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PREFACE

The work performed under this contract is a continuation of efforts
initiated under previous National Aeronautics and Space Administration contracts
NAS 9-1461, NAS 9-5821, and NSR 44-024-006. There is represented an attempt
to integrate experimental and ground-based medical data collection and analysis
schemes into the medical data processing needs and capabilities of Project Apollo
and follow on space missions at the Manned Spacecraft Center.

This contract to The University of Texas Graduate School of Bio-
medical Sciences was sponsored by the National Aeronautics and Space Administra~
tion, Manned Spacecraft Center, with Dr. Edward Moseley as Technical Monitor. |

The computer work performed under this contract utilized the Com-
mon Research Computer Facility sponsored by National Institutes of Health Grant
F R 00254; The University of Texas M.D. Anderson Hospital and Tumor Institute
computer facility sponsored by National Institutes of Health Grants FR 00258 and
CA 06939 and National Aeronautics and Space Administration Contracts NSR 44-
012-039, NAS 9-7029, and NAS 9-7153; and computational facilities at the Manned

Spacecraft Center.




FINAL REPORT - CONTRACT NAS 9-7029

The collection, processing, analysis, and evaluation of biomedical data
collected from astronauts in association with spaceflights requires the collaborative
efforts of many groups of people to provide meaningful information on the status and
well-being of the astronaut. To achieve an effective system for processing and evalu-
ation of such biomedical data requires interfacing the efforts of numerous activities of
different groups including medical specialists, engineers, and computer scientists, |t
was the overall goal of the work performed under this contract to help define the
methodology to assist in the development of computer technology for medical data
analysis to be applied to medical data collection and monitoring for Apollo and follow-
on space missions. Delay in the manned Apollo missions resulted in some changes in
the timing of original goals. liowever, the general technology developed and partially
implemented should find usefulness during future space flights.

The following is a brief summary of the work accomplished to achieve the
Purposes and Goals defined in the Unsolicited Proposal and Statement of Work of the
resulting contract. The appendix of this report contains descriptive material on selec-
ted phases of the work.

2.0 Purposes and Goals:

2.1 The primary purpose and goal of this contract is to develop and assist in implement-
ing of medical computer technology into the NASA flight medical data system. This

implementation will be achieved by considering the many components of data collection,

transmission, storage, display and interpretation.



Effort: Numerous meetings of the contractor were held with personnel

from the Manned Spacecraft Center to plan future system development at the Man-
ned Spacecraft Center or to implement technology developed by the contractor by
providing programming and statistical assistance. Medical, engineering, computer
and statistical scientists of the contractor met individually and in groups to effect
optimum communication for exchange of ideas and technology. Computer programs
and techniques developed by the contractor were made available to NASA personnel
and other contractors.

2.1.1 Electrocardiogram (ECG) data collected using the NASA lead system will

be evaluated in terms of signal degradation due to analog filtering for noise suppres=-
ion, effect of reduced sampling of the signal for transmission of data, and the effect
of reduced digitizing rates on distortion of meaningful components of analog data.

Particular emphasis will be placed on those records demonstrating cardiac abnormali-

ties.

Effort: An extensive demonstration and several discussion meetings were

held jointly between the contractor, The University of Texos M.D. Anderson Hospi-
tal personnel, and NASA personnel to demonstrate the above. The hybrid computer
systém of The University of Texas M.D. Anderson Hospital was utilized to provide
computer processing and output which demonstrated considerations of importance in
processing electrocardiogram data.

2.1.2 Preprocessing circuitry and hybrid computer techniques will be evaluated for

meaningful implementation into the updated NASA monitoring system, considering

the measurements made in association with the flights.




Effort: The results of these efforts are reflected in techniques described

in Appendices A and C of this report for processing of blood pressure, electroenceph-
alogram, electrocardiogram, and impedance pneumogram data. A hybrid computer
capability was developed jointly through this contract and contract NAS 9-7153 for
development and evaluation of further techniques.

2.1.3 Because of the proximity to the Manned Spacecraft Centei, daily consultation

and assistance can be provided to the NASA medical data group in order to facilitate
updating of a practical monitoring system for Apollo flights.

Effort: This consultation and assistance was provided by exchange visits

of personnel to NASA facilities and facilities of the contractor.

2.1.4 Statistical techniques and computer technology reports will be prepared to

document available software for data processing by large scale digital computers.
This will provide a very concrete transfer of information on the application of certain
computer and statistical technology which can be applied to fnedical problems, such
as cardiac deconditioning, noise reduction, etc.

Effort: Data were processed from previous studies conducted by NASA or

its contractors. Computer programs were provided to NASA for implementation on
computers located at the Manned Spacecraft Center. The contractors provided statis-
ticians, computer programmers, and system analysts to interface with NASA personnel
to implement technology useful to the NASA comiouter centers.

2.1.5 A determination of operational definitions of heart rate and respiration rate

limits will be tabulated for different activity schedules for space flight by evaluation
of data from space flights. Such tabulating is predisposed by the need for adequate

identification and logging of data to assure accurate retrieval of information.
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Effort: No data were available from Apollow missions because of the

delay in the flight schedule. Data from previous Gemini flights were evaluated,
but were found to be inadequately identified to provide meaningful data for differ-
ent activity schedules. Assistance was provided to the Technical Monitor for
planning an appropriate identification system for future biomedi~zal data collected

by NASA.

2.1.6 Using heart rate and respiratory rate information, an attempt will be made

to define the sleep-wake schedules of the astronaut data. An evaluation will be
made of selected ground-based data to define the appropriateness of the measure=
ment by relating it to EEG criteria.

Effort: An extensive report on this effort is described in Appendix C.

Part of the effort represented a Master's Thesis project for a graduate student who
was employed part-time on this contract.

2.1.7 An evaluation will be made of the feasibility of incorporating analog com=

puter techniques for computing statistical quantities, such as cross products, to allow
near real-time processing of telemetered medical data.

Effort: These efforts were performed in conjunction with The University

of Texas M.D. Anderson Hospital and are reported under contract NAS 9-7153.

2.1.8 Techniques will be established to allow consideration of selected PCM tele-

metry environmental parameters, such as temperature or oxygen tension, into an
interpretation of biomedical measurements.

Effort: Environmental parameters collected from ground based chambers

were introduced into NASA monitoring system planning to gain experience with the

usefulness of these measures.



2.1.9 Electronic circvitry will be developed for automatic recognition and display

of systolic and diastolic blood pressure using the cuff-microphone technique, and
thus allow its automatic incorporation into techniques for evaluation of cardiovas-
cular data. Such a system would also find usefulness in evaluation of blood pressure
data from tilt table studies, centrifuge runs, chamber studies, etc.

Effort: A detailed report on this effort is described in Appendix A.

Part of this effort represented a Master's Thesis project for a graduate student

who was employed part-time on this contract.

2.1.10 Using existing computer and stutistical techniques, an analysis can be
made of data collected pre and post-flight, for example, tilt table and blcod vol-

ume data, to correlate it with changes observed during flight.

Computer programs for statistical analysis and display of such data were

provided to the Manned Spacecraft Center. Data were evaluated from past Gemini

flights to demonstrate the effectiveness of the techniques as they may be applied to
future Apollo flights.

2.1.11 Consultative assistance will be provided in the design, development and

implementation of ground-based monitoring and research such as in conjunction
with altitude chambers, centrifuge, and simulator training. This would involve con-
sideration of the needs or requirements of instrumentation to answer questions proposed
in hypotheses of changes expected in medical data.

Effort: Meetings were held at the contractor's facilities and at NASA;

special emphasis was placed on techniques for implementation of a system for use

with the NASA altitude chambers.




2.1.12 The Contractor will carry out studies to routinely re-examine data from

each Apollow flight in order to provide updated biomedical data baselines. These
baseline data will serve as criteria for ground-based studies as well as for input to
the real-time mission monitoring system, where the updated baselines will be in-
corporated into the flight summaries for real=-time comparisons. This task will
ensure comprehensive sampling of all aspects of the data in order to empirically
establish a broad base of data concerning significant relationships existing among
biomedical measurements. This task will also serve to establish optimum data
handling schemes.

Effort: Since no manned Apollo flights were made, this goal could not

be achieved.

2.1.13 The Contractor shall carry out a study to determine the adequacy of

appropriate nonparametric statistics in analyzing data acquired from the Gemini
Cardiovascular Reflex Conditioning Experiment, operational tilt table studies, ond
other operational experiments analyxed under Coniract NSR 44-024-006. This
task will include a comparison between prior analyses and the nonparametric
methods in order to demonstrate associated advantages and/or disadvantages. Also
included will be brief discussions pertaining to limitations of each technique.

Effort: A detailed report on this effort using tilt table data is presented

in Appendix B of this report.
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. INTRODUCTION

The auscultatory method for the indirect measurement of blood pressure was
proposed by N. S. Korotkov (Korotkoff) in 1905 (21). Since that time, the method
has gained acceptance as a clinical technique for measuring arterial blood pressure.
The origin and significance of the auscultatory blood pressure sounds (called Korotkoff
sounds) were the subject of controversy when Korotkoff first presented his work. The
exact mechanisms of origin are still unresolved (10), bu* the significance of the sounds
in blood pressure measurement has gained wide acceptance. The best index of iden=
tifying the diastolic end point is still being debated (27).

Theories on the genesis of the Korotkoff sounds have included water hammer
effects, preanacrotic effects, heart sounds transmission through the blood stream,
fluttering vessel walls, blood turbulence, and blood cavitation mechanisms (10,27,28).
The first sound obtained during deflation after occlusion of the artery by a cuff has
been universally accepted as the index of systolic pressure. The index for identifying
diastolic pressuré has been studied by many investigators. Some investigators have
proposed that the point ofhmuffling of sounds be used as the diastolic index as opposed

to the last audible sound which Korotkoff used (33,38,43,47). In195l, a committee

of the American Heart Association recommended that the cessation of sounds be

accepted as the diastolic index (6). Research which recently was reported (27) has
supported this recommendation (6). Thus, the method for the indirect measurement

of blood pressure proposed by Korotkoff is used today in essentially the same manner
as it was used over sixty years ago, even though no universally accepted explanations

exist for the genesis of the Korotkoff sounds.

-1=-



Under ideal measuring circumstances, with well=trained observers, indirect
auscultatory blood pressure measurements on normal sub];acfs have been shown to cor=
relate well with intra-arterial pressures in the brachial artery (3,17,18,26, 34,36, 38,
47). The following factors are among those which contribute to variances in the-

measurement of blood pressure by the auscultatory method:

A. Instrument errors

I. lInaccuracies of sphygmomanometer (calibration
errors, hysteresis, etc.)

2. Cuff width
3. Cuff length

4, Stethoscope response characteristics

B. Observer errors
. Mental concentration
2. Reaction time
3. Auditory acuity
4, Confusion of auditory and visual cues
5. Interpretation of sounds (training and experience)
6. Rate of inflation
7. Rate of deflation

8. Prejudice (anticipation of reading in the region
about 120/80 mm Hg)

9. Terminal digif preference

0. Excessive or inadequate pressure applied to
stethoscope
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i, Cuff placement and circumference adjustment

(2, Stethoscope placement

C. Background noise

D. Artifacts in arterial pressure due to compression
of the brachial artery

E. Patient condition (obesity, shock, various heart
valvular conditions, etc.)
The magnitude of these variances still permits the use of the auscultatory blood
pressure readings to make clinical decisions regarding diagnosis and treatment of hyper=-
tension and hypotension. ‘However, in epidemiological studies of blood pressure, the

variations in measurements that can be found between observers on a given individual

impedes the coniparison of data (25,41). Thus, the problem of obtaining uniform data

lies more with the erratic utilization of the auscultatory technique than it does with
the technique itself.

Automatic instrumentation designed for monitoring blood pressure has the
potential of performing in a uniform manner, over extended periods of time, without
fatigue or inter=observer variations. The advantages of such an instrument would
benefit the epidemiologist, surgeon, anesthesiologist, nursing staff of intensive care
units, as well as the clinician. The extensive use of the auscultatory technique makes
it a natural choice as the technique to be instrumented for the automatic indirect

measurement and monitoring of blood pressure. The data obtained from such a system

are then more comparable to the usual clinical measurements than would data gathered
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by other blood pressure measurement techniques. In addition to eliminating inter=-
observer variations, it is possible that the automatic electronic blood pressure monitor
can provide the additional selectivity, reproducibility, and sensitivity which might

be required to realize the full potential of the auscultatory technique for the measure-
ment of arterial blood pressure. For example, perhaps more information is contained
in the sounds from a compressed artery than can be heard and properly interpreted ‘b}

a clinician using a stethoscope. The clinician hears the sounds within a very lim’i'fed
bandwidth (determined by his ear and stethoscope) located in a particular portion of
the spectrum; whereas, the bandwidth of an electronic system can be controlled and
placed in a more optimum portion of the spectrum for fh:e purpose of making the systolic
and diastolic decisions. These considerations comprise the impetus for the development
of a system for the automatic measurement and digital display of systolic and diastolic

blood pressures and for the selection of the auscultatory technique.
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il. THE TECHNIQUES AND PHYSIOLOGY OF THE AUSCULTATORY METHOD FOR

THE MEASUREMENT OF BLOOD PRESSURE

The auscultatory method of measuring systolic and diastolic blood pressures
involves the use of an inflatable cuff to temporarily occlude an artery in an extremity.
After rapidly inflating the cuff, a stethoscope is placed gently over the artery distal
to the cuff and the cuff is deflated slowly. Usually, the cuff is placed around the arm
and the stethoscope is placed over the artery in the antecubital space. The air pressure
in the cuff is read when the first sound is heard through the stethoscope; this pressure
is called the systolic pressure. As the cuff is deflated further, the character of the
sounds due to each heart beat (called Korotkoff sounds) changes; and in most patients,
the sounds quite suddenly disappear. The pressure measured at the time that the sounds
disappear (or suddenly muffle, if they do not disuppear) is called the diastolic pressure.
A complete description of the recommended standard procedure for human blood pres-
sure determinations by sphygmomanometers is given by Bordley, et al. (6).

