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Summary    The purpose of this paper is to provide some insight into the continuous
monitoring and computer analysis of medical signals, in particular the electrocardiogram
which has been chosen as a model. The advantages of having continuous data analyzed
by an accurate, objective system are elaborated. The great mass of data being collected
has heretofore been stored and forgotten in many instances but with immediate computer
analysis the interpretation of trends and rapid physiological changes are easily and
rapidly manifested. In addition, statistical evaluation of the data through programming te
techniques can lead to new diagnoses and treatments and allows the monitored data to be
compared with “pre-obtained” data as well as other groups of people.

Introduction    The real time monitoring of subjects under stress conditions whether it
be in the intensive care situation or a space capsule environment can be of great value to
the well-being of the subject. Unfortunately, the real time services of a human monitor
are required to sift through this data and to weigh the significant changes. A great deal of
time is devoted by intensive care personnel to the observation, recording, and analysis of
repetitive medical data with the end result being a form of data reduction performed by
highly trained medical and paramedical personnel. Many of these tasks are suitable for
analysis by a digital computer which, in addition to saving valuable medical time, has the
capability of being more consistently accurate. The skills of a highly trained physician or
nurse are too costly for use in non-creative tasks which are computer adaptable.

Discussion    The continuous monitoring of physiological parameters builds up a huge
backlog of data which hospital personnel cannot hope to analyze fully without the aid of
a computer system. One result is that a great deal of valuable data, possibly of little use
during an emergency, is shunted aside and forgotten. Analysis and storage of this data
could very well lead to the development of new techniques for application during just



such situations. Statistical analysis of the data can provide information leading to a better
understanding of the course of a disease and to the characterization of different diseases.
New preventive and restorative techniques can be improvised and the timing of
conventional treatment can be improved.

Continuous monitoring has many desirable features among which are tile avoidance of
patient crises by observing trends, prompt application of therapy after the onset of
abnormal symptoms, and bases for sound medical decisions in the event of sudden
physiological change. One might question whether or not a computer system can relieve
the human monitor of routine tasks by providing rapid, reliable computer analysis. It has
been shown in several demonstrations and in routine processing situations at the Medical
Systems Development Laboratory that an automated system can transmit signals,
preprocess them for computer compatibility, analyze them rapidly and accurately, and
display them as needed in the particular monitoring situation. The objectivity of the
computer system suggests its use not only as a screening technique to detect disease but
as a monitor in medical care units, exercise tests, and space flight or as a trigger for
alarm and display systems. It is also useful as a tool to evaluate clinical progress. The
objectiveness is manifested in two ways: the elimination of human biasing of results and
the digital form of the output which make it immediately available to display devices and
for statistical evaluation.

Continuous monitoring can be applied to any intensive care situation; the recovery room,
coronary care unit, surgery and anesthesia, and the nursery as well as space flight. In
surgery, for example, it is of value to study ECG changes simultaneously with events
such as the administration of anesthesia, surgical incision, administration of drugs and
fluids, and changes in temperature and blood pressure. Comparison of ECG’s before,
during, and after surgery would also yield valuable information. At resent the ECG is
used only for the detection of gross abnormalities during surgery and is usually forgotten
thereafter. This data would be very useful in both an on-line computer system giving up-
to-date readouts and an off-line system for medical research. The methods presently
being developed for use in the clinics can eventually be adapted to on-board spacecraft
computers and to communication satellites.

The first requirement of a monitoring program is to establish criteria for change. It must
be possible to make statements with regard to previous data concerning significant
changes, including arrhythmias, noise, or artifacts. Normal or abnormal trends can be
indicated based on clinical criteria developed for special needs. Statements based on
these trends can be used to trigger alarms, warning lights, or indicators of status quo.
Computer statistical routines can be used to evaluate the processed data to give greater
insight into overall patient condition.



The great amount of data piled up as a result of continuous analysis must be reduced in
form with an eye toward discarding superfluous detail while preserving meaningful
information. A time-varying template of measurements is a simple, useful approach to
solving the problem. The template can serve as a standard to signal the occurrence of
physiologically important waveform change; however, several templates should be
available for use as needed. If a particular heartbeat serves as a standard and all
subsequent beats exhibit no significant change, only a statement to that effect appears on
‘ the printout following the measurements of the first beat. If one or more criteria for
significant change are exceeded , the measurements of the changed beat can be displayed
on the printout. These new measurements can serve as the new template of measurement
values.

