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I wo ul d like t o di s c uss s o m e of the prac tical p roblems 
that h ave a r i s e n in a pplying this a pproach t o med-ic a l diagnosis 
and n1ake som e s'-lgg es tions as to how thes e may b e evaluated. 

First, let us c onside r the problems that aris e rela tive to 
the assumption s of indepe nde n ce of the various diseas e s; that is, 
the a ssumpti on that a p a ti e nt may have only one of the s e diseases. 
As an exampl e , consider the follow ing fact: The incidence of mild 
cyanosis in patients with atrial septal defect alone is Zo/o, while the 
incide n ce of mild cyanosis in is a lated pulmonary stenosis alone is 
lo/o or l e ss. How ever, it is evident, since the incidence of mild 
c yano sis in patients having both defects is 20o/o, that on e cannot 
dedu ce a nything a bout the proba bility of the combination pulmonary 
stenosis a nd a trial septa l d e f ec t in the presence of cyanosis from 
the sta tistic s regarding theindiv iduallesions. The combinations 
of these lesions produces an e ntir e ly different pathological pattern 
and this must be treated as a separate entity. On the other hand 
some compromise must be mad e , because there is essentially an 
endless spectrum of diseases and if each variation were treated 
as a separ a te entity, a n unmanagea ble number of diseases would 
result and c ollec tion of enough d a ta on the incidence of symptoms 
in any one disease to allow a r e liable calculation of probability 
to be made w ould be impossible . The number of disease categories 
into which the population should be divided for most efficient use 
of this approac h to disease detection from symptom ana lysis must 
be decided by answering the following question: "Does each disease 
entity occur frequently enough to provide significant statistical data 
on the occurrence of each symptom in this entity?" If it does not, 
severe restrictions will be placed on the accuracy with which the 
diagnosis can be made should it be included as a separate entity. 
Fortunately this very fact m e ans that the disease will not appear 
very often in the population being evaluated and the error intro
duced in evalua ting a large numb e r of cases will be very small. 
On the othe r h a nd, even a rar e diseas e may be accur a tely diag
nosed if the s ymptom patte rn is sufficiently distinctive. 

N ext, l e t us conside r the problem of independence of symp
toms. xl a nd xz a r e two symptoms and are conside red independent 
of on e anothe r if the proba bility of x 1 being pres e nt in disease Yk 
is not influe n ced by the pre se nc e of symptom xz. 

Equation II 
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In words, the probability of Xl in dis e ase Yk is the s a me a s the 
probability of symptom Xl in that fraction of the p a tients with 
disease Yk who h a ppen to h a ve symptom xz as w e ll. Unfortunately 
at the present time we c a nnot evaluate our data matrix for inde
pendence by this test for each of the symptoms because much of 
the data was gathered from the literature and it is impossible to 
determine the coincidence of symptoms from the data as it was 
presented. With the accumulation of sufficient experience, how
ever, it will be possible to carry out this analysis for each symp
tom from our own data with the help of the computer. 

It does not follow that if two symptoms are not completely 
independent of one another, as measured by this criteria, that 
each is not capable of contributing information of value pertaining 
to the diagnosis of a particular patient. Such symptoms, however, 
would have to be handled in a special fashion as the assumption of 
independence is inherent in the equation presented here. 

Let us now turn to the problem of evaluating the usefulness 
of a given symptom in diagnosing any disease. The information 
content (I) of the message 11 symptom Xl is present or absent in 
this patient11 may be defined as the logarithm of the ratio of the 
probability that symptom x1 is present or absent in this patient 
who has disease Yl to the probability that symptom x1 is present 
or absent in any patient from this population. 

I = in (px~/y1) 
Xl 

Now this information can be either positive or negative since the 
probability of a particular symptom in a given disease may be 
greater or less than the incidence of that symptom in the group 
of diseases under study. However, if the information content is 
defined as the absolute value of the logarithm of this ratio, a num
ber is obtained which is independent of the sign of the measure. 

for a 
The average information content (I) of 

set of k diseases can be obtained from 
I . 