The Korotkoff sounds are postulated by some investigators to be produced by
changes in the rate of blood flow through a partially occluded artery. If the externally
applied pressure from an inflatable cuff is transmitted, without amplification or attenu=
ation, through the tissues to the brachial artery, and if the arterial wall offers little
resistance to the compressive force, then the artery will collapse totally when the
pressure in the quff equals or exceeds the intraluminal systolic arterial pressure. When
tﬁis tota! collapse and cessation of flow occurs, no sound is heard through a stethoscope
placed over the brachial artery, distal to the cuff, at the antecubital space. As the

exfernal pressure is reduced, four sound phases are identified as the blood flow progresses
5’
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from no blood flow to full or unrestricied blood flow (1), It is postulated that, when
the occluding pressure falls slightly below the systolic pressure, a small quantity of
blood is ejected nast the constrictive point and a "light tap" or “thud" occurs which
is identificd as the first phase of the Korotkoff sounds. The first such pulse to occur
during deflation, after occlusion, is recognized as the index of systolic pressure. In
a normal person, phase | sounds are heard over a range of approximately 10 millimeters
of mercury. As the cuff pressure is further reduced, blood flows through longer por=
tions of the cardiac cycle and changes oceur in both the quality and intensity of the
Korotkoff sounds. The phase 2 sounds are "soft, inconstant murmurs" which occur over
a range of approximately 10 millimeters of mercury in the normal person. *Loud,"
"long," and “cl'ecr“ sounds distinguish the phase 3 sounds which are heard over a
range of approximately (5 to 20 millimeters in the normal person. At the end of the
third phase, the sounds become "dull and muffled" and these fourth phase sounds are
normally heard ;aver a range of approximately [0 millimeters of mercury. The sounds
disappear as the cuff pressure is reduced further. The diastolic index of pressure is
the disappearance of the fourth phase sounds.

One commonly occurring anomaly is the phenomenon known as the “ausculta=-
tory gap" (Il,36,43). This term is used to refer to the disappearance of the Korotkoff
sounds during C;Jff deflation over a fairly large range of pressures between the first
so.nds and a cuff pressure level above that of the diastolic pressure. Although the
cause of the auscultatory gap is not known, the disappearance and reappearance of
the sounds are rje(afed to the venous pressure in the arm (36). The auscultatory gap

hes been reported to occur more often when the cuff is inflated slowly (36).



The Korotkoff sounds appear to be generated as the leading cege (rising portion)
of the interluminal arterial blood pressure pulse excecds ’fhc externally applied pressure.
The temporal relationships of the Korotioff sounds and the electrical activity of the
heart have been examined in detail by London and London (26) and by Rodbard,
et al. (39). It was observed that the Korotkoff sounds occurred progressively earlier
in the cardiac cycle as the cuff pressure was reduced from the systolic pressure toward
the diastolic pressure. The time interval between the R wave and the first Korotkoff
sound is reporfted in one study (26) to average |60 milliseconds with a range of 140 to
220 milliseconds. Rodbard (39) succeeded in constructing a calibrated upstroke of an
arterial blood pressure curve by using the cuff pressure and the temporal relationships
between the arterial sounds and the electrocardiogram,

The quality and infensity of the Korotkoff sounds appear to be related to the
anacrotic gradient of the pressure pulse; i.e., the rate of change of the arterial pres=
sure during systole (53). This would explain, in part, the difficulties involved in
distinguishing and recognizing the Korotkoff sounds on patients in shock and the clini-
cal experience where radial pulsations are detected before Korotkoff sounds are heard.
Experiments have shown that, after an injection of norepinephrine, only those pressure
waves which posSess a steep anacrotic gradient generate audible Korotkoff sounds (53).

The sound! - -aveforms recorded from over the brachial artery during an indirect

IThe word "sound" is used to denote the arm surface pulsation recorded from a
microphone which may be associated with a Kerotkoff sound heard through a stetho=
scope. The term "Korotkoff sounds” is reserved for those audible sounds identified by
an investigator employing a stethoscope. The term "arm surface pulsations" refers to
the pulsations measured at the surface of the arm regardless of their spectral content;
i.e., the frequency components might all be below the audible range.
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blood pressure measurement are complex waveforms which vary in amplitude, period,
and spectral content from pulse-to-pulse during a singie measurement, from measure=-
ment-to~measurement on the same person, and from individual-to-individual, The
frequency content of the blood pressure sounds has been measured by several
researchers using a variety of techniques (8,15,35,37,49,50). The reports on this
research have revealed a large divergence of opinions on the spectral content of the
sounds. Significant data are given by Ware and Anderson (50) and Rauterkus, et al.
(37). These data are the measured frequency spectrum for each of the four phases of
the sounds.
Rauterkus, et al. (37) conclude that:
Most of the sound energy is generally located below 50 cps with the
most prominent peaks occurring below 20 cps. For phases | and 4
sounds the sound energy is often heavily localized below 20 cps,
whereas for phase 2, and especially, phase 3 sounds the energy tends
to be more broadly distributed in the 0 to 50 cps range.
Ware and Anderson (50) sum up their findings as follows:
. . . the following sequence of eventsfoccur§] during a cuff deflation
cycle: |) appearance of sounds with low=frequency energy predomi-
nating (systolic pressure endpoint), 2) appearance of greater high-

frequency energy content (phases 2 and 3), 3) disappearance of high=-
frequency components (diastolic pressure endpoint).

It is interesting to note that the impetus for studies of the spectral content of

the blood pressure sounds has been the acquisition of data for the design of indirect

blood pressure monitoring equipment. However, the résearchers have omitted the

“sound spectra which exist prior to the systolic index (phase 0) and those which exist

after the diastolic index (phase 5). A knowledge of these spectra is essential to the



development of criteria for the systolic and diastolic decisions. The following
statement by Rauterkus, et al. (37) points up the need for missing data:
Any device designed to recognize Korotkov sounds must do so on
an individual, real time basis; the device cannot respond to the

average components of a sequence of sounds.

MecCutcheon and Rushmer (31) have reported the speciral changes in the sounds that

occur at muffling. The spectrum of the sound preceding muffling was compared with

1

that of the muffled sound and with that of the sound following muffling. They observed

that an attenuation of the frequencies above approximately 60 Hz corresponds with

gy

muffling. In an earlier report, McCutcheon, et al. (32) concluded that the muffling
of the Korotkoff sounds resulted from the attenuation of sound frequencies between

50 and 90 Hz.

¥y

There are several dynamic reactions which are produced by compression of the

ot |

4 brachial artery, but they are seldom discussed in connection with the indirect measure-

¥

¥

ment of blood pressure because it is thought that they usually neutralize each other (53).

Foo

London and London (26) observed that as the cuff pressure rises above the distal dias-

tolic pressure the distal infra-arterial systolic peaks also rise. The systolic pressure

distal to the cuff remains elevated until the artery is completely occluded and through

the decompression phase until the cuff pressure falls below the diastolic pressure.

They report that "[iJn 135 recordings, the average rise in distal systolic pressure during

compression was [l millimeters of mercury above resting levels." During decompression,

they report an average rise in distal systelic pressure of 12 millimeters of mercury.

No significant change in the systemic arterial pressure was observed. They speculate

that the rise in the distal systolic pressure might be artributed to venous occlusion or
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to some form of local vascular reaction such as a change in arterial tone. In a second
paper (27), they state that " [tJhis response of the distal brachial artery to compression

" Whenever the flow of blood

and decreased blood flow suggests local vasoconstriction.
in an artery is stopped by occlusion, the kinetic energy associated with the blood flow
is converted into the potential energy associated with blood pressure. Studies have
shown that such energy conversion elevates the systolic pressure (53). The summation
of reflected waves in an occluded artery could also influence the pressures in the
artery. The arterial pressure pulse loses energy to the tissues of the arm, cuff, and
sphygmomanometer. Thus, there are disturbance mechanisms associated with the blood
pressure measurement which may tend to cancel each other. It would not be expected |
that these dynamic reactions exactly cancel each other; however, the clinical accuracy

of the technique for the measurement of the undisturbed arterial blood pressure appears

adequate.
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. PURPOSE

The purpose of this project was to design, construct, and preliminarily
evaluate a system for the automatic measurement and real-time digital display of
systolic and diastolic blood pressures (a) by the utilization of the auscultatory
indirect method, and (b) by the utilization of the relative advantages of analog
and digital techniques in data processing and decision making. Design criteria for
the system were to include provisions for a high degree of noise and motion artifact
rejection by the use of (a) selective filtering, and (b) digital logic circuitry for
inhibition of systolic and diastolic detection during cuff inflation and time periods
of the cardiac ¢ycle when auscultatory sounds cannot exist at the position of the
microphone. The design was also to take advantage of current technology. The
systolic and diastolic decision criteria were to be derived from simultaneous direct
and indirect measurements. The system was to be preliminarily evaluated by obtain-
ing readings of systolic and diastolic simultaneously by experienced observers and

by the electronic system.
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IV. SYSTOLIC AND DIASTOLIC DETECTION CRITERIA

In the measurement of blood pressure by the auscultatory technique, two
channels of data are utilized-~the cuff pressure and the Korotkoff sounds. Figure |
is a diagrammatic representation of the data utilized by a clinician for the indirect
measurement of blood pressure by the auscultatory method. The sounds shown on this
chart were those sounds transduced by a piezoelectric microphone placed over the
brachial artery at the antecubital fossa and filtered at 45 Hz (3~db point) by a high-
pass filter with a 12-db per octave slope. Thus, the sounds shown here may be con-
sidered to be a representation of the Korotkoff sounds which the clinician might hear
through his stethoscope during the measurement.

The design of an elecironic system to automatically make auscultatory blood
pressure measurements requires that an analysis be made of the characteristics of
sounds recognized in the auscultatory method such that the bases of systolic and
diastolic decisions can be expressed in terms of parameters which can be measured.
An encapsulated piezoelectric microphone manufactured by Air Shields, Inc. for
use in the measurement of blood pressure was chosen. Appendix C describes the
characteristics 'of the microphone. This microphone is placed in a pocket at the
distal edge of @ standard blood pressure cuff (a "Tycos" snap~fastened cuff manu-
factured by Taylor Instrument Co., possessing an'inflatable bladder which is 13
cm. wide) such that the face of the microphone contacts the surface of the arm
during the inflation and deflation of the cuff. When the microphone was driven
mechanicé“y By a displacement source (another similar microphone), the output

|
-12~
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impedance of the microphone and cable were found to vary from approximately
500,000 ohms at [0 Hz to approximately 60,000 ohms at 100 Hz in a munner defining
a series capacitance mode! for the microphone and cable with a capacitance of
approximately Q.027 microfarads. The usual equivalent circuit for a piezoelectric
element is a voltage source in series with a capacitor. Such a microphone is
responsive to displacement and the low=frequency cutoff is determined by the input
impedance of the preamplifier. It is obvious that, in order fo preserve the very low
frequency components of the fransduced signal, the use of a preamplifier with an
input impedance of |0 megohms or greater is essential. A field-effect transistor was
used in the design of the preamplifier which had a 3-db bandwidth extending from
3.5 Hz to 450 kHz. Since the output of the microphone is on the order of one volt
(peak-to-peak) for normal sound input levels, a voltage gain of 2 was sufficient for
satisfactory recording of sounds.

The microphone and preamplifier were used to record the data shown in
Figure 2. In Figure 2 is shown the chart tracings from one measurement on each of
three subjects. In each of the three measurements, the upper tracing is the arm surface
pulsations as transduced by the microphone and amplified by the preamplifier described
above. The 3.5 -Hz low-frequency cutoff of the preamplifier is suffiently low to
permit the recording of the pressure wave at the surface of the arm. The waveforms
recorded in this manner are similar in shape to intra-arterial waveforms. The lower
tracings are decision marks which were made by an experienced clinician based upon
the auditory indices of systolic and diastolic blood pressure as he heard them through

his stethoscopel. The reaction time of the observer was approximately 0.3 second.

