important vital information was often missed and forgotten. 

In sueh situations eonventional reeord keeping by hand has proved 

to be unsatisfaetory and unreliable. If one is looking for preeise 

doeumentation then automatie reeording system is preferable. 

GENERAL IDEA 

Due to intensive manual handling of heart lung maehine during 

extraeorperal eireulation, it was not easy to keep an upto-date 

reeord of heamodynamies and other events by hand. In 1980 it was 

deeided to use mieroproeessor-based reeording system for 

eonvenienee and reliability. A prototype version of mieroproeessor

based reeording system was introdueed in the operating room. It 

proved popular and three more systems were introdueed for routine 

use. At the same time, an idea was generated to develop similar 

system for anaesthesia department. 

DESIGN CONSIDERATION 

To aeeelarate the aeeeptanee of the Automatie Charting System (ACS) 

(fig 1) by the user, the ehart produeed by the "ACS", lookes 

almost the same as the original handwritten anaesthesia ehart. 



FIG 1. Anaesthesia Charting 
System (ACS) 

417 

In this way the information 

documented on the chart can 

easily be recognized by the user. 

The information entered into the 

recordkeeping system consists of 

both alpha and numeric data, 

like numbers and text, a 

alphanumeric keyboard has to be 

used. A typewriter like key

board was chosen for. this 

purpose with additional function 

keys to minimize commands entered 

into the system. 

For verification of all the 

information entered into the 

system, a video display is used 

which gives a continuous overview 

of all the documented information 

Reliability and accuraccy of the 

chart depends mainly on the plotter used for the recordkeeping 

system. Despite the high cost of a plotter which offers both 

reliability and accuraccy, we have selected a commercial 

available color plotter which can plot on an A3 format. 

SYSTEM DESCRIPTION 

The "ACS" automatically documents, collects and presents trends, 

of heamodynamic and respiratory parameters on aminute to minute 

basis and documents manually entered data via a keyboard e.g. 

administration of drugs etc. 

The "ACS" forms an extension of the routinely used monitors for 

heamodynamic and respiratory parameters. These monitors pre

processes the bio-signals from the patient e.g. ECG, bloodpressure, 

airway pressure, airway flow. 

Both monitoring systems are microprocessor-based equipped with a 

RS 232C serial output port for transmission of measured and 

derived parameters. 

The "ACS" is connected to both monitoring systems via the RS 232C 
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serial ports and receives, the preprocessed heamodynamic and 

respiratory parameters for further documentation. (Fig . 2) 

o A T A F L 0 w 0 lAG R A M 

MICRO 
PROCESSOR 

UNIT 

HEAMOOYNAMIC 
MONITORING 

SYSTEM 

1- 4 AS-t32 $ERIAt INTERFACE 

COLOR PLOTTER 

FIG. 2. Data flow diagram shows the Anaesthesia Chartinq System 
connected to the other monitoring devices in the 
operating room. 

Two other RS 232C serial ports are available on the "ACS" to 

communicate with the video terminal and the color plotter. The 

terminal is used for viewing the display of all the current 

available parameters and messages. The keyboard is used for 
manual inputs for drugs and bloodgas values into the system. 
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HARDWARE FOR THE "ACS" 

The "ACS" consist of a commercially available terminal (Beehive 

D!11S) for display and manual input of data and a color plotter 

(Hewlett Packard 7221C) and a microprocessor control unit 

(based on Intel 8080 microprocessor). The microprocessor control 

unit contains a central processor unit, 4 serial interfaces, 

32 kilobyte of RAM for storage of data. 

SOFTWARE FOR THE "ACS" 

The program is written in assembly language for the Intel 8080 

microprocessor and stored in Eprom. The program is driven by 

a menu displayed on the screen. The system responds with a small 

menu or message on the display indicating the kind of entry 

the system expects. 