I = -k \ I i.n p L x l/yk 

a II k 

a given symptom 

Equation 12 

-
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where Pxl is given by equa tion 5. Now since 

PYk/x1 Px1/Yk 
p p 

I e 
Equation 13 

Yk X l 

follows from equations 5 and 11, the term ef is the average factor 

by which the calculated probability of a disease is changed by 
finding symptom x1 to be present or absent in the patient to be 
diagnosed. This term then is a direct measure of the average 
value of that particular symptom in diagnosing this group of 
diseases. 

As an example, let us compare the average information con
tent (I) of three sympton:ts. Symptom 17 is a systolic murmur 
loudest in the fourth inter space. P is . 52, which means it 
occurs in 52% of all patie nts in thisxJJpulation, and (I) is l. 61. 
Stated another way, on the average the presence of this symptom 
in a patient decreases or increases the calculated probability that 
the patient has any given disease by a factor of 5. 0 over the prob
ability that the patient had that disease before it was determined 
whether or not the patient had symptom 17. Symptom 42 is a halo
systolic murmur loudest in the fourth inter space and has an inci
dence of 36%. This is a refinement of the description of the murmur 
defined as symptom l 7 and has an information content of 2. 46. The 
value of a symptom must be judged, however, not only on its infor
mation content but a lso on the reliability with which it can be de
tected. Our experience to date indicates that in spite of the fact 
that the more detailed description lowers reliability, this descrip
tion of a murmur is more useful if a phonocardiogram is used to 
provide an o~jective record. 

Finally, let us consider a vague symptom such as "fatigues 
easily" which occurs in approximately half of the patients. I for 
this symptom is only 0. 59. Since this symptom is also difficult to 
evaluate it is doubtful that it should be included in the data matrix. 
I suggest the following criteria for evaluation of symptoms to be 
used for diagnosis: 

l) A symptom should be one whose presence or 
absence can be accurately recognized. 

2) A symptom should be independent of other 
symptoms in any given disease. 

3) A symptom should h a v e an average information 
content gr e ater than 1. 0. 
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The purpose of the next section of this paper is to present 
an approach to the study of regulation and control of the circula
tion centered around the use of an analog computer. The problem 
will b e discuss e d in fiv e parts: 1) analysis of the circulation as 
a complex, closed-loop system, 2) the us e of the compute r as an 
aid in performing experiments, 3) the computer as a tool for re
ducing data to the desired form for analysis, 4) the use of an analog 
compute r in t e sting an hypothesis or mathematical mode l, and 5) 
the combined use of analog and digital computers. 

The block diagr a m in figure 1 represents the circulation 
as a closed-loop w ith two symmetrical h a lves. Each h a lf consists 
of a distensible reservoir (the large veins and atrium), a pump 
which has two states, diastole and systole, a transmission line 
which is the large arteries, and a source of resistance to run-off 
from the large arteries which is located at the level of the small 
arteries and arterioles. These elements are connected to the 
other half of the circuit to form a complete closed-loop. Not only 
is each element effect by the element just ahead and just behind, 
but its performanc e is also influenced by events taking place at 
remote parts of the circulation. For instance, information re
garding pressure in the large arteries is sent to the central 
nervous system which in turn modifie d flow and resistance to flow. 
However, the circulatory system, even when deprived of this 
nervous control, h as the a bility to return to an equilibrium state 
following a transient disturbance. This we might call the "auto
regulation" of the circulation. It is important to first under stand 
this phenomenon since any nervous control of the circulation 
must be simply superimpo3ed upon this basic "auto-regulation" 
phenomenon. 

A set of eight equations i s used to describe each half of 
the circulation. The two halves differ only in the values of the 
parameters. 

Equa tion 1 F 2 )dt 

state s that the volume of the atrium and large veins is equal to 
its initial volume plus the difference between flow into the a trium 
(Fl) and flow out of the atrium (Fz) integrated with r espect to time. 