SR e A e R e R 2



Arm Surface Pulsations
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Figure 2 = Arm surface pulsations and observer's decision marks for 3 subjects



The diastolic decision mark was made when the observer failed to hear a sound at the
approximate expected time inferval from the provious recognized sound. Hence, the
diastolic decision mark should lag the pressure pulse immediately following the lust
recognized sound by approximately the reaction time of the observer. Examination of
numerous recordings of this type revealed that certain changes in the character of the
recorded arm surface pulsation signals are related to the occurrence of the various
Korotkoff sounds as hcard by an observer through a stethoscope. These characteristics
are of the form of high-frequency notches and can be scen in Figure 2 (they are
circled on the data for the second subject), The nofches were found to occur initally
with the onsei of the Korotkoff sounds and to disappear with the cessation of Korotkoff
sounds. Thus, empirically, it appears that the notches could be a manifestation of
the Korotkoff sounds. Examination of these data suggests that a basis for the systolic
and diastolic pressure decisions might be developed if the changes in the characteristics
of the arm surface pulsations at the systolic and diastolic cuff pressures which are
evident in Figure 2 could be accentuated by proper procéssing of the microphone
signal..

Pre=processing of the sounds signal through filters of various bandpasses is
reported in the literature. Table | is a summary of filters which have previously been
used in the development of automatic indirect blood pressure measuring devices. It
is obvious from Table | that there is no universally accepted filter developed for this
purpose--the variance in filter frequencies is large. Each filter which is reported as
a part of a system is, to a large extent, designed around the microphone und pre=-

amplifier which were used.
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PRE-PROCESSING SOUND SIGNALS

Reported by

7 e r,
i Filier Pass=oband
Frequencies

E Comments

Bolie et al. (5)

Ono (35)

Follett et al. (14)

Allred and Johnson (1)

Rogge et al. (40)

Smith and Bickley (44)

Canzoneri et al. (9

Ware and Kahn (51)

Geddes (15)

London and London (27)

2 to 100 Hz

120 1o 500 Hz

28 and 45 and 150 Hz
(three filters)

1,000 to 2,000 Hz

40 Hz
(essentially low pass)

12 to 34 Hz

32 to 40 Hz

0 to 50 Hz

40 and 90 and 150 Hz

(three filters)

315 fo 50 Hz

Set to correspond with their

¢ clinical acuity. Very gradual
roll=off. The only lower
frequency tried was 40 Hz.

“narrow bandpass fil ters"

"“falling rapidly above or below
this range"

1 48 db/octave roll-off above 40 Hz
, 7 db/ octave roll-off below 40 Hz

Probably 12 db/octave roll-off

“sharply tuned filters"

"effective frequency band width"
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In this project, the sounds recorded from numerous subjects were passed through
variable band=pass filters in an attempt to determine the pre-processing filter which
would allow reliable detection of both the systolic and diastolic indices for the micro=
phone and preamplifier described above. The outputs of a Krohn=Hite Corp. Model
330M variable filter (typical bandpass characteristics shown in Appendix D) for a
typical recording of sounds is shown in Figure 3. For these recordings, the upper
cit=off frequency of the filter was set at 5 kHz on the dial. The frequency response
of the Brush Mark 280 recorder which was used is flat within 2% to 100 Hz for a
|0-division peak-to-peak signal. The lower cut-off frequency is marked on each
tracing. Narrow band=pass filter studies were also made. The arm surface pulsations
filtered by various bandpass filters are shown in Figures 4 and 5. The upper and
lower cut-off frequencies from the dials of the variable filter are marked above each
of the tracings.

When the piezoelectric microphone and preamplifier above were used on 13
adult subjects (4 females and 9 males) ranging in age from 26 to 53, it was found that
filtering of the preamplifier output with a 10 to 30 Hz2 bandpass filter possessing
slopes of 24 db/octave (Appendix D) provided excellent detection of the changes in
the characteristics of the arm surface pulsations that occur at cuff pressures coincident

with the systolic index. The detection of the first occurrence of the notch on the

2These values are the nominal values marked on the dials of the Krohn-Hite Corp.
Model 330M variable filter. The measured bandpass characteristics are shown in
Appendix D. Thus, the bandpasses stated in this chapter; marked on Figures 6,7, 8,
and 9; and used in gathering the data of Table I, refer to the dial markings on the
variable filter and the actual bandpasses resemble those shown in Appendix D.
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output of the arm surface pulsations by the {0 to 30 Hz bandpass filter is evident in
Figures 6 and 7. When the arm surface pulsations were applied fo an 80 io |10 Hz
bandpass filter (24 db/octave) (Appendix D), the output was found fo provide a
demarcation between the last sound possessing the higher frequency notch and the
arm surface pulsation following that sound (as shown in Figures 6 and 7 where the
amplitude of the output of the 80 to |I0 Hz bandpass filter suddenly drops). A
single filter was not found which would adequately filter the arm surface pulsations
such that both the systolic and diastolic decisions could be made precisely. Thus,
selective filtering by the use of two filters of different bandpasses appears to be a
usable method for obtaining the respecﬂ've systolic and diastolic criteria required
for electronic decision making.

The selection of the filter frequencies was confirmed by simultaneous direct
and indirect measurements on four patients using the procedure of London and
London (26). Under a local anesthetic, a #16 Cournand needle was placed into
the brachial artery distal to the occluding cuff and connected to a Statham Model
P23Db pressure transducer. The needle was flushed periodically with a heparinized
saline solution. The cuff pressure was connected to another P23Db pressure frans=-
ducer. The carrier amplifiers contained in an Electronics for Medicine recording
oscilloscope system were used as pressure preamplifiers to drive a magnetic tape
recorder. The sounds were recorded through the same microphone and preamplifier .
that were previously described. Results which are typical of these measurements are
shown in Figures 8 and 9. The subject was a 49-year-old female Negro who had

entered the hospital with congestive heart failure two weeks prior to the measurement.
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She weighed 296 pounds at the fime of the measurement and had lost over 40 pounds
since entering the hospital, Inspection of Figure 8 shows that the observer did not
hear a Korotkoff sound as the first pulse of blood flowed past the occluding cuff;
however, a low frequency notch did appear in the corresponding arm surface pulsation.
The following pulse did not penetrate the occluding cuff. A pronounced notch
appeared on the arm surface pulsation corresponding to the pulse for which the first
Korotkoff sound was recognized by the observer. This technique with a single direct
connection fo an arfery does not allow an accurate determination of the last pulse

for which the flow is partially occluded by the cuff. The data snown in Figure 8
would tend fo suggest that the small oscillations on the intra-arterial pressure curves
may be associated with partial occlusion of the artery; however, this has not been
proven. Pulse-to-pulse variations in the systolic and diastolic pressures (especially
in the patient from whom the data of Figures 8 and 9 were gathered) render the
comparisons of direct and indired blood pressures based on resting levels of direct
blood pressure as practically useless where accuracies of a few millimeters of mercury
are desired.

The problem of inadequate pressure and sound transmission in the arm of the
obese patient can contribute to indirect blood pressure measuring variances (2). From
the data of Figure 9, it is obvious that the observer did not recognize the first
Korotkoff sound until the third pulse had flowed beneath the cuff. However, the
first notch on the arm surface pulsations occurred with the first pressure pulse received
by the pressure transducer from the artery distal to the cuff. The output of the 10 to

30 Hz filter on the arm surface pulsations also defected the event. On this same
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measurement, the observer marked the pulse for which he heard no sound in uccerdance

with the diastolic pressure end=point criteria. Howwez‘, en the pulse foilowing the
pulse for which a Korotkoff sound was not neard, the arterial diastolic pressure sude
denly became lower and a Korotkoff sound was generated. The notch reappeared on
the arm surface pulsations and the event is recognizable in the output of the 80 to
110 Hz filter. These data represent an example of a severe test of the performance

of systolic and diastolic defection criteria,

[t was determined that the systolic decision could be simply made by detecting

the first output of the filters which exceedeu a preset threshold. The threshold was
set to a level siightly above the noise level and for the gain characteristics reported,
a threshold of 0.3 volt was adequate.

A preliminary study fo determine the proper utilization of the outputs of the
10 to 30 Hz and 80 to 110 Hz filters for the diastolic decision was conducted on §
young male subjects. A summary of these data is given in Table ll. The peak magni=-
tude of the output of each filter at the last sound was determined (Eyypy and E|  for
the 80 to 110 Hz and 10 to 30 Hz outputs respectively). Then, rhe peak amplitude of
the output of each filter for the entire deflation cycle was determined (Eq peak and
Ey peak for the high and low frequency filters respectively). The ratios of the peak
magnitude of the oulputs at the last recognized Korotkoff sound to the peak outputs
for the entire deflation cycle were tabulated (EHD/ E. peak and E| 1 / E, peak).
Similar ratios were formed by dividing the peak amplitude of the output of each of
the filters for the arm surface pulsation following the last recognized Korotkoff sound

(Epp and E| pp for the high and low frequencies respectively) by the same peak

b e S el
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SUBJECT | FHD 1 o Bp o Fieo !

E,, PEAK i E, PLAK | PeAR - E PEAK |

; | ; !

RES 0.208 0.260 L 0.385 L0077

RES 0.330 | 0.170 | 0.272 i 0.00

RES 0.910 L 0.294 0.440 - 0.086 |
RES 0.555 L 0.220 0.278 0.178
RES 0.728 | 0.200 0.500 ! 0.172
RES 1.000 0.175 0.49 0.202
RES 0.286 0.13 0.431 0.270
RES 0.670 0.258 0.410 0.393
TJR 0.768 0.232 1.000 L 0.780
TR 1.000 0.150 P 0.44) 0.231
TR 1.000 0.100 , 0.300 0.187
TJR 0.300 0.100 - 0.364 L 0.216
TR 0.460 0.120 | 0.500 L 0.248
TR 0.342 0.276 L 0.470 0.355
TJR 1.200 0.180 o2 '\ 0.303
SMS 0.333 0.145 L 1.000 g 0.680
SMS 0.402 : 0.400 | 1.040 ; 1.115
SMS 0.260 ' 0.200 | 0.568 b 0.512
SMS 0.500 0.222 0.654 L 0.724
SMS 0.284 0.133 1.000 L 0.772
SMS 0.134 0.134 0.920 | 0.840
SMS 0.35 0.143 1.090 | 1.190
SMS 0.400 0.050 0.422 L 0.307
SMS 0.702 0.198 0.383 L 0.456
SMS 0.613 0.143 0.428 i 0.328
SMS 0.621 0.200 0.412 P 0.412
FBV 0.166 0.083 0.612 0.408
FBV 0.100 0.100 0.681 0.407
FBV 0.212 0.169 0.610 0.411
FBV 0.139 0.092 0.757 0.445
FBV 0.156 0.085 0.865 0.369

confinued on next page
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susseet | fio o R ot o |
3 , EH PEA EH PeAR E PeAK L':'L PEAK §
| |
MAC | 1.440 L 0,007 1,205 L 0.500
MAC | 0.850 ; 0.160 0.755 0.755
MAC 1.000 : 0.144 1.02¢ 0.350
MAC 1.000 i 0.12 ‘ 0.893 0.5 i
MAC 0.870 2 0.111 1.040 ; 0.670 |
MAC 0.318 A E 1,040 ! S92
MAC 0.308 0.18 { 1.000 0.293 |
MAC 1.285 ; 0.074 ; 0.793 0.760 |
MAC 0.615 § 0.192 ’ 1.045 ) 0.9C0 ;
EHD = Peak output of 80-100 Hz filter ot last sound.
EHPD = Peak output of £0-110 Hz af pulse immedicteiy following last
sound.
ELD = Peak output of 10-3C KRz filter af last sound.
ELPD = Peak ouiput of 10-30 Hz filter af pulse immedictely following
last sound.
EH PEAK = Peuk output of 80-110 Kz filrer for entire cetlation cycle.
EL PEAK = Peak output of 10-30 Hz filter for entire doflation cycle.
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amplitude of the output of each filter fur thw eniire diiiaiion cycic, Tinese ratios
(Eom /&, puak and B pn / E: peak) wers wiso faouluied such rhat o coaparison
HPD 7 LPD 7 =L '

of ratios could be made. These data formed e sasis for ae design of tne sounds

cetection logic of the pro=processor of the Gutomaiic sysfem. A sound is detected
o

whenever the output of either filter exceeds an initial thresacid or a sct fraction of

L

its maximum peak value during o deficiion eycle. The diasro.ic decision requires

the outputs of both filters fo «rop buiow their respective set fraciions of their maximum

P %

peak value. The utilization of two filters in this manner appeurs fo be unicue,

Yool oo

although at least two investigators have uscc multiple filters (35, 51) in different

detection schemes.,

- J . E H
P, §

PPN 1

H
-~ MM

| AaE—

4

{;
1

Iy

"":@i'ﬁ"{'



V. DESCRIPTION OF THE SYSTEM

A system gwas constructed utilizing the previously-stated detection criteria for
the automatic measurement of blood pressure. Figure 10 is a block diagram of the system.
The waveforms shown in this figure represent, in principle, system operation but are not
actual waveform samples. The entire system may be divided by function into eight
major units; (I) transducers, (2) cuff pump/deflator, (3) preamplifier, (4) preprocessor,
(5) systolic/diastolic converter, (6) output unit, and (7) calibrator. The preumplifier

unit consists of the electrocardiogram (ECG), arm surface pulsations (sounds), and

pressure preompljfiers which are used to provide the proper input impedance charac-
teristics. The pn::eamplifier unit may be used simultaneously with, or independently of,
the rest of the syfstem to provide signals for tape recording or it may be bypassed for
proces;ing tape reccrded signals.,

The prep;'ocessor unit is used to convert the raw signals from the preamplifier
unit into usable form for making the systolic and diastolic decisions. The ECG band-
pass filter has essentially the sume characteristics fhat previously have been used in a
cardiotachometer preprocessor (48). After the ECG signal is filtered, the absolute
value of the ECG signal is compared against a fixed level which is set such that an
output occurs fogr each R-wave from the ECG. The comparator output triggers a pulse
with a lOOmillfsecond delay time and a 200-millisecond pulse width. This pulse is

used to provide a time period of searching (or "listening") for the arm pulse sounds.