The program can be divided in 4 parts;each perform the following 

tasks: 

1. handling of data received from the monitoring systems and 

data entered via the keyboard 

2. data output to the video display of the terminal 

3. data computation and storage for the plotting program 

4. data output to the plotter for plotting of the anaesthesia 

chart. 

The format of the program can perform multi-tasks and the 4 

main programs seem to run parallel to each other. This results 

in immediate response desired by the user. 

VIDEO DISPLAY 

On the video display an overview is given of: 

1. information automaticallyentered into the system, like 

heamodynamic and respiratory parameters. 

2. informationent~redvia the keyboardie.g. name, date, blood

gas values, dr~gs, etc. 

3. information of system statusie.9. plotter On or Off. 

The screen is refreshed with new information every second. 
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FUNCTION KEYS 

Fifteen function keys are provided to reduce the amount of key

board input to a minimum and to per form certain task like 

switching the plotter on or off. Another example is the input 

of a drug given. This can be accomplished by entering the function 

key which says 'drug input' and then press a number which can be 

read from the display indicating the amount of the drug given. 

Additional drugs which are not shown in the menu, can be entered 

via the keyboard. 

CHART PLOTTING 

Like the original handwritten chart, the plotted chart is divided 

in different fields (fig 3.) such as a patient general information 

area e.g. patient's name, date, age etc., other fields are for 

trend curves, general remarks, drug administered, or fluids given 

or happening of an important event, bloodgas values, urine output 

and blood/fluid balans. 

C H ART L A Y 0 U T 

PATIENT GENERAL INFORMATION FIELD 

TRENO CURVES FIELD BLOOOGAS VALUES 
FIELD 

GENERAL REMARK FIELO 
URINE 
OUTPUT 

- FIELO 
ORUGS AOMINISTRATION FIELD 

BLOODIFLUID 
INFUSESlEVENTS STATUS FIELD BALANS FIELD 

FIG 3. shows the division of the chart 
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An example of a plotted chart is given in figure 4. This example 

demonstrates areport of an open heart surgery in a small child. 

Black and white chart shown here is actually plotted in different 

colours. 

This system allows monitoring and recording at the same time. 

The heamodynamic and respiratory data on the plotter chart are 

updated every 2 minutes, with a plot resolution of one minute. 

Up to 8 hrs of trend can be plotted on one chart. Provisions are 

made to extend plotting on a new chart for another 8 hours. 

Manual input information is plotted immediately after 

assignement of valid information entered by the microprocessor 

system. 

STORAGE/COPY 

The "ACS" features a 32K of RAM to store all automatie measured 

parameters and manual input up to 16 hours of information. At 

the end of the record keeping a copy can be made for duplication 

of the original chart. 

CONCLUSION 

The system is in operation for nearly two months. Users and 

designers are in constant touch for further refinement of the 

system. The cost of the system is prohibitive for general use. 

It is expected that the cost will come down in the near future 

for general acceptance among the users. 



COMPUTER CONTROL OF INTRAVENOUS ANESTHESIA 

T" H. STANLEY. M.D. 

In the last decade numerous intravenous compounds have become popular 
as alternatives to sodium thiopental as induction agents l -5 and to all of 
the inhalation agents as maintenance anesthetic agents. 6-17 In this 
chapter I will discuss the difficulties of using intravenous agents and 
the likely impact of the computer and computer technology of the future 
on intravenous anesthesia. 
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Differences Between Administration of Intravenous and Inhalation Anesthetics: 