\ 
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The pressure (Pl) in the left atr i um and pulmonary v eins is 
treated as a power function of the volume divided by the capaci
tance of that chamber, in order to account for the well-known 
convexity toward the volume axis of the volume pressure curve 
of veins. This is expressed in 

Equa tion 2 
vn 

Pl = _L 
cl 

Flow ( F z) out of the left atrium and into the left ventricle 
is zero during ventricular systole and during diastole is equal to 
the pressure gradient across the valve d.ivided by the resistance 
to flow (Rl) minus an inertia term which depends on the rate of 
change of flow as shown in 

Equation 3 =(P1 - Pz) 
Fz Rl 

Fz = o 

- Ll dFz 
dt 

(diastole) 

(systole) 

Pressure in the left ventricle (Pzd) during diastole is 
again expressed as a power function of volume divided by the 
diastolic capacitance of the ventricle Czd· 

vm 
P - 2 

Zd- Czd Equation 4 -

The volume of the ventricle (Vz) may be expressed as 
some initial volume plus the integral of flow in minus flow out 
as shown in 

Equation 5 

Flow out of the ventricle (F3) is zero during diastole and 
during systole depends upon the volume of the ventricle divided 
by its systolic capacitance (Czs), on R 2, the frictional forces 
which limit the rate of contraction and also on the pres sure in 
the aorta which will depend on the volume of the aorta ( V 3) and 
the aortic capacitance ( C3), and on an inertia term proportional 
to the rate of change of flow. This is expressed in Equation 6. 

Equation 6 

F3 = 0 

LZ d~~ 
Rz dt 

V3 (systole) 
:fr2C3 

(diastole) 
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The volume of the a orta depe nds on the integral of the flow 
in minus the flow out as shown in 

Equation 7 V3 =V3(t=o) + J (F3 - F4)dt. 

And finally, equation 8 expresses the flow out of the aorta (F 4) as 
a function of aortic volume, aortic capacitance, and the resistance 
to flow out of the arterial bed. The inertia term (L3) is small but 
must be included in order to account for the experimental observa
tions. (1) 

Equation 8 

To complete the loop, eight more equations must be written 
to describe the properties of the large systemic veins and right 
atrium, the right ventricle, and the pulmonary arterial bed. 
These equations have the same form as the ones just written· 

The most important assumption made in the derivation of 
these equations is that the pumping action of the ventricles results 
from a triggering by the electrical event of the ventricular muscle 
from one passive state to another, represented here as a change 
from diastolic to systolic capacitance and that the ejection of blood 
during systole is determined by the volume to which the ventricle 
filled during the previous diastole, the passive resistive and 
capacitive properties of the ventricle during systole and impedance 
to flow into the aorta. These properties are not time dependent 
but remain constant during the course of systole. In support of 
this concept is the finding that wave forms generated by the model 
compare favorably with flow curves recorded with an electromagnetic 
flowmeter on the ascending aorta of a dog as shown in figure 2. 

It is possible with this mathematical model to examine the 
response of this system to a transient disturbance from its equilib
rium state and to compare this response to the response of its 
biological counterpart, which in this case is the circulatory system 
of a dog deprived pharmacologically of his autonomic nervous 
system. Simultaneous solution of this set of equations predicts a 
rapid return to equilibrium with no overshoot except at high flows 
following such a disturbance as a Valsalva maneuver in which blood 
is displaced from the pulm.ona ry circuit into the systemic circuit. 
This is in agreement with the response observed in the biological 
preparation. 
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Once the investigator is satisfied that the equations will 
represent the observe d dynamic inter-relationships in the circula
tion, he may proceed w ith a systematic investigation of the role 
played by each component in deterrnining overall system perform
ance. A new solution may be obta ined with each sweep of the 
oscilloscope and a parameter change is accomplished by simple 
adjustment of a potentiometer in the analog computer. The ease 
with which such an analysis of par a meter cha nges may be per
formed is a distinct advantage of the analog computer for this 
kind of work. 

It is essentia l that this model, representing only the inter
relationships among the physical properties of the circulation, be 
expanded to include the nervous reflex elements which play such 
an important role in controlling these physical properties in the 
intact animal. The a nalog computer has also proved valuable in 
approaching this problem. The remainder of this paper will be a 
presentation of examples to illustrate the role an analog computer 
may play in acquiring data from the experimental animal, in re
ducing the data to a meaningful form for analysis, and finally in 
simulation of the biological system under study as a means for 
testing an hypothesis regarding its dynamic characteristics. 
First, consider the role of an analog computer as an integral part 
of data a cquisition equipment for studying a reflex pathway. 