The arm surface pulsations from the preamp!ifier unit (or tape recorder) pass
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simultaneously through 10 to 30 Hz3 and 80 to 110 Hz® bandpass filters. These filters

are active filters which provide an attenuation of 24 db/octave for signals outside of
the bandpass (Appendix E). The absolute values of the outputs of thuse filters are fed
into analog swit¢hes controlled by the SEARCH pulse. Thus, the only signals which

pass through the ianalog switch are those which occur within the time period of the

SEARCH pulse. The absolute value of the filtered arm pulse sounds within each band-
pass then is compared with a set fraction (or ratio) of the peak amplitude of the absolute
value of ali previous filtered sounds within a single cuff deflation cycle. The peak

amplitudes of the absolute value of the filtered sounds are stored in the peak detectors

which are set jo!fixed threshold values (or knocked=down) and inhibited during each
cuff inflation. Initally, the systolic decision threshold is set by the KNOCK-DOWN
and INHIBIT pulse. The comparator produces an output whenever the absolute value
of the filtered sound signal exceeds a set fraction (selectable) of the value stored in
the peak detector. The comparator output of both high and low frequency channels

is fed into an OR gate. This circuitry also serves as a form of automatic gain control
and is essential fo a valid diastolic pressure decision by this system (see discussion of
diastolic detecfion criteria, Chapter IV and Table II). The pressure input to the pre=
processor unit may be u pressure analog signal alone or it may consist of an analog

signal of pressurle plus sounds. The 3 Hz low=-pass filter is used to eliminate noise as

3The [0 to 30 Hz and 80 i= i Yz bandpass filters are those filters shown in
Figure A3. The bandpass xrractacivtics of these filters are shown in Appendix E.
The values of the actual =t fiecuencies of the filters vary from the approximate
values of 10 to 30 Hz ant 3 1o U Hz,
!

i
.
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well as unnecessary sounds from the pressure analog signal. A comparator is used in
order to provide a logic signal each time that the cuff inflates and the pressure exceeds
a preset value. The output of this comparator is the ENABLE pulse which is usud to
inhibit and "knock=-down" the peak detector and to reset the systolic/diastolic recog=
nition logic.

The analog-to~digital converter unit (which is essentially a digital voltmeter)
converts the pressure analog into digital form by the use of the dual=slope integration
technique. This technique minimizes digitizing errors due to errors in clock frequency.
The pressure analog signal is sampled, digitized, and stored each time that a pre=
procéssed sound of sufficient amplitude is detected within the SEARCH pulse.

The systolic/diastolic recognition logic completes the systolic and diastolic
‘decisions which were begun in the preprocessor. The SYSTOLIC READ-OUT COM-
MAND signal and DIASTOLIC READ-OUT COMMAND signal strobe the systolic
read~-out and diastolic read=-out respectively in the time sequance in which they occur
during cuff deflation.

A two-second timer is used to assure that the outputs of both the high and the
low frequency sound channe!ls are below their respective set ratios for at least one
heartbeat before the DIASTOLIC READ-OUT COMMAND occurs. The pressure
value read as the diastolic pressure is the value which was stored in the diastolic
memory by the last recoghized sound. This technique reduces the probability of
reading a false diastolic pressure due to a weak sound or due to beat-to-beat varia=

tions in diastolic blood pressure.
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The decoder/driver units and indicator tubes provide the final output and
display of systolic and diastolic pressures. A calibrator unif simulates the required
input signals and permits calibration of the system from known pressu::es generated
at the pressure transducer or on tape.

Integrated circuits are used for both the analog and the digital portions of
the system, and the entire system with the exception of the power supplies, indicator
tubes, sensor hardware, and calibrator is mounted on seven 4" by &" printed circuit
boards. Appendix A contains the detailed schematics for the system.

The leading edge of the ECG SEARCH pulse occurs 100 milliseconds after the
R-wave and the trailing edge occurs 300 milliseconds after the R-wave. ‘hese values
were selected to minimize the width of the SEARCH pulse and to encompass the range
of time of occurrence of a sound in relation to the ECG. The width is minimized in
order to reduce the susceptibility of the system to extraneous noise. Table lll is a
tabulation of the time intervals from the peak of the R-wave of the ECG to the first
sound (RGS), to a sound intermediate in the deflation cycle (RGM), and to the last
“sound {(RGD). These values were determined in experiments on adult subjects and
agree with other published data (9,26, 39).

The level comparators shown in Figure [0 are set based on the data tabulated
in Table I, The portion of the pre=processor concerned with the processing of the
output of the 80 to 10 Hz filter (Sy) is important to the diastolic decision. The level
comparator is set such that an output is obtained whenever the rcfio of EH to EH max
is greater than 0.2, The other level comparator is set to provide an output whenever

the ratio of E| to E| p\qx is greater than 0.9. Thus, the design, by the utilization of
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MEASURED TIME RELATIONSHIPS BETWEEN
RWAVE OF ECG AND THE SOUNDS RECOGNIZED AS KOROTKOFF SOUNDS

TABLE i
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SUBJECT RGS RGM RGD
(in milliseconds) (in milliseconds) (in milliseconds)
MH 150 130 110
LK 270 237 210
LK 263 237 190
. BM 248 225 210
EM 255 222 200
BM 260 230 210
AS 225 208 188
AS 237 207 185
AS 210 195 178
AS 220 190 170
HS 270 255 220
HS 270 260 220
HS 250 235 190
HS 280 245 215
HS 300 265 200
HS 255 230 200
HS 280 220 195
HS 280 240 195
- HS 255 230 210
RGS = Time interval from peak of R~Wave to onset of first sound.

RGM

deflation cycle.

i

RGD

Time interval from peak of R-Wave to onset of last sound.

Time interval from peak of R-Wave ‘o onset of an intermediate sound in the

i e

- PR s,



s wemte  sscia  weiens W 0 GEMED QDMK G e GEIY BN MM Guees e

o . 4 i gy g S %
b > - R 2 it S oo AP ES AV

38

an OR gate, incorporates some degree of compensation for gross variations in sound
characteristics at the diastolic end=-point.

The system for the automatic measurement of blood pressure has been physically
incorporated into a larger system which also measures heart rate (cardiotachometer)
and respiration rate (pneumotachometer). This system is called a Vital Signs Indicator,
and is shown in Figure Il along with the cuff pump/deflator, pressure transducer,
occluding cuff, microphone, and electrodes. The systolic pressure is displayed on the
upper center digital display and the diastolic pressure is displayed on the lower center
digital display. The controls for the automatic sphygmomanometer include a course
GA.:N switck for the sounds (3~db steps), a fine gain coﬁtrol (TRIGGER) for the
sounds, and ZERO and AMPLITUDE controls for calibration of the pressure signal.

In Figure 12 is shown the sphygmomanometer connected to a subject. A view of the
Vital Signs Indicator with the top panel removed to show the layout of the circuit
boards and power supplies is shown in Figure I3. Test points are located on the lower
part of the front panel adjacent to the handles on either side. The seven circuit
boards of the sphygmomanometer portion of the Vital Signs Indicator are shown in
Figure 14. The two boards on the left of Figure 14 contain the sounds, pressure, and
ECG preamplifiér circuitry. The upper center card contains the sounds and pressure
filters and a switch which provides for the processing of data with an inverted pressure
ramp. The center card contains the preprocessor unit with the exception of the filters
which are on the top card. The bottom center card contains the analog~to=digital
converter and the systolic/diastolic recognition logic. The two boards on the right

contain the decade counters, storage registefs, and decoder/driver circuitry for the

systolic and diastolic displays. -
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Figure 12 - The automatic sphygmomanometer connected to a subject
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Vi. DATA ON SYSTEM PERFORMANCE

The pressure signal of the system was calibrated by applying air pressure
simultaneously to both the pressure transducer and a manometer filled with mercury.
The manometer pressure was set at intervals of 10 millimeters of mercury from 0 to
200 mm Hg. The microphone was physically struck at each pressure and the systolic
and diastolic displays were read and recorded. In this manner, the calibration curve
of Figure |15 was obtained.

The data of Table |V are the simultaneous and independent readings of systolic
and diastolic blood pressures by experienced observers and by the electronic system.
The "double=blind" technique of London and London (25) was used whereby a simul=-
taneous, independent, clinical measurement is performed by an experienced - !inician
whose readings cannot be influenced by the readout of the electronic system. Three
readings were taken on each of ten subjects by each of the two observers. The same
mercury sphygmomanometer was used for the clinical measurements that was used for
the calibration of the system. The ten subjects ranged in age from 8 to 46 years oid
and three were females. Excellent auscultatory conditions were established by the
use of a high-precision stethoscope and a separate room with minimum background
noise. Each observer was allowed two practice measurements on each of the subjects
before the data were recorded. This was done in order for the observer to become
acquainted with the magnitude and tonal characteristics of the Korotkoff sounds pecul-
iar to the subject. The electrocardiogram signal was not used; hence, the SEARCH
pulse portion of ithe circuitry was disabled in @ manner such that operation of the rest

of the system was not altered.
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TABLE IV
BLOOD PRESSURE MEASUREMENTS

SUBJECT OBSERVER CLINICAL AUTOMATED
Blood Pressure Blood Pressure
SMS FBV 126/78 124/75
SMS FBV 127/72 124/75
SMS FBV 124/78 122,/78
SMS AES 127/73 128/75
SMS AES 125/78 126/79
SMS AES 126/73 125/74
BPY AES 118/73 120/70
BPY AES 114/70 115/70
BPY AES 111/70 110/70
BPY FBV 132/81 134/84
BPY FRV 126,/80 131/74
BPY FBV 126/74 125/74
MAC AES ’ 118/80 122/79
MAC AES 117/80 117/81
MAC AES 121/83 119/81
MAC FBYV 110/60 111/60
MAC FBV 108/65 107/60
MAC FBV 112/70 114/70
FBV AES 138/103 140/100
FBV AES 135/105 136/104
FBV AES 136/105 137/101
FBV . Fav 140/100 140/108
FBV FBV 136/107 138/108
FBV FBV 144/109 143/108
MEA AES 121/74 122/75
MEA AES 119/73 111/71
MEA AES 111/73 109/71
MEA FBV 108/70 104/68
MEA FBV 106/74 107/71
MEA FBV 104/78 107 /70
FBV Jr. AES 97/66 102/71
FBV Jr. AES 96,/69 96,/65
FBV Jr. AES 98/66 101/69
FBV Jr. FBV 98/66 96/55
FBV Jr. FBV 97/67 95/61
FBV Jr. Fav 100/69 101/55

(continued on next page)
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TABLE IV =~ (continued)

BLOOD PRESSURE MEASUREMENTS

46

SUBJECT OBSERVER CLINICAL AUTOMATED
Blood Pressure Blood Pressure
MLV AES 98/57 99/60
MLV AES 98/61 98/61
MLV AES 104/63 104/60
MLV FBV 102/56 104/54
MLV FBV 9/58 93/55
MLV FBvV 94,/60 94/59
APM AES 108/68 109/65
APM AES 110/67 111/68
APM AES 105/72 102/64
APM FBV 106/73 106/61
APM FBV 102/62 101,60
APM FBV 102/63 100/60
LSM FBvV 122/77 118/79
LSM FBV 116/82 119/81
LSM AES 126/72 132/70
LSM AES 122/80 126/78
LSM AES 125/82 125/74
AES FBV 162/102 163/101
AES _ - FBV 156/101 162/9
AES FBV 146/101 143/101
AES AES 153/95 154/94
AES AES 153/90 153/85
AES AES 156/89 156/90
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VII. ANALYSIS OF DATA AND DISCUSSION OF SYSTEM OPERATION

Figure 16 is a plot of the automated systolic blood pressure readings versus
the simultaneous clinical systolic blood pressure readings. The linear regression
equation for these data is y = 1.0l9x = 2,0. Figure 17 is a plot of the automated
diastolic blood pressure readings versus the simultaneous clinical diastolic blood
pressure readings. The linear regression equation for these data is y = |.020x -3.3.
The mean error4 (clinical minus automated) is =0.3 mm Hg for systolic pressures and
+1.5 mm Hg for the diastolic pressures. The larger error in the diastolic pressure
may, in part, be explained by the consistently lower readings of the diastolic dis-
play as compared with the readings of the systolic display. during calibration over
the range of the measured diastolic pressures. The diastolic display was consistently
| to 2 mm Hg below the systolic display over this range of pressures. Thus, the mean
error of +1.5 mm Hg for the diastolic pressures is not a large error. From the histo-
grams of Figures 18 and 19, the errors in the systolic and diastolic measurements
appear fo be distributed about zero without an appreciable bias although the diastolic
distribution is more skewed. Using the same method for the evaluation of a semi-
automatic electronic sphygmomanometer, McCaughan (30) found that in 72 readings
the mean errorséwere ~2.5 mm Hg for systolic pressures and =0.9 mm Hg for diastolic

pressures.