In contrast to the inhalation anesthetics. it is difficult to measure. 
determi ne and mai nta in a constant depth of anesthes i a ut il izi ng i ntra
venous agents. 18-20 In order to help determine what are adequate levels 
or blood concentrati ons of i ntravenous agents. numerous i nvest i gators 
have been measuring tissue. blood and urine concentrations of these 
agents; thus a new group of investigators called pharmacokineticists has 
evolved. 18-20 The pharmacokineticist of intravenous anesthetic agents is 
not rea lly different from the expert on uptake and di stri but i on who 
evolved during the development of inhalation anesthetics. However. the 
pharmacokineticist's subspecialty is still evolving and the tools of his 
trade still developing. Thus. the clinical relevance and reliability of 
many of the pharmacokinetic techniques are still unconfirmed. One major 
difference between intravenous and inhalation anesthesia which has enor
mous clinical significance and which will mandate computer involvement in 
future techniques of intravenous anesthesia is the fact that metabol ism 
is an important component of intravenous anesthesia and is not in inhala
tion anesthesia. Although certain inhalation anesthetics (halothane. 
methoxyflurane) are °metabolized. the clfnical fmportance of this drug 
(anesthetic) treatment from the point of view of anesthetic induction. 
maintenance and recovery is minimal. Of course. the picture is entirely 
different with intravenous agents. With the later. besides solubility in 
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water, blood and tissues, plasma and tissue lipid and protein binding and 

regional and total blood flow, drug disposition, biotransformation, 

receptor-drug-complex interactions and various routes of excretion have 

major influences on blood and brain concentrations and thus depth and 

kind of anesthetic depression. 

Another major difference which effects the administration of intra

venous agents to a greater extent than int,alation agents is volatility. 

That intravenous agents are not volatile markedly changes the methods 

and thus the speed with which they can be measured in blood. Numerous 

studies have demonstrated that end-tidal expired concentrations of inha

lation anesthetics are virtually the salf,e as plasma concentrations. 

Using gas chromatography and mass spectroscopy it is thus possible to 

virtually continuously measure end tidal concentrations of inhalation 

anesthetics in our modern operating rooms. 21 Such is not the case with 

intravenous agents and therefore numerous pharmac.okinetic profiles in a 

variety of tissues, including brain, liver, lung, etc., are reported in 

the literature.18-20 From these profiles the clinician is supposed to 

determine the ideal rate of infusion of an intravenous compound at all 

times after beginning an anesthetic procedure. Whether this is practi

cally possible and whether it is important in the overall clinical 

effectiveness of intravenous anesthesia has really yet to be determined. 
The computer Impact on Intravenous Anesthesia: 

It is probably at this point in the history of anesthesia, and more 

specifically in the history of intravenous anesthesia (which is now), 

that the computer will make its most important i~pact in terms of anes-

thetic delivery. Indeed, there are al ready intravenous anesthetic 

delivery systems based on the pharmacokinetics of at least two compounds, 

etomidate and fentanyl, which are now in development (Peters M, personal 

communication). Probably other machines which are in fact, mini computers 

des i gned to admi ni ster the appropri ate dose of an i ntravenous compound 

based on average pharmacokinetics and averlge ideal infusion rates also 

exist at the present time. However, one of the serious and perhaps major 

questions to be asked at this juncture is what effect will these devices 

have on the clinical application of intravenous anesthesia. Although 

not documented, it is certainly the feeling of most anesthesiologists in 
the United States that continuous intravenous infusion techniques are 

difficult at best and certainly very different than the techniques they 



425 

are accustomed to. Perhaps this is relatej to t:'e fact that anesthesi

ologists in the United States have not been trained to deal with machines 

designed to continuously infuse an intravenous compound. Most of us 

growing up in the various schools of anesthesia in the IJSA have heen 

attuned to turning dials that change oxyg~n, nitrous oxide, ha10thane, 

i sofl orane, and enfl urane concentrat ions, hut certa i n 1y not di als t hat 

wou1d regulate a continuous infusion of sodium thiopenta1, fentany1 or 

other intravenous anesthetic agents. Although continuous infusion of 

anesthetic adjuvants (sodium nitroprusside, nitroglycerin) and cardiac 

inotrophic agents has certain1y become more popular of late, it appears, 

at least to this author at this time, that the continuous intravenous 

infusion of an intravenous anesthetic agent, especially when dictated by 

a machine, is different. 

Is there really a difference in "hlack box" directed anesthesia and 

anesthesia of the past? I think it is prübab1y too soon to rea11y say. 