Safeguards are necessary to avoid introduction of a faulty standard template.
Measurements other than the ones exhibiting sustained significant change must be
checked against the previous template of measurements for transient significant changes.
In this way, short-lived measurement alterations, physiologic or artifactual, will not
affect the overall template but will be appropriately noted. For example, ventricular rate
variation, suggesting artifact, arrhythmia, or ST segment changes due to artifact,
tachycardia or myocardial injury, can occur. Whether transient or permanent, the cause is
an important consideration before display to the physician or monitor. As an example of
an effort To -develop tentative criteria at MSDL, a group of 2200 computer measured 12
lead ECG’s were analyzed to establish the magnitude of significant changes.

Any template method is dependent on the criteria established for significant change. The
criteria can be based on the analysis of any preselected subject population or time period.
It must be tailor-made for the utilization expected. Very sensitive numerical criteria may
provide such frequent display of “change” as to overwhelm the user. Flexible criteria,
easily modifiable upon request, are more likely to satisfy his needs.

During spaceflight, the continuously monitored data from the total period of one tracking
station can be used to establish a trend during the flight contrasted with pre-flight
information obtained from test chambers. On-board ECG tapes or tracking stations can
be evaluated for statistically meaningful data relating measured parameters to spaceflight
activities. From the research viewpoint, changes associated with weightlessness,
particularly during lift-off, orbiting, space walks, re-entry, and recovery-in fact, any
condition that cannot be tested on the earth’s surface can be quantitatively studied.

The advantage of computer analysis is that the automated system works around the clock
providing precise measurements and print-out interpretation at any time interval that may
be desired. The unique advantage of an on-line system compared to recording for later
interpretation, is that the verbal interpretation of changes is available immediately after
the signals are telemetered back to earth.



The format used in our computer print-out allows verbal electrocardiographic
interpretations to be made for any selected number of 3.7 second measurement time
blocks in the monitoring periods.

In certain instances a computer program (or sub-routine) must be specifically designed to
cope with situations in which data distortion might be expected because of imposed
stresses or because the subject is going about regular activities. Precise study of the PR
and ST segment, for example, is necessary for optimal early detection of abnormal
cardiovascular response to stress or in coronary care. Sub-routine programs of noise or
arrhythmic portions of the electrocardiogram are being developed.

The advantage of having data in digital form, as mentioned previously, allows for rapid
statistical analysis during monitoring. Various statistical outputs can be obtained on-line
from this data in specific situations. For example, a score value can be attributed to each
measured parameter, a status report on a subject relating to the past can be made, and a
comparison of a subject to a group can also be made. A subject’s overall profile can be
displayed showing quantitative limits and variations.

Useful clinical, physiologic, and epidemiologic data in exercise and stress tests, in
intensive care, and in routine follow-up of heart patients can only be supplied by
continuous monitoring of the electrocardiogram. Prompt detection of early changes of
significance is often haphazard with the present system of human monitoring. Several
factors contribute to this situation: first, there is no empirical way of completely
analyzing all of the relevant parameters of a continuously monitored signal; second,
sampling portions of the data leads to problems because of biologic variability; and third,
when the data becomes available to monitoring personnel it is often insufficient or is
received too late. Little effort has gone into the study of evaluation procedures. The
establishment of statistical computer programs to handle the flood of data from
continuous monitoring can do much to bring order to the field of monitoring. Data may
be compared with values from a pool of “pre” data, that is, data obtained from a group of
subjects related to the specific type of monitoring situation. In this manner, deviations
from normal limits are easily and quickly noted. The statistical significance must,
however, be determined from experimental studies.

Statistical techniques, then, in combination with a high speed digital computer offer a
promising method to evaluate the continuously monitored electrocardiogram. This
combination offers supplementary clinical information to the human monitor which can
do much to aid the diagnostic and early treatment processes.

With the growth of data and experience, it will become possible to evaluate new inter-
relationships and to begin to extract by statistical techniques such as multivariate
analysis quantitative methods to allow greater predictive ability for clinical phenomena



such as shock or arrhythmia. Application of continuous monitoring to cardiac patients
and during surgical procedures illustrates the value of the method. Another application is
in the laboratory where it can be used to assess the condition of the cardiovascular
system of animals subjected to stresses not possible with humans. Studies of this nature
would be especially important in relation to the great effort being expended in the area of
spaceflight.

An automated monitoring and evaluation system must optimally serve, not supplant, the
human monitor. It should perform those tasks which are routine, repetitive, and non-
creative. Too often, hospital personnel are required to perform routine tests and obtain
intuitive results which try to emulate the objectivity of statistical procedures. Automation
can solve both the problem of human biasing and lack of trained personnel.