*The word "error" is used to mean the difference between the clinical and
automated blood pressure readings.
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The means of the absolute values of the crrars were 1.3 mm Hg for the systolic
pressure and 2.9 mm Hg for the diastolic pressure. The standard deviation of the
errors is 2.5 mm Hg for the systolic pressures and 3.9 mm Hy for the diustclic pressures.
Wilcox (52) found that the standard deviations of readings made by 349 graduate
nurses from a motion picture film of a falling mercury column with sound varied from
subject=to=subject and ranged from 4 to 16 mm Hg for systolic pressures and from
2 to 45 mm Hg for diastolic pressures. Th.., observer errors are probably major com=
ponents of the differences between clinical and automated readings in spite of the
use of excellent auscultatory conditions.

In general, the automated systolic pressures were greater than the clinical
systolic pressures and the automated diastolic pressures were less than the clinical
diastolic pressures. This is an indication that the automatic system may possess the
additional sensitivity required to make auscultatory measurements compare more
favorably with direct blood pressure measurements. Comparison measurements have
repeatedly shown that the indirect auscultatory measurements of blood pressures tend
to underestimate the direct systolic blood pressure and overestimate the direct diastolic
blood pressure (8,26,38). Intra=arterial measurements (of which Figure 9 is typical)
indicate that thé systolic decision based on the output of the |0 to 30 Hz filter detects
the true systolici index which an observer listening through a stethoscope often misses
by two or three heartbeats, especially in obese subjects.

In @ few: instances, ususally during a very slow deflation cycle, an auscul=-
tatory gap occutred wich lasted for greater than fwo seconds. The automaiic system

very precisely recognized as the diastolic pressure the last sound before the extended
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auscultatory gap occurred. These data were not recorded in Table |V since the error
was one of an inadequate deflation rate by the observer and it is cbvious that this
error could be eliminated simply by adjusting the length of the two-second diastolic
timer to three or four seconds. This timer shouid prove to be very useful in preventing
false reodingﬁ of diastolic pressures, especially on patients with heart problems where
large variations in pressure occur on a beat-to-beat basis (the patient of Figure 9,
for example).
The following improvéments are suggested for future modifications of the
system:
|. Incorporation of a cuff pump/defiator that inflates
approximately 30 min Hg above the systolic pressure

ond enables the system at that point.

2. Elimination of the DIGITIZE puise AND gate since
it is a redundant logic element.

3. Correction of the discrepancy between the systolic
and diastolic display for the same input pressure.

4. Investigation of different methods of mounting the

cuff microphone to prevent amplification of cuff
pressure locally under the microphone.

In addition, the system should be more thoroughly tested with a well-planned experi=
ment involving subjects representative of the clinical utilization of the instrument
and using both trained and untrained observers. Automatic measurements on exercis—
ing subjects shu.ld be made simultaneously with direct intra-arterial measurements in
order to determine the degree of motion artifact rejection which is provided within
the system. The characteristics of various microphone and microphone mounting con-

figurations should be studied for possible improvement of motion artifact rejection.
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Viil. CONCLUSICMS

A system for the automatic measurement and digital display of systolic and
diastolic blood pressures has been built utilizing the relative advantages of analog

and digital techniques in data processing and decision making. The criteria for

recognition of systolic and diastolic pressures which are programmed into the system
are unique and are based upon experimental data. Noise and motion artifact rejec=
tion capabilities were provided in the design by the use of selective filtering and
digital logic circuitry for the inhibition of systolic and diastolic detection during
cuff inflation and time perious of the cardiac cycle when sounds cannot exist «t the
position of the microphone. The measurements of the automatic system compare well

with the readings of a trained clinician under good auscultatory conditions,

i ;

..54...'




A

i
i

BIBLIOGRAPHY AND REFERENCES

I. Allred, James E., and Johnson, Jack B.: "Design and Development of an Auto=-
matic Indirect Blood Pressure Monitoring Device," USAF School of Aerospace
Medicine, Brooks Air Forch Base, Texas, Project No. 6320, Task No. 63200l,
Sept., (966.

2, Berliner, K.; Fujiy, D. Ho Lee; Yildiz, M., and Garnier, B.: "Blood Fressure
Measurements in Obese Persons: Comparison of Intra=Arterial and Auscultatory
Measurement, " The American Journal of Cardiology, July, 1961, pp. 10-17.

3. Besliner, K.; Fujiy, D. Ho Lee; Yildiz, M., and Garnier, B.: "The Accuracy of
Blood Pressure Determinations: A Comparison of Direct and Indirect Measure=
ments," Cardiologia, Vol. 37, No. 2, 1960, pp. 118-[28.

4, Best, Charles H., and Taylor, Norman B.: The Physiological Basis of Medical
Practice, The Williams and Wilkins Co., Baltimore, Md., 1966, pp. 722-730.

5. Bolie, VictorjiW.; Goven, Richard J.; Tennant, Jerry R., and Sander, Duane E.:
“Electronic Blood Pressure Sampler and Printer," Aerospace Medicine, Oct.,
1964, pp. 954-957.

6. Bordley,l James, Il1; Connor, Charles A. R.; Hamilton, W. F.; Kerr, William J.,
and Wiggers, Carl J.: "Recommendations for Human Blood Pressure Deter~
minations by Sphygmomanometers,” Circulation, Vol. 4, Oct., 1931,

pp. 503-509.

7. Boyd, William A.: “Blood Pressure Monitoring," Electronics in Anesthesiology,
Vol. 3, if\lo. 3, May, 1965, pp. 417-433.

8. Bramwell, J. Crighton, and Hickson, Sylvia K.: “The Relation of Pulse Form to
Sound Production in Arteries,* Heart, Vol. I3, 1926, pp. 109-151.

9. Canzoneri, Joseph, Ill; Geddes, Leslie A.; Valbona, Carlos, and Viscusi,
Richard L.: "A New Elecironic Indirect Systolic and Diastolic Blood Pressure
Measuring System,* SWIEEECQ Record, April, 1967, pp. 10-6~| to 10-6~8.

10, Chungcharoe?n, D.: “Génesis 6? Korotkoff Sounds," American Journal of
Physiology, Vol. 207, 1964, pp. 190-194.

ll.  Collins, Viacent J., and Magora, Florella: "Sphygmomanometry: The Indirect
Measurement of Blood Pressure,” Anesthesia and Analgesia. . . Current

Researches, Vol. 42, No. 4, July-August, 1963, pp. 443-452.

l
I
I
l
g
g
]
4
!
E
g
g

-~

I : e



14.

15.

16.

i7.

i8.

19.

20.

21,

22,

de Dobbeleer, G. D. P.: "Determination of the Clinical Value of the Systolic
and Diastolic Blood Pressure," Godart Bulletin,” Vol. 2, No. |, Sept., 1962,
pp. 2-10.

. Edinger, Leslie,and Spring, Maxwell: “Automatic Electronic Blood Pressure

Apparatus,* The American Journal of Medical Elecivonics, Vol. 2, April=
June, 1963, pp. 138-142.

Follett, D. H.; Freundlich, H. F.; Shaw, D. B., and Davies, D. H.: "An
Apparatus for the Automatic Recording of Systelic and Diastolic Blood-Pressure,’
The Lancet, April 13, 1963, pp. 808-809.

Geddes, L. A.; Spencer, W. A., and Hoff, H. E.: "Craphic Recording of the
Korntkoff Sounds," American Heart Journal, Vol. 57, March, 1959, pp. 36l=-
370.

Guyton, Arthur C.: Textbook of Medical Physiology, W. B. Saunders Co.,
Philadelphia, Pa., 1966, pp. 249=278.

Harrison, Edgar G., Jr.; Roth, Grace M., and Hines, Edgar A., Jr.: "Bilateral
Indirect and Direct Arterial Pressures," Circulation, Vol. 22, Septl, 1960,
pp. 49-436.

Menschell, Austin; De La Vega, Frederick, and Taylor, Henry Longstreet:
"Simultaneous Direct and Indirect Blood Pressure Measurements in Man af
Rest and Work, " Journal of Applied Physiology, Vol. 6, Feb., 1954, pp.
506-508;

Hinman, Allen T.; Engel, Bernard T., and Bickford, Arthur F.: "Portable Blood
Pressure Recorder Accuracy and Preliminary Use in Evaluating Intradaily
Variations in Pressure,” American Heart Journal, Vol. 63, No. 5, May,
1962, pp. 663-668. ~

-Kahn, Alan; Ware, Ray W., and Sichaya, Odo: "A Digital Readout Technic
for Aerospace Biomedica! Monitoring," The American Journal of Medical
Electronics, April=June, 1963, pp. 152-157.

Korotkoff, N. S.: "A Contribution to the Problem of Methods for the Determi=
nation of the Blood Pressure,” Translated in Ruskin, A.: Classics in Arterial
Hyperfebsion, Charles C. Thomas, Springfield, lilinois, 1956, pp. 126-133.

Kroeker, Edéuin J., and Wood, Earl H.: "Comparison of Simulmn.eously Recorded
Central kind Peripheral Arterial Pressure Pulses During Rest, Exercise, and
Tilted Peosition in Man," Circulation Research, Vol. 3, 1955, pp. 623-632,




) e i S el SR LR T R g e S Y i
H O, MR T e EHT . AR R e £ N
. e "

23.

24,

25,

26,

27.

28.

29.

30.

3l.

32.

33.

57

Lange, R. L., and Hecht, i1, .1 "Genesis of Pistol=Chot and Korotikoit Sounds, "
Circuiation, Vol. 18, No. §, Nev., 1958, pp. 975-982.

Lategola, Michaei T.; Harrison, Hiley, and Barnard, Charies: "A Virtually
Continuous Measurement of Human Systolic and Diastoiic ‘lcod Pressure
Transients without Direct Arterial Puncture,” Aecrospace Medicing, March,
1966, pp. 228-233.

London, Rose E., and London, Seymour 2.: "Blood Pressure Survey of Physicians:
Use of Automated Measurements,™ Journal of the American Medical Associa-

tion, Vol. 198, No. 9, Nov. 28, 1966, pp. Y8l-984.

London, Seymour B., and London, Rose E.: " Comparison of Indirect Pressure
Measurements (Korotkoff) with Simultaneous Direct Brachial Artery Pressure
Distal to the Cuff," Advances in Internal Medicine, Vol. |3, (967, pp.
[27-142.

London, Seymour B., and London, Rose E.: "Critique of Indirect Diastolic End
Point: ‘Muffling' v. 'Last' Sound," Archives of Internal Medicine, Vol. |9
Jan., 1967, pp. 39-49.

Malcolm, John E.: Blood Pressure Sounds and Their Meanings, Part |, Charles C.
Thomas, Springfield, lllinois, 1957, pp. 10-69 and pp. 82~83.

Maltby, Alicie B, and Wiggers, Carl J.: "Studies on Human Blood Pressure
Criteric and Methods," American Journal of Physiology, Vol. 100, 1932,
pPPR. 604-1613.

McCaughan, Donald: "Comparison of an Electronic Blood Pressure Apparatus
with a Mercury Manometer,” 1966 Annual Symposium of the Association for
the Advancement of Medical Instrumentation, Boston, Mass., July 29, 1966.

McCutcheon, Emest P., and Rushmer, Robert F.: "Korotkoff Sounds: An Experi=-
mental Gritique," Circulation Research, Vol. 20, No. 2, Feb., 1967, pp.

149-161.