Are these mini computers that are just beginning their development phase 

going to have a 1arge impact on intravenous anesthesia and, secondarily, 

anesthesia as a whole? This question is also unanswerable at the present 

time. The reason why these questions are, in my opinion, unanswerable 

is simple, and that is that the science of pharmacokinetics is still a 

new and untested sci ence and, as such, i ts rea 1 i:npact on anesthes i 01 ogy 

as a whole and on intravenous anesthesia in particu1ar is unknown. Indeed, 

it is difficult to know at the present time just how much variation in 

blood concentration there will be after administration of a holus or 

continuous infusion of, for example, the cpioid ~entanyl. In addition, 

the importance of regional blood f10w changes induced by a variety of 

disease states including obesity, diseases of the 1iver, kidney, etc., 

and the effects of these changes on "average" pharmacokinetic profiles 

and thus computer directed changes in infusion are unknown. Finally, 

the effects of numerous simple demographic factors such as previous drug 

history, history of alcoho1 and caffeine intake and smoking on intravenous 

anesthetic blood and brain concentration requirements are unknown at the 

present time. Even if a uniform group of patients, in terl'1s of drug 

history, other disease states, hlood volume, etc., could be obtained, 

exactly how much variation in terms of intravenous anesthetic hlood 

concentration occurs after a given bolus or infusion of fentanyl and 

most other agents is unknown. Will the computer he able to come to our 
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assistance in these peculiarities of intravenous anesthesia? I am sure 
it will! In wh at wayand form? These are the important questions to he 

answered in the next five to ten years. 
Another crucial difference between intravenous anesthesia, at least 

intravenous opioid anesthesia, and inhalation anesthesia, is that the 
fundamental mechanisms producing anesthesia are probably different. 
Adequate opioid anesthesia is dependent upon saturation of a certain 
percentage of specific opioid receptors 22 which, although dose dependent, 

is difficult to clinically determine even with the use of sophisticated 
electroencephalographic technology. The same is probably true with 

many, if not all , intravenous anesthetics. Furthl!rmore, surgical stimu
lation with inadequate levels of at least certain intravenous anesthetics 
can result in very unstable circulatory dynamics and other dangerous 
clinical conditions which may often not be easily or rapidly corrected. 
These situations are much easier dealt with using standard inhalation 
anesthetics via the employment of significantly higher concentrations of 

the anesthetics (over pressure) until conditions 3re corrected. Perhaps 
by integrating many clinical signs and symptoms into the overall known 

or average pharmacokinetic profile of a given drug, a sophisticated 
computer system designed for a specific intravenous anesthetic technique 

will be able to automatically increase or decrease infusion rates faster 
than the clinician can do so. It is possible in so doing that these 
devices of the future may be able to predict and determine the onset of 
inadequate depths (and more than adequate depths} of anesthesia hefore 
or as they are occurri n.g and therefore guarantee adequate 1 eve 1 s of 
anesthesia at all tlmes. 

There are a number of investigations which now document that continuous 
infusions of fentanyl, alfentanil and ketamine, for example, dramatically 

reduce the total dosage of these agents required in any given operation 
and apparently maintain ideal plasma concentrations to 1nsure adequate 
depth of anesthesia. 23-25 In these studies the incidence of hypertension, 
tachycardi a and other di sturbi ng changes in cardi ovascu 1 a r dynami es i s 
significantly less during continuous infusions of the agents, as compared 
to multi-bolus type techniques. As a result, postoperative recovery is 
significantly faster. 25 
Intravenous Anesthetics of the Future and the Computer: 

The anesthetics of the future are not going to be like the anesthetics 
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of the paste It appears clear that the opioids and perhaps the new 

central serotonin receptor blockers, for example, are markedly different 

from inhalation anesthetics. What do I mean by "markedly different"? 