In attempting a quantitative description of the effect of a 
particular nervous element in the control system, the exact form 
of the input function must be known. For instance, if a sinusoidal 
variation in the frequency of stimulation of a particular nerve is 
desired, a sine w ave is generated by a function generator. This 
is fed to the computer where it is scaled and biased to the desired 
level. The output voltage is then fed in parallel to a tape recorder 
to represent the input to the animal and to an analog-to-frequency 
converte r. Such devices are designed to operate at high frequencies. 
In order to increase the accuracy at low frequencies, pulses from 
the converter are fed to a counter where the output of the second 
decade is sampled. This divides the frequency by 100 and thus in
creases the accuracy of the a n a log-to-frequency conversion near 
zero frequency by a factor of 100. The pulse out of th.e counter 
then drives the stimulator which in turn is connected to the stimula
ting electrodes in the a nimal. 
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If the input to the animal is to be a function of some variable 
elsewhere in the animal, this may be accomplished as follows: 
the variable is sensed with a transducer and the voltage from the 
transducer is fed to the computer where the operations are per
formed in accordance with the known characteristics of the bio
logical transducer or sense organ being simulated. This system 
then, when placed in parallel with the dog's own biological tr a ns
ducer (for instance, the c a rotid sinus) acts to amplify a ny particular 
characteristic of this organ and may be used to study the effects 
of changing this orga n's parameters on the performance of the while 
circulatory system. Such a study has been carried out in the case 
of the carotid sinus. (2) 

Once the experiment has been performed and the output of 
the transducers recorded on magnetic tape, a computer may be 
used to convert this raw data into a more meaningful form for 
analysis. As an example of this, the a nalog computer program 
used to obtain beat-by-beat stroke volume, heart rate, cardiac 
output, mean arterial pres sure, and "peripheral resistance" from 
three variables recorded on magnetic tape from the experimental 
animal, namely, the electrocardiogram, aortic flow, and aortic 
pressure is shown in figure 3. The electrocardiogram recorded 
during exercise may be considera bly distorted due to electrode 
movement and muscle artefact. Thus, in order to obtain a trigger 
pulse at the time of each "R" wave, the electrocardiogram is dif
ferentiated. Then rectified and biased in order to obtain a single 
spike from the R wave and zero voltage during the rest of the heart 
cycle. This spike triggers a sawtooth generator which in turn 
triggers two pulse generators in sequence. Each pulse generator 
operates a relay coil. Following each R wave relay 1 closes first 
and allows amplifier 4 to charge up to the voltage existing on the 
output of amplifier 3. This relay then opens and relay 2 closes, 
setting amplifier 3 back to its initial conditions. Each relay is 
closed for only 2 milliseconds. Amplifier 3 then begins integrat
ing the constant voltage generating a sawtooth whose final height 
is proportional to the period of the heart cycle. The initial con
dition voltage on amplifier 3 is set to compensate for the time 
lost in relay closure. The output of amplifier 4 then is a step 
voltage whose height is proportional to the period of the pre
ceeding cardiac cycle. Since the heart rate is proportional to 
the reciprocal of this voltage, the output of amplifier 4 is divided 
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into a c onstan t v oltag e to g ene r ate the heart rate s ignal. Also 
shown are essentially identical circui ts used to derive voltages 
proportional to th e integral of arte ria l pressure with respect to 
time over one heart cycle and a voltage proportional to stroke 
volume. Then with multiplier and divider circuits we may obtain 
beat-by-beat heart rate, stroke volu1ne, cardiac output, mean 
arterial pressure, and the ratio of mean arterial pressure to 
cardiac output, the so-ca lled peripheral resistance. Once the 
data has been reduced to this form and beat-by-beat values for 
each of these v a riables recorded simultaneously, the inter
relationships among them may become evident from the time 
sequence of events following a step or sine wave variation in 
speed of the treadmill on which the dog is exercising. 