McCutcheon, Ermest P.; Wiederhielm, Curt A., and Baker, Donald W.: "Fre-
quency Spectrum Changes of Korotkov Sounds with Muffling," The Physiologist,
Vol. 7, No. 3, 1964, pp. 203.

Moss, Arthut J., and Adams, Forrest H.: "Index of Indirect Estimation of Diastolic
Blood Préssure, ™ American Journal of Diseases of Children, Vol. |06, Gct.,
1963, pp. 74-77.




E 58
g 34. Nagle, Francis J.; Naughton, John, and Balke, Bruno: " Comparisons of Direct
; and [ndirect Blood Pressure with Pressure=Fiow Dynamics During Exercise, "
g;* Journal of Applied Physioicgy, Vol. 2l, Neo. !, Jan., 1966, pp. 317-320.
35. Ono, K.: "A New Principle for Spectral Detection of Korotkoff Sound," 7th
International Conference on Medical and Biological Engineering, Stockholm,

i ‘ Sweden, August, (967,

36. Ragan, Charles, and Bordley, James, !ll: "The Accuracy of the Clinical Meusure=-
ments of Arterial Blood Pressure with a Note on the Auscultatory Gap," Bulle=-
tin John Hopkins Hospital, Vol. 69, 194l, pp. 504-508.

37. Rauterkus, Thomas; Feitz, John F., and Fickes, Joy W.: “Frequency Analysis of
' Korotkov Blood Pressure Sounds Using the Fourier Transform," Finai Report,
USAF Contract AF4l (609)=-2753, Feb., 1966.

38. Roberts, L. N.; Smiley, J. R., and Manning, G, W.: "A Comparison of Direct
and Indirect Blood Pressure Determinations,” Circulation, Vol. 8, Aug., 1953,
pp. 232-242,

39. Rodbard, Simon; Rubinstein, Herbert M., and Rosenblum, Sol: "Arrival Time and
Calibrated Contour of the Pulse Wave, Determined Indirectly from Recordings
of Arterial Compression Sounds," American Heart Journal, Vol. 53, 1957,
pp. 205-212.

40. Rogge, James D.; Brown, William K., and Brown, Clay A.: "An Automatic System
for the Indirect Determination and Recording of Human Arterial Blood Pressure, "
SAM-TR-68-25, USAF School of Aerospace Medicine, Brooks Air Force Base,
Texas, March, 1968.

4l. Rose, G. A.; Holland, W. W., and Crowley, E. S.: "A Sphygmomanometer for
Epidemiologists," The Lancet, Vol. |, Feb. 8, 1964, pp. 296-300.

42, Rueger, Milton J.: "Blood Pressure Variations in the Two Arms," Annals of
Internal Medicine, Vol. 35, 1951, pp. 1023-1027.

43. Rushmer, Robert F.: Cardiovascular Dynamics, Second Edition, W. B. Saunders
Co., Philadelphia, Pa., 196l, pp. 134-14l.

44. Schneider, Robert A.: "A Fully Automatic Portable Blood Pressure Recorder,"
Journal of Applied Physiology, Vol. 24, No. |, Jan., 1968, pp. 115-l18.

S il e S At okt SR R e X G Bt e T 3
; Bk ’ > A ST R AR TR R iag PROg




59

45. Siahoya, Odo; Kahn, Alan R., and Ware, Ray W.: A Digital Readout Technic

Applicable to Laboratory and Aerospace Medical Monitoring of Physiologic
Data, Technical Eocumentory Report No. SAM-TDR-82-139, ng; School
of Aerospace Medicine, Brooks Air Force Base, Texas, Feb., 1963,

46. Smith, C. R., and Bickley, W. H.: The Measurement of Blood Pressure in the
Human Body, NASA Technology Survey, - , April,

47. Van Bergen, F. H.; Weatherhead, D. S.; Treloar, A. E.; Dobkin, A. B., and
Buckley, J. J.: "Comparison of Indirect and Direct Methods of Measuring
Artzarial Blood Pressure," Circulation, Vol. 10, No. 4, Oct., 1954, pp.
48(-490.

48. Vogt, Fred B., and Hallen, Thor O.: "Electrocardiogram Preprocessing Unit,"
Aerospace Medicine, Vol. 38, No. 2, Feb., 1967, pp. 123-126.

49. Wallace, John D.; Lewis, David H., and Khalil, Sami Abow: " Korotkoff Sounds
in Humans," The Journal of the Acoustical Society of America, Vol. 33, No.
9, Sept., 196[, pp. 1178-1182

50. Ware, Ray W., and Anderson, Wallace.: "Spectral Analysis of Korotkov Sounds,"
IEEE Transactions on Biomedical Engineering, Vol. BME=I3, No. 4, Oct.,

5|. Ware, Ray W., and Kahn, Alan R.: "Automatic Indirect Biood Pressure Deter-
mination in Flight," Journal of Applied Physiol_o_g_y, Vol. 18, No. |, Jan.,
1963, pp. 210-214.

52. Wilcox, Jane: "Observer Factors in the Measurement of Blood Pressure,
Nursing Research, Vol. 10, No. |, 196l, pp. 4-17.

53. Wiggers, Carl J.: "Dynamic Reactions induced by Compression of an Artery,"
Circulation Reseaich, Vol. 4, Jan., 1956, pp. 4-7.

54, Zuidema, George D.; Edelberg, Robert, and Salzman, Edwin W.: "A Device
for the Indirect Recording of Blood Pressure,” USAF, Wright-Patterson Air
Force Base, Ohio, WADC Technical Note 55-427, Project 7216, Task 71712,
Sept,, 1955,



APPENDIX A
CIRCUIT DIAGRAMS

The circuit diagrams for the system for indirect measurement and digital dis=
play of systolic and diastolic blood pressures are shown in Figures Al through A9.

In all diagrams, the capacitance values are in microfarads unless otherwise indicated.
Also, all resistors are £ 5% except where indicated. The integrated circuit opera=
tional amplifiers labeled UA 709C are monfactured by Fairchild and are numbered
U58770939-714.

Input transducers which have been used with the system are the cuff micro=-
phone described in Appendix C, silver-silver chloride ECG _electrodes, and a
Giannini 5, 000-ohm potentiometer-type pressure transducer Model No. CA=D-, 5-50.
This transducer has a range of 0-5 p.s.i.d. and one of the differential inputs is open
to atmospheric pressure. A cuff pump/deflator manufactured by E & M Instrument Co.
has been used for automatic inflation and deflation of the cuff.

In Figure Al is shown the ECG preamplifier. The differential input is applied
to amplifiers Al and A2. Amplifier A3 converts the differential signal to a single-
ended signal. The gain of amplifier A3 is controlled by switching the feedback
resistance with the ECG GAIN switch on the front panel (see Figure A9). The band-
width of the preamplifier extends from approximately 0.1 Hz to 100 Hz,

The sounds and pressure preamplifiers are show n in Figure A2. The pressure
transducer is supplied with + 15 VDC and - 15 VDC in such a manner that the pres-

sure analog signal baecomes more negative with increasing pressure. The pressure

analog signal enters at BP-6 P and amplifier A2 is used to adjust the gain and bias
Al
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of the signal for compatibility with magnetic tape recorders. Amplifier A3 provides
filtering and gain and bias adjustments on the front panel (see Figure A?) for cali~
bration of the unit both for self-contained operation and for processing of recorded
signals with different pressure gradients. The signal from the cuff microphone enters
through BP=6F and is amplified and inverted by Q1. Amplifier Al, combined with the
front panel gain switch,provides a gain adjustment for the incoming sounds.
The sounds filter pre-processor and pressure inverter bourd is shown in Figure

A3. Amplifiers Al and A3 and associated circuitry serve as high~pass filters with a
low=frequency cutoff of approximately 10 Hz while amplifiers A2 and A4 ore config-
ured as low~pass filters with a high=frequency cutoff of approximately 30 Hz. The
overall response of this combined filter configuration is given in Appendix E. Simi=
larly, amplifiers A6 and A8 and associated circuitry are 80-Hz (approximately)
high-pass filters while A7 and A9 are 110 Hz (approximately) low=-pass filters, The
measured characteristics of this combined filter configuration are also given in
Appendix E. Amplifier AS and switch S1 provide the capability of processing an
inverted pressure analog signal. Amplifier A10 is a summing amplifier which adds
the filtered sounds output of the 10 to 30 Hi filter with the pressure signal. This com=

bined sighal is avaiiable on pin BP-1T, but is not used in the system,

Figure A4 is a circuit diagram of a circuit board located physically in the cardi
otachometer section of the Vital Signs Indicator. This circuit is a filter and monostable
multivibrator of the type described by Vogt and Hallen (48). The filter has a center
frequency of approximately 17 Hz and the 3-db bandwidth extends from approximately

13 to 20 Hz. Transistors Ql, Q2, Q3, and Q4 and their associated components
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comprise the filter. Transistor Q5 drives the diode bridge composed of D3, D4, DS,
and Dé. Thus, the absolute value of the filtered ECG drives the monostable multi=
vibrator composed of Q6 and Q7 and associated components. Output pulses are avail=
able of opposite polarities from emitter follower Q8 (from P2) and from the collector
of Q9. The QRS output pulse used in this system is on pin B=100W.

The sounds and pressure recognition pre=processor is shown in Figure AS.
Whenever the pressure analog voltage exceeds a set value (set by P5), comparator
A13 changes states and the output of the comparator is inverted by Q1 such that Q3
and Q5 are turned "ON", This action depletes or "knocks down" the charge on
capacitors C? and C25. Transistors Q2 and Q4 serve to establish an initial charge
on C25 and C9, respectively, such that a threshold is established after the system is

enabled by the decay of the pressure signal and the corresponding change of state of

the comparator A13. The initial voltage on C25 and C9 is adjustable by P4 und P3,

respectively. The output of the 10 to 30 Hz sounds filter enters on pin BP-2V and

the output of the 80 to 110 Hz sounds filter enters on pin BP=2W. These signals go
through symmetrical and identical circuitry. The absolute values of the low sounds
and high sounds are taken by Al, A2 and by A7, A8, respectively. Transistors Q6,
Q7, Q9, and Q10 prevent sound signals from entering the inverter and peak detector
amplifiers A3, A4, A9, and A10 unless a SEARCH pulse is simultaneously present.
This SEARCH pulse is generated from the QRS PULSE on Board BP-3. Amplifiers A3
and A9 serve as unity-gain inverters, Amplifiers A4 and A10 are operated in the
high=input impedance voltage follower connection to charge copacitors C? and C25

to approximately 1/2 of the voltage of the incoming signal. When the circuitry is
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enabled, Q2 and Q4 are "ON" and R56 and R22 are cornected to Common such that
a voltage divider is formed, Amplifiers A5 and All are non=inverting and the peak
voltage on the storage capacitors appears on P1 and P2, Potentiometers Pl and P2

set the threshold for detection of sounds. Potentiometer P2 sets the ratio of 0.9 and
P1 sefs the ratio of 0.2, Comparators Ab and Al12 pro ‘ide an oufpui; whenever the sum
of the inverted output of the absolute value of the filtered sounds exceeds the fraction
(set by P1 and P2) of the peak value (maximum) stored on capacitors C? and C25. The
comparator outputs go fo Board BP=3 through pins BP=2X and BP-2Y,

The transistors Q13 and Q14 on Board BP=3, shown in Figure Ab, serve as
inverters of the comparator signals from Board BP-2, The negative=polarity pressure °
analog voltage on pin BP=-3K is digitized using the dual=slope integration technique.
Field=effect transistor (FET) Q1 turns "ON" and samples the incoming voltage, while
Q2 and Q3 are "OFF". Transistors Q7 and Q8 and associated circuitry form an
astable multivibrator with a frequency output of 200 kHz. This frequency is divided
by two in .FFI and a clock signal of 100 kHz exists on pin 12 of FF1. Amplifier Al
is an integrater which integrates the incoming negative~polarity voltage (pressure
analog) until 1000 clock pulses are counted by the decade counters of Board BP-5,
The DUMP signal from the decade counters on pin BP=3M causes Q1 to turn "OFF",
Q2 to turn "ON" and Q3 to remain "OFF", Thus, the integrator starts to integrate
the relatively constani +15VDC power supply voltage and, when the output of the
integrator approaches zero volts, amplifier A2 (a comparator) changes state and the

decade counters are stopped. The count of the 100-kHz clock which is digitally
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stored in the storage registers is then proportional to the input voltage (pressure analoy).
Transistor Q3 is turned "ON" to putr RS in the feedback path of the integrator with
an open input to prevent Al from acting as an integrator except as required during
the digitize cycle. The switching FET's Q1, Q2, and Q3 are controlled by transistors
Q4, Q5, and Q6 and associated connections with FF1 and FF2. The digitize command
is initiated by the inverted form of either the high sounds pulse on BP=3T or the low
sounds pulse on BP-3U through G2, and the output of G2 (pin &) may be considered to
be a form of DIGITIZE pulse. The ECG SEARCH pulse is generated by Q9, Q10, Q11,
Q12, FF3, and associated circuitry. The QRS pulse on pin BP=3H starts the delay
timer comprised of Q9 and Q10. After the delay, the SEARCH pulse goes to a logical
1 state (approximately +5 voits) and returns to a logical 0 state (approximately O volts)
by the action of the width timer consisting of Q11 and Q12 and associated circuitry.
Potentiometers P4 and P3 adjust the delay and width, respectively, of the SEARCH
pulse. For use with an ECG irput, pins BP=-3V and BP-3W must be shorted, When an
ECG signal is not available, the unit may be operated by removing the short and by
applying +5VDC to pin BP-3 W (a:'d to BP-2T). The nominal 2-sécond timer for the
diastolic decision is effécfed by the vireuvitry of Q15, Q16, Q17, Q18, and FF4.
Potentiometer P2 adjusts the delay time. Gate G3 is a dual 4~input positive nand
buffer used to provide the systolic and diastolic strobe signals to Boards BP=4 and
BP-5.