As mentioned above, with agents such as halothane, enflurane and iso

florane, if inadequate anesthesia is present a clinician simply has to 

use a much higher concentration (over pressure) for a short time to 

depress cardiovascular stimulation and rapidly return hemodynamics to 

desired levels. This is not as easy with agents like the opioids, the 

benzodi azepi nes and other new i ntravenous compounds. These and perhaps 

other new intravenous agents do not act as myocardial or cardiovascular 

depressants. 3 ,13 In addition, these compounds probably do not act as 

non-specific central nervous and other organ system depressants. but 

rather act at specific central nervous system receptors to produce seda

tion, amnesia, analgesia and anesthesia. These are, of course, one of 

their advantages. As a result of acting at specific receptors, compounds 

like the opioids and other new intravenous agents can not easily deal 

with sympathetic activation once it has occurred. Rather, clinicians 

must use compounds that vasodil ate or effect heart rate (the peri phera 1 

manifestations of sympathetic activation) rather than directly depressing 

the sympathet i c nervous system. The new i ntravenous agents therefore 

dictate that the right dose be used at the right time. If not, then 

other agents will be rapidly required to correct clinical conditions. 

One can eas i 1y imagi ne the use of a potpourri of drugs, one attempt i ng 

to correct the unwanted actions or "over shoot" of the other. Indeed, 
this author believes this practice is already common place today and may 

likely get worse in the near future. 

Thus it is very imperative to have the right dosage. Fascinating 
new data accumulated by Westenskow D and Pace N (unpublished data) suggest 

that the use of anesthetic adjuvants (other agents), which this author 
has always felt was less than desirable, may not he all that terrible. 

The reason for this is that with microcomputer regulated infusions of 

sodium nitroprusside, for example, and continuous systolic, diastolic, 

and perhaps in the future cardiac output and heart rate data input, use of 

these adjuvants may be limited and correction of unbalanced hemodynamics 

extremely rapid. Thus, it would appear that by use of new intravenous 

agent di rected computer techno 1 ogy and measurements and i ntegrat ions of 

a variety of well defined as well as still undefined physiologic symptoms 
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and signs, it may be possible to minimize anesthetic polyphannacy and 

optimize clinical conditions rapidly and virtually automatically. 
An alternative to the above approach would be the ability to rapidly 

measure and integrate blood levels of intravenous agents into a computer 
programmed patient knowl edge bank. The knowledge bank, operat ion to be 
performed, surgeon and other clinical infonnation would allow automatic 
computer directed infusion rates of all anesthetics and anesthetic 
adjuvants. With this an anesthesiologist would be assured of having a 
suffi ci ent b 1 ood 1 evel, and suffi ci ent central ai'ld peripheral nervous 
system binding of all appropriate agents. This may be quite an idealized 

concept at this time but one which is probably not that far away from 

clinical reality. 
In conclusion, it appears clear to this investigator that the computer 

will be needed to close the loop, so to speak, in intravenous anesthesia 

much sooner than it will be needed in more common inhalation anesthetic 
techniques. All of this does not preclude, 1n my opinion, the use of 
manual anesthesiologist override at any moment, but certainly the ideal 
would be to rarely have need of such manual override in the administration 

of intravenous anesthetic compounds. It would appear that the easiest 
place to begin working w1th this kind of intravenous anesthetic adminis
tration would be in the area of muscle relaxants. It seems to me that 
establishment of continuous computer interaction with the variety of 
methods used to clinically quantitate neuromuscular function at the present 
time would be easy. Automated computer control of train-of-four, electro
myography and various twitch and tetanus devices available to quantitate 
neuromuscular function would seem, on the surface, to be easy to accomplish. 
A continuous system of administering and evaluating responses to adminis
tration of various neuromuscular agents may be the simplest and easiest 

i ntravenous agent moda 1 ity wi th wh ich to deve 1 op experi ence that can be 
used in future intravenous anesthesia administration. I wonder if such 

devices exist at the moment? It would appear that if they don't, they 
should be in at least an evolutionary stage of development. 
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