The final and perhaps the most useful role of the analog 
computer is in testing hypotheses derived to represent the inter
relationships among the component parts of a circulatory reflex 
loop. As an example, a study of the relationship between heart 
rate and the frequency of efferent action potentials on the sym
pathetic nerves going to the heart will be presented. This system 
is just one link in the heart rate control system but it is essential 
that each link be characterized in this fashion before the overall 
control mechanisms can be understood. In this study the computer 
was used to generate an analog voltage proportional to the input 
which here is the frequency (f 1) of stimulation of the right pre
ganglionic effer ent sympathetic nerves to the heart of a dog 
anesthetized with n e m butal. Both cardiac sympathetic and both 
vagus nerves are severed. The electrocardiogram and a voltage 
proportional to f 1 are recorded on magnetic tape using a reel-to
reel transport. L a t e r, the recorded data is reproduced and 
selected portions of the experimental data recorded on a continu
ous loop of tape along with the heart rate calculated by the com
puter from the electrocardiogram as described above. Once 
this modified data is on a continuous loop it is reproduced over 
and over again a t eight times the original recording speed. The 
heart rate (or output) is displayed on the oscilloscope and the 
input (fl) is fed into the computer on which is programmed the 
equa tions representing the hypothetical relationship between heart 
rate and f1. The measured and predicted heart rates then are 
compared on a dual beam oscilloscope or X- Y plotter. The para
meters of the equations are adjusted to obtain the best possible 
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fit of the two curves. The block diagram and set of equations are 
used to predict h eart r ate from frequency (£1} of sympathetic nerve 
stimulation are shown in figure 4. Equa tion 1 state s that the rate 
at which noradrena lin conc entr a tion (A0 ) changes just beyond the 
sympa thetic nerve endings is proportiona l to the frequ ency of 
sympathetic nerve stimulation {£1) and the number of fibers re
sponding to this stilnulus (n) and 'that this noradrenalin diffu se s 
to the active site on the S. A. node a t a r a te proportional to the 
concentration gradient (A0 - A1). Al reacts with a substance B 
in a reversible fashion to form compound AB a nd the resulting 
change in he a rt r ate is proportional to AB concentration. Since 
the substance B is present in limited quantity it establishes the 
maximum heart r ate which can be obta ine d. These phenomenon 
are represente d by these five equ ations and are prog r ammed on 
an analog computer. In the top recording in figure 4 is shown the 
heart rate recorded in response to a step input in frequency (fl) 
of sympathetic nerve stimulation. B e low this is shown the pre
dicted heart rate in response to the s a me step input and at the 
bottom the predicted and recorded hea rt rate are superimposed. 
The equation p a rameters were manipulated to obtain the best pos
sible fit with the experimental curve. The rate of increase in 
heart rate depends upon frequency of stimulation. In many dogs, 
the response to a stimulus of 2 per second is approximately 3/4 
the response of a stimulus of 20 per second. Once the optimal 
equation parameters have been determined for two such step in
puts in f 1, the equations w ill accurately predict the time-course 
of heart rate resulting from sinusoidal variations in f1. 

This example illustrates the way in which an analog com
puter may be used to analyze the dynamic relationship between 
input and output for one component of a reflex arc. Such studies 
must be performed on each element of a nervous control loop 
or reflex before it can be integrated into the general model of 
the circulation. 

Two points in r egard to this approach should be empha
sized. First, when an equation is found which will describe a 
system, its v a lue must be judged on the basis of its ability to 
describe the system under a ll circumstances. The equation 
should have a minimum number of parameters and each of the 
paramete rs should be sensitive to changes in a p ar ticular 
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system charac te ristic. If the s e two c rite ri a b e s a t i sfie d, the 
question of uniqueness of the equation is of no concern . The 
second point deserving emphasis is the fact that v aluable informa
tion may be obtained each time an equation fails to predict the 
behavior of a system. S'.lCh a failure means that existing con
cepts regarding this system 1 s performance are inadequate to ac
count for the observed facts since the equation being tested was 
derived from these concepts . Thus a modification of the prevail
ing concepts is necessary and new concepts must be sought. This 
11 negative information 11 may be very valuable. 

The very nature of the analog computer lends itself to this 
sort of theoretical physiology. Often when a mathematical model 
fails to simulate its biological counterpart, valuable insight into 
the type of modification of the theory necessary to improve its 
correspondence to the biological system will be gained by careful 
consideration based on knowledge of the electrical analog system. 
In other words, the electrical system provides just one more phys
ical realm from which to derive insight regarding the dynamic 
characteristics of the biological system under study . 