To demonstrate the feasibility of sending signals over very long distances for on-line
computer analysis with subsequent return of the interpretation, a trial communication
system was set up between Tours, France, and the Medical Systems Development
Laboratory in Washington, D.C., utilizing the services of the Early Bird satellite. The
electrocardiogram was the model signal used to demonstrate the functioning of the
monitoring system. Both 12 lead resting and continuously monitored ECG’s were
transmitted for almost 2 hours a day over a 5 day period (July 3-8, 1967) with excellent
results. The ECG signal was acquired and conditioned with a portable ECG machine
(TELEK--Computer Instruments Corp.) having a built-in binary encoder for patient
identification and was acoustically coupled to the French telephone network for
transmission to the Comsat transmitter at Pleumeur Bodou, France. The acoustically-
coupled FM signal was then used to frequency modulate a Comsat carrier frequency for
transmission to Early Bird which resides in a synchronous orbit 22,236 miles above the
earth. The signal was re-transmitted to the ground receiving station at Andover, Maine.
At this point the original frequency modulated 2 Khz tone of the acousticcoupler was
recovered and placed on the private telephone lines of RCA Communications for routing
to Washington. Upon reaching Washington, it was necessary to couple the signal onto
domestic lines before final transmission to the Bell System 603B dataphone receiver at
the MSDL. The signal was filtered, amplified, and converted from analog to digital form
at a rate of 500 samples per second for presentation to a digital computer (CDC 160-A)
for analysis of the various amplitude and duration measurements associated with the
cardiac cycle. The computer output, in the form of punched paper tape, was fed into a
teletypewriter (Bell System--model 35 ASR) for transmission to New York where it was
necessary to convert from the domestic 8-level code to 5-level International Telex code.
The difference in speed for the machines associated with these codes is 100 words per
minute as compared to 60 words per minute. The information loop was closed when the
ECG interpretation was returned to Tours via transatlantic cable and Telex lines.



The quality of the signals as received in Washington was very good. The only noise
which appeared on the paper tracings was that due to occasional muscle movement or
electrode slippage. The first attempt at transmission was greatly affected by echoes; at
one time 12 were audible after a spoken word; however, this was soon corrected by the
insertion of echo suppression devices on the line at the RCA terminal. It was also
necessary to disconnect the telephone receiver in France during transmission since the
original transmitted signal was arriving back after a round-trip of approximately 0.6
second completely out of phase with the real time signal. In addition to the crosstalk
created on the lines, the signal was being acoustically coupled back into the transmission
circuit. Insulating the acoustic coupler from room sounds proved successful in
eliminating the ambient noise level. No difficulty was experienced with the
teletypewriter interface and the transition from 100 wpm to 60 wpm was accomplished
smoothly.

A system such as that mentioned above is obviously expensive; however, there are
situations where the cost would provide effective results. There are many
underdeveloped nations without sufficient funds or technology which could benefit from
the far reaching implications of such a system with regard to their national health. Even
more obvious is the inherent potential of medical signal analysis centers within the
United States.

Continuously monitored ECG’s taken during actual surgical procedures have been
transmitted twice weekly as a trial for about 4 months from the George Washington
University Hospital operating suite to the Medical Systems Development Laboratory for
computer analysis and statistical evaluation. The monitoring system at GWUH serves a
cardiovascular operating room, seven general purpose OR’s, a post-anesthesia recovery
room, and a special care unit. These locations contain only the remote monitors such as
oscilloscopes and/or alarm systems while the signal conditioning and recording
equipment is contained in a central monitoring room. All signal routing, recording, and
display can be controlled by a nurse at this location.

Transmission of the data from the operating room to computer was accomplished by
applying the analog ECG amplifier output directly to a portable acoustically-coupled
dataphone (Bell System X603C) which fits over the transmitting end of a regular
telephone handset. The 603B dataphone receiver at the MSDL was then dialed directly
over the switched network system. The dataphone transmitter is basically a voltage
controlled astable multivibrator operating at a center frequency of 1988 hertz. The
frequency is FM’ed by the ECG data causing a maximum deviation of ±262 hertz. This
is well within the passband of the telephone line and can be heard as a high-pitched
variable tone at the receiving terminal. Demodulation circuitry in the 603B receiver
enables the original ECG to be recovered for presentation to the computer pre-processing
system.



Every 90 seconds the computer prints out 6 time blocks of analyzed data processed
during that period, each time block representing 3.7 seconds of data. It soon becomes
quite evident that a large reservoir of data is piling up; while this may be desirable from
a statistician’s point of view, the operating room team would be more interested in data
reduction techniques which would focus on significant changes or simply indicate no
change.