The decade counter, storage register, and decoder/driver circuitry are shown
in Figure A7. Two identical boards, designated as 8P-4 and BP-5, are used in each

system. The decade counters are DCI, DC2, and DC3. The digitized pressure signal




WIRD N

—

e Y

A=12

; op pup ‘10151601 afniols f19junod eppdaQ - LY dinbiyg
(prbaromy 'G-4q Fuo y-dd spinog) A111no11d 12ALP/10pod2P puUb T1B45] | i poaaq -~ /Y

ﬂ\NﬂP o.L m.m L
1-OL I
‘aw .,NL g
7, T i G Q@
oy S \!WU rlm V] h R3]
Y7L K & RIe a2
U = V. /74 — o -~
POV i i x> V..ﬁ. YOI DL
700 M 2 !
0 2L Mmoot
ﬁw ce®h e |
9 oL A2
¥ 1 { | TR e 0L muu e X
e U e e x h /7 077 7
R -~ . - 7 a
ATaalagaieie FIPL -~ ;
a. i d «.WA .,4.‘ L .‘.LJ“, W ¢ 0\..Q|N~l‘ -~ ;
- : LY R B - - 4 LA
3 Ve e n, :“ﬁTu;.L ‘ HELALYS vl B T E4> 1 9
RN i “,.L.iu id L= 7 SRV VS F IR A
ik i i 1 T 10724 3] P NS VAR N
~ e LE W, - [ Sl Tt Salt Sal] n«. .ﬂ., \\ﬂhf;L - B
L . LT AL y !
” i . .nc‘w ﬁ.iru.~ rmfr:ﬂ;w = F.Ohmﬂ 2 4 :
[ R N - gpe—— N ~ -~ :
Pl B ERE == sl (o
2 Tl e e TR L] . N fu.nunﬁrnhtl%lim‘lr.m: . 2L ml. & J
; “ S SRR A o e
i [ e v 3 i 2 x %2 n 3= - N el i
1 B et L oL, 20 :
{ Lo % Ty.ufﬁ..:hu. S0l oy f ~ .
Lo : T L.ﬁ Ve 08 0L L7 P UL
< et ' cros 57 s b 4TV
3 e Wy —SL s 1 VS S
E3 Lianant, Ly ozl a4 -
RS Byl ; :
”v xﬁ - .iltmv »W :WLﬂ ~ — N .tﬁ m . ¢ L2
_‘ - o i1 =, i
. C 1 [ o, A;L F 4
[ ' e + A - aeoNEE
N~ . m o w..l‘..l Iwb..l.b.u [ f\.“ R - S
seTe.A RS soA »— R Rl ok S -— 12, 4iTGo {0 wWiys LT,
Arepe, AT ] o mrseas| e mwesns = {5, ewo fame 509 49)
gt KEPERENE AN sy - SRR nb ¢ mme e PR i) 2
g ] ‘m e ew b »aW.,in‘.i.lxw.Ir ..-In

& emw
0] (rewon
VT » e g oL 2y (1 T W £ 2 TS ND)
- o —3z{rshwoz
SLETY? Sry74 SUISCUVTH [7] o 175 Er AT Wiy 2 V)

w — T — *Jrﬂl SQ ASe

t

ol cuase




A-13

is stored in the storage registers FF1, FF2, FF3, FF4, FF5, and FF6 when strobe input
on pin BP-4-7 a:;d BP-5-7 occurs. The decoder/drivers (DD1, DD2, and DD3) convert
the binary-coded decimal (BCD) signals into decimal form for display of numerals on the
gas-filled readoyt tubes.

In Figure A8 is shown the calibrator unit. Transistors Q1 and Q2 and the asso-
ciated circuitry are used as an astable multivibratgr which generates a square wave with
a period of 400 milliseconds. The frequency is divided in half by FF1 and a symmetrical
square wave of 400 milliseconds in each state is present on pin 9 of FF1. This square
wave is "differepﬁoted“ by C3 and R4 and the positive spikes are available as a simu=-
lated R wave through D2 (150 b.p.m.) on pin S=100W. The negative spikes, through
D3 , are available at pin S-100Z as a simulated sounds signal. Thus, the simulated
sounds are synchronized to the simulated R waves and occur 400 milliseconds after the
R waves such that the simulated sounds are within the SEARCH gate time interval.

The simulated R wave signal of 50 b.p.m. is obtained in a frequency division by three
in the connection of FF2. The simulated sounds output is also synchronized to this
simulated R-wave output. This card serves as a calibrator for both the cardiotachometer
and the sphygmémanometer sections of the Vital Signs Indicator. Known pressure levels,
either from the pressure transducer or from magnetic tape, are required as an input for
calibration of the sphygmomanometer.

In Figure A9 is shown the systems wiring diagram. All power supply voltages
and common connections for all the cards of the system are returned and tied to the
same tie-point.. Operation of the calibrate and OFF-SUBJECT-TAPE switches are shown

on this diagram. Other front-panel controls include the ECG TRIGGER, SOUNDS

|
]




BT g g e i o
PEREA e

A=14

(001-§ Pipog) 41un JojoiqijeD - gy 2:nB14

’!

saNnaes

g3aLyYINWIS

)C)

Cuidq 0S) uH 1Y
N“SS Nuﬁ il by |
n..m“g WQMQMLR...:A&M.

o»SLL
2o

~N¥

»o0F

zd |

L3

Cwrvanvi)

PEOOOORERROROOAVG

éc,L
§ 8
*

vinwis



R L L ST e , e 4 . - A A

A-15

.r g Y] :n;on }.
camr, .
{ |
; 2 : '
[ ?_“ e —ond
i
tl
$I§ @ e w) me  aS
2ls e Biudawoen gpx |
T | gt - R B
i 1 P IPICNL IRIIICAT LGN %
2 | T { | TG Wm0 (1ANT S 3
i e |
.t i o el - \ | L/}
ol 8 i ! -\ ! | sy IE % 1 ROLONE
K \e ] ‘. ¢
i1 ‘ N | (euapaseres
! ‘ TR | e :
‘ ‘__~¥__w FrApore. N PRAA, _\' ,.I__w...._____..._._.... ;
| | |
! -.....}.._.-:. i
| EEcIT
. \ ;
R -9 \ \ !
\ N\
| X
-y ‘ \ \ PV 8he )
‘2\ } \ \\ " SanmaQeyd ¥
] ‘ \ tHEE LY
a (s ‘ \
Ratal “{,;:Eﬂ_ VN
¢ \
I\, wwn | _ =) - A ——ry N 6A
w4 w3 (PRUST | D T = 5% =2
snuy) S e s | ¥ "ty \ N |ap om
€ % JA-e iV ause -3 mo— — A rec
S T Vs (:F\.a»-.uku P ot \ \\
cco-
£ e . | & e e
S8 | vee » & va A A Yo 700
o w0 & Bl r)L AR T g Lk
e Q“'l \ oy AN f;{l‘
O'b;"lcmam ’ 2 Ww" I
MAN0aALE-193 ALi_ACIDC 8uPPLES -‘ac | YA v m y 1 aiiiied
-\ (Uylae Lian. 24
oS /it Ty ar- e
s qlh'. 1B
L /. e
. A %“?. vor e ecrslers o ,__J
‘of ] ﬁ
r~ wm, 0-'-..1 “"“;m | MOWER NNPPLICS BUS
com. | @ !
Aihie| © 'y 4 3 (Lo TwIGErT
r:&' ‘¢ sonae | & ‘fr 20 '
MCHIDE R “"'“K‘ 4 I r Y 2
Lol N -
¢ V ‘lm. 4 :
. L (B4
" UXoen o st
h SN/AIDE ) RIGaI N
b2 eoue | @ S el
R o AR
—leey
T3 cuasen - i m:'f;; o
ME31O2ARN - 808 Y

y , : Figure A9 - Systems wiring diagrcm




A=16

TRIGGER, PRESSURE GAIN, and PRESSURE ZERO potentiometers. The gain of the
sounds amplifier is controlled by the SOUNDS GAIN switch in 3-db steps from +6 db
to =6 db. The gain of the ECG preamplifier is controlled by the ECG GAIN switch
in 3=db steps from 54 to 66 db. These gain switches also control the input levels from
the calibrate card. A typical indicator tube wiring diagram for the units digit is also

shown in Figure A9,




APPENDIX B
BILATERAL DIRECT BLOOD PRESSURE DATA

Bilateral direct (intra~arterial) blood pressure measurements were made on one
subject using the previously~described technique. The subject was a 53-year-old
Negro male who was a chronic alcoholic with a history of schizophrenia and mild
diabetes mellitus. He had been admitted to the hospital for anemia, weight loss, and
joundice. At the time of the measurements, he was 5 feet 7 |/2 inches tall and
weighed 125 pounds.

Figure Bl contains the data from a slow cuff inflation. The top tracing (IAI)
is the intra-arterial pressure in the left brachial artery. The middle tracing (IA,) is
the intra-arterial blood pressure in the right brachial artery. The bottom tracing is
the cuff pressure with the cuff placed on the right arm. The elevation of the systolic
pressure distal to the cuff in the right arm during inflation is obvious. The pressure
in the left arm remains essentially constant during cuff inflation.

Figure B2 contains the data from a slow cuff deflation after the inflation
shown in Figure;Bl. Occlusion of the artery caused the intra~arterial pressure distal
to the cuff to drop to approximately 40 mm Hg in égreement with the observations of
London and London (26). The systolic pressure during cuff deflation is observed to
be substantially above the restfng systolic pressure at the end of the chart. No
appreciable change occurs in the direct blood pressure of the left arm during this

deflation.
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Data for a sustained cuff pressure of approximately 100 mm Hg are shown in
Figure B3. The change in the shape of the blood pressure pulse as well as the eleva=-
tion of the systolic pressure is seen in IAp. The high=frequency notch which is
probably indicative of the genesis of Korotkoff sounds is seen on the arm surface
pulsations.

The response of the intra-arterial bloo;l pressure (IA2) to a rapid deflation of
the cuff after a sustained pressure in excess of 100 mm Hg is shown in Figure B4. The
elevated systolic pressure is observed to return to its resting value with the first heart-
beat following deflation of the cuff.

The cuff was then placed on the left forearm such that the cuff was distal to
the Cournand needle. Data obtained in this configuration are shown in Figure B5.
Alterations in the shape of the intra-arterial pressure pulses (IA]) are observed as the
cuff pressure is varied. Figure B contains data gathered in this configuration for a
cuff inflation/deflation cycle. It is obvious that changes in pulse shape due to the
occlusion and partial occlusion of the artery distal to the Cournand needle do affect

the systolic pressure proximal to the cuff.
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APPENDIX C

CUFF MICRCPHONE CHARACTERISTICS

The cuff microphone used during rhis project was a microphone manufactured
for use in the measurement of blood pressure oy Air Shields, Inc. The characteristics
of the microphone were not available; howe\}er, shown in Figure Cl are the measured
dimensions and physical characteristics of one of the units, The characteristics vary
somewhat from microphone=to~microphone and several microphones were used in the
project. The internal dimensions of the microphone were determined from x=ray
photographs. It appears that the element is a eylindrical 1,000=inch diameter by
0.020=-inch thick disc of piezoeleciric material slivered on both ends and is used
in the thickness mode. The dimensions of the coaxial caule attached to the micro-
phone are also shown in Figure Cl.

The elecirical impedance characteristics of the microphone together with the
cable were measured using a Hewlett Packard 4260A Universal Bridge (f = 1000 Hz).
The equivalent series circuit was found to bé a resisior of 207 ohms and a capacitor

of 15.4 nf,

(Readings and dimensions courtesy of Dr. Louis S. Meharg)
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Figure C1 = Detailed drawings of cuff microphone and coaxial cable




APPENDIX D

BANDPASS CHARACTERISTICS OF VARIABLE BANDPASS FILTERS

The bandpass characteristics of the Krohn=iHite Model 330M filter were
found to vary slightly from unit=to=unit, The exact unit used in this projecr is
not known; however, measured bandpass characteristics on such a filter are shown
in Figures D1 and D2, These measurements were taken with a Tekironix 502A
Dual=Beam Oscilloscope, Fluke Model 9210A RMS Volimeter, and Wavetek Model
114 Signal Generator. The measured assympiotic slopes are 24 db/octave. For
the 80 and 110 Hz dial settings, the 3=db points do not occur ar precisely 80 and

110 Hz.
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Figure D2 = Measured bandpass characteristics of Krohn=Hite filter for dial settings of
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APPENDIX E
BANDPASS CHARACTERISTICS OF PRE-PROCESSING FILTERS

The bandpass characteristics of the sounds pre=processing filters shown in
circuit diagram form in Figure A3 were measured. The test equipment used was
the same Tektronix 502A Dual=Beam Oscilloséope, Fluke Model 910A RMS Volt-
meter, and Wavetek Model 114 Signal Generator that were used for the measure~

ments reported in Appendix D.
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PARAMETRIC AND NON-PARAMETRIC ANALYSIS
OF 1964 BEDREST TRIALS

1. Introduction

The experimental background of the 1964 summer Bedrest Trials
is well outlined by Vogt (1966)., The objectives of the Tilt-Table
experiments were to provide a means to define the degree of
deconditioning for a given test circumstance and allow comparison of
various tilt data with control data on the same subjects. The Tilt-Tabie
test evaluates the integrity of the normal adaptive mechanisms and
reflexes which regulate heart rate, blood pressure, brain perfusion,
vasomatgr tone, and a multitude of other changes which occur when a
person is changed from a horizontal to a vertical position with respect to
gravity. The usual response of a person subjected to a horizontal-vertical
change is an increase in heart rate and diastolic blood pressure, but a
slight decrease in systolic blood pressure. Various classifications have
been applied (1958, 1960) to abnormal responses to Tilt-Table experiments.
An abnormal response is usually characterized by a progressive change in
blood pressure and heart rate resulting in syncope.

Various derived or direct measurements were taken oa each of 11
subjects; however, complete data was recorded for only nine, and of the
32 initial measurements observed or computed, nine were used in the
statistical analysis, The reduction to nine dependent variables vas
accomplished by first computing the principal (‘32,) components of all the
measurements, The first and second component accounted for most

of the variation (the sum of the characteristic roots of the components),



and the dependence of these components on the nine variables selected
was most pronounced, that is, the magnitudes of the regression
coefficients corresponding to these nine variables was the greatest in

magnitude with comparison to the other variables, The nine variables

are:
y, = average heart rate before tilt

Y, = maximum heart rate during tilt

Y3 = average pulse pressure before tilt

Y4 = slope of mean blood pressure

Vs = maximum during-average pre heart rate
Y = time at point of break (hours)

Vg = heart rate at point of break

Yg = time at point of break (pp)

Vg = slope of {first regression line

For a definition of the above measurements refer to Vogt (1966).

Baseline data were obtained for in a five-minute control period
Before tilting the subject to the 70° head-up position, where he remained
‘:ior 20 minutes unless syncope or impending syncope occurred.,

The experiments involved basically three factors; the subject-subject
variation, the time the measurements were taken on the subjects, that
is, immediately before and after bedrest, and the three sequential bedrest
periods. We refer to these factors as subjects, (S) before-after (BA)
and treatments (T) respectively.
The purpose of this report is to compare the parametric and non-
parametric analyeses of'the bedrest data with respect to computing time,

assumptions-and restrictions of the statistical model, degree of sophistication
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in the analysis, and powecer of the statistical tests,

2. Parametric Analyses

(a) Univariate techniques: The 1964 summer bedrest trials were
analyzed using the 9 variables separately with four layouts,

(l) A three=-way analysis of variance using the three basic factors
subjects (S), BA, and treatments (T), Thus, we have a 9x2x3 factorial
with one observation per cell. Since there is no replication (no sub-
sarﬁpling or repeit observations per cell) there is not valid estimate of
experimental error, and the three-factor interaction was used to asses
the significance of the main effects and two~factor interactions. Fortunately
all two factor interactions were non-significant thus, allowing a less
complicated interpretation of the effect of the main factors. The subject-
subject variation was significant for the first variable only while the
before-after effect was significant (Pf_' 01) for the first three variables,
The treatment effect was non-significant through out. A closer look at
the subject variation showed the following pairs significantly different:

(5,6), (1,2), (2,7), and (7,9) by Scheffe's method of parwise comparison.

See Table IA for AOV results,

(2) A two-way layout using treatments and subjects as the main effects
and the before-after differences as the observations per cell. This results
in a 9x3 factorial with one observation per treatment-subject combination,
thus the treatment-subject interaction is used as experimental error. The

treatment effect was significant (P<.01) for variables 1 and 2, but the

subject to subject variation is not significant for any of the variables. The

data should be analyzed using two observations per cell, that is the before
and after measurements as replicates, and then asses the significance of

the subject effect. This would allow a way to test for the significance of

A

i it
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the interaction effect which was (and had to be) assumed non-significant

for the above analysis, Sce Table ID,

(3) A two=-way layouti with before-after versus trcatments giving a

5x2 factorial with 9 obscrvations per cell, thus if the assumptions of

the model hold (see scction 4 ) a good estimate of experimental error @
is available from the within-cell variation.

The BA effect was significant for variables 1, 2, and 3; however,
the treatment effect was not significant for any variable. The interaction
effect was not significant for any variable either., The results of the
analysis of variance are given below, Table IC,

(4) A two-way layout with subjects versus B/A with three observations

per cell shows the B/A effect significant for the first four dependent

variables; however, no subject-svbject variation showed up for any variable.
This analysis assumed no difference in the observations taken during the
sequential bedrest periods because the three observations / cell were
treated as replicates in order to obtain a measure of the experimental
error. Table ID gives the results from the univariate as well as the

multivariate analysis for this layout,

(b) Multivariate Techniques

The nine dependent variables were used simultaneously in a multivariate
analysis of variance (MANOVA) with the four designs above to asses the ’ '
significance of the basic factors,

(1) 9x3x2 factorial with one observation vector per cell shows the
two factor interactions non~significant, The Hotelling's Trace Statistic

was used to test for significance of the various effects while the discriminant
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function and the agsociated beta statistics test for zero regression
cocfficients in the discriminant function to show what variables are
contributing to the significant effect, il any. We refer to Morrison
(1967) for an expianation of the dificrent statistical tests used in

MANOVA,., For this design all three main effects were significant.

The subject effect was significant (P<.001), and the discriminant
function showed variables 1 and 8 contributing to this significance,
while for the treatment factor, no one variable appears to be
contributing to the significance. Variable 1 is contributing to the
significance of the BIA factor.,

The MANOVA results somewhat verify the ANOVA because in the

latter both the subject and B/A cifect were significant for variable 1;
but nowhere in the univariate analyses does variable 8 appear as
contributing to the significance of any efiect. Also, the ANOVA vyields

no significant treatment effect on any variable. Although the MANOVA .

does, no variable is apparently contributing. See Table IA for MANOVA

of 9x3x2.

(2) The 9x3 factorial gives both subjects and treatments as significant
with no variable or variables as contributing to the significance, Table IB,
(3) The 3x2 factorial gives only the B/A effect as significant with
variable 1 as the contributing measurement. The univariate procedure
somewhat substantiates this since the B/A factor was significant for only

variables 1,2, and 3. Refer to Table IC.
(4) ‘The 9x2 layout with subjects and before=-after as the main effects

shows variables 1,5,7, and 8 as contriouting to the significance of the
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B/A lactor. The univariste analyscs produces no significant subject
effect for any variable, Taulc ID gives tic partinent data,

The multivariate analysis of the above data was very sophisticated
in that, in addition to the usual MANOVA of testing for the main effects
and interactions using all the variables simultaneously, univariate
analyses are produced at the same tinie giving the complete analysis
of variance for cach variable scparately, along with pairwise comparisons
between the levels (Scheiffe, 1957) of the main efiects. Also, included was
the multivariate pairwise comparison method of Schefie using all the
dependent variables, unfortunately to test for significance of such a
comparison one necds the upper percentage points of the largest
characteristic root of the sampie covariance matrix, For the data analyzed
here, the percentage points are not tabulated f»>r the various combinations
of purameters. (Heck, 1960; Pillai, 1967).

3. Non-Parametric Analysis

(a) Univariate analyses of the data involved Friedman's (Siegel, 1956)
two-way analysis of variance for significance of the main effects in the
9%x3, 3x2, and 9x2 layouts is the non-parametric analog of the usual
parametric aralysis of variance. A recent univariate non-parametric

multiple comparison beteen levels of the main effects for either a twg or

-

one-~-way layout of McDonald and Thompson (1967) is a non-pavametric snsiog
of the Scheffe simultaneous confidence interval approach. A similar prucadure
is the new method of Rhyne and Steel (1967) that gave the same results as
that of McDcnald and Thompson.

With regard to multivariate non~parametric methods, significance

testing is in the formative stage and is based on so-called asymptotic test
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procedures, which involve 'large! sample sizes. In addition the
computational aspects are quite complicated in comparison to the
univariate methods., DBecause the bedrest trials provide relatively

small sample sizes and the computations are very involved, multivariate
procedures from a non-parametric standpoint were not attempted.
Sen(1967), Bradley, and Terry (1967) give rhe theory of some multivariate
procedures for a two-way layout.

Note that Fricdman's AOV ié applicable only ior two-way designs
because non-parametric methods for evaluating more than two main effects
are non-c¢xistent. For those two-way designs with more than one
observation per cell, namely the 9x2 and 3x2, one must use cell averages
(averaged over the number of replications) becuse Friedman's AOV uses
only one observation per cell; thus, one cannot test for interactions, and
there is no valid estimate of experimental error. Also, the procedure

¢pends on a balanced designs, and missing values present a prob.em,.

(b) The 9x3 layout with subjects and treatments as the main effects
show Friedman's AOV indicating treatments significant (P<.004) for
variable 1 only., The subject variation was not tested for significance.,
For the 3x2 layout with treatments and before-after as the main factors,
B/A was significant with variables 2 (P_f. 091), and 8 (P<. 0918), but
the treatment effect was non-significant for all variables. See Tables IIA,

IIB, and IIC for the analyses of variance,

4. Comparisons

(a) Coraputing Time
With regard to the parametric analyses, the 9x2 layout involving
univariate and multivariate analyses of variance, univariate multiple |

comparisons and multivariate multiple comparisons involved a total time

e B e P 45
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of 2.65 minutes including compiling :nd exccution time, The three
designs=-=-3x2Z, 9»3, 9x3x2 were ali analyzed with the above techniques
in 4, 06 minutes toial time., An IBM 7094 was used, and Mr. Bob
Stein wrote all the programs.

The Fricdiman's AOV was programmec by Stein using a SSP 360
routine on the 7094, The 3x2 and 9x3 layouts testing treatments along
with the multiple comparisoas took 0,99 minutes. The 3x2 testing for
B/A and the 9x3 testing for treatments ran in 1-04 minutes. Although
e computationat time f{or the non-parametric methods is less, the
degree of sophistication of the paramectric procedures is much greater,
and one would expect the computer time to be greater,

Thus with regard to computational time, the time difference between
the two programs is negligibie, and other considerations for comparison
should be taken into account.

(b) Assumptions of Stacistical Model

(1) For the univariate parametric analyses all layouts are completely
balanced, Cross classification models, such as for the 9x3x2 model,
we have
Vine = %8+ Tj + Bk.-i- (ST)ij + (SB)ik + <TB)jk + (S'I‘B)ijk

+e,.

ijk : ;
where Yijk is the observation measured or derived on the i-th subject .

(i=1,2, ... a) during the k-th time before or after bedrest

(k=0orl 0 =Dbefore, 1=after) and during the j-th time and k-th

ijk

associated with the ijk-th observation and reflects the measurement,

bedrest period respectively on the observation. e.., is the random error
P P Y
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technical, and experimental errors involved with this observation,

Now the usual assumptions are that the eijk are normally
distributed, indépendent. have mean 0, and unknown constant
variance 0'2, which is estimated from the AOV. The nurmality
assumption is needed to conduct tests of significance and set confidence
intervals on the unknown pa.raf.meters Si’ Ti’ Bk' (ST)ij' etc. The
assumption of zero mean of the eijk implies on the average, over

repeated experiments, the value of the measurement Yijk is
B+ Si + Tj + Bk + (ST)ij + (SB)ik + (TB)jk'*'“(BST)ijk

where the (ST)ij,_ etc., denote the second order and the one=-third

order interaction (STB)ijk'

Because of one observation per cell, the third-order interaction

was assumed negligible, ! The mean squares in the AOV corresponding

to this effect has average value o'?‘ and is used as the denominator to
test for the significance of the second-order and main effects.

The AOV tests the following hypotheses:

le (ST)ij = 0 ” for all