The examples presented illustrate the way in which an 
analog computer may be used as an integral part of a laboratory 
engaged in the study of physiologic control, emphasizing its role 
in initial analysis of the overall system, as a tool for obtaining 
experimental d a ta and for reducing this data to the desired form 
for analysis, and as a means for solving sets of equations set up 
to represent hypotheses regarding input-output relationships. 
The accuracy with which an analog computer will perform these 
tasks will vary from 0 . 1 to 2o/o, depending upon the nature and 
complexity of the system being studied. It is apparent, however, 
that the accuracy of the analog computer does not determine the 
limits of accuracy of solution for most problems encountered in 
physiology today. Instead, these limits are set by the accuracy 
with which the original m e asurements are made and the neces
sity of simplifying assumptions incorporated into any mathe
matical model derived to represent a physiological system at the 
level at which measurement of system variables is now possible. 
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Although the analog corn.puter is well suite d for this typ e 
of simulation work because of the ease w ith which it sol ves dif
ferential equations and th e direct way in which the solutions are 
displayed for th e investigator, it has certain limitations. Chief 
among these is its inability to store information upon which to 
base complex decisions a nd its ina bility to h a ndle acc ur ate ly 
calculations invol v ing small diffe rences in l a r ge numbers. With 
an effective a nalog-to-digita l and digita l-to-analog co!lve rsion 
system it would be possible to utilize a small digital conJ.puter 
to advantage in shnulation work such as that described a bove. 
The experimental d a ta would first be recorded on analog tape. 
If c a lled for by the natur e of the problem, the data could then be 
filtered, sca led, biased, or integ rated in a n analog computer 
before being converted to digita l form. The digital computer 
could then be used to perform certain log ica l decisions and 
based on this, modify the data in a specified fashion adding con
trol information d e rived from judg e m e nts made on the data . 
This modified data with the control information would then be 
converted back to analog form and recorded on an analog tape 
loop. The control information might be a series of pulses ap
propriately spaced in time to control the closure of relays in the 
analog computer. 

The analog computer could then be used for the initial 
attempts at simulation which often involve long integrations which 
are done only relatively slowly in the digital computer. More 
elaborate and realistic models would be possible due to the opera
tions -already performed on the data by the digital computer and 
the presence of control pulses inserted at proper places in the 
data based on decisions mad e by the digital computer. The digital 
computer could a is o be used to carry out c a lculations of the inter
relationship of any two variables and th e results printed out. 
This relationship could then be utilized in the analog computation 
by progr a mming the appropriate curve on a function generator. 

After the a nalog computer has b een used to d e tennine the 
general form of the mod e l and the r ange of parameters to be ex
p e cted, the general model could be programmed on the digital 
computer. The logical d ec isions us e d by the analog c01nputer 
operator in optilnizing this solution by visualizing the comparison 
of the predicted and recorded output on an oscilloscope could then 
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be formalized and program m e d i nto the digital compute r so that 
it would, by a series of decisions based on the r e sults obtained 
from each solution, find the optimal parameters to satisfy a least 
squares fit or othe r appropriate statistical measure between the 
predicted and recorded data. Such an interplay between analog 
and digital computers might offer the optimum solution to the 
complex problem of simulation of biological control systems, 
since it takes advantage of the ability of the analog computer to 
rapidly solve differential equations and display the results to the 
investigator and the ability of the digital computer to store infor
mation and make logical decisions. 

Dr. Warner is an Established Investigator for the American Heart 
Association. This project was supported by grant No. H-3607 from 
the U.S. P. H. Service and by a grant from the Utah Heart Association. 
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BLOCK DIAGRAM OF CIRCULATION 
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Schematic block diagram of the circulation described mathe
matically by the equations in the text. 



Figure 2 

Comparison of the time-course of flow in the ascending aorta 
predicted by the equations (smooth line) and the flow recorded 
from the ascending aorta of the dog. The theory does not ac
count for the small reversal of flow at the end of systole seen 
on the recorded flow curve. 
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Figure 3 

Diagram illustrating the analog computer program for deriving 
heart rate stroke volume, cardiac output, mean arterial pres
sure, and resistance beat-by-beat from a tape recording of the 
electrocardiogram, flow in the ascending aorta, and aortic pres
sure. 
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Figure 4 

Mathematical model representing the relationship between £1 
the frequency of stimulation of the sympathetic efferent nerves 
to the heart and heart rate. The time-course of heart rate pre
dicted from a solution of these equations is compared to the 
recorded heart rate from an experimental animal (see text for 
definitions}. 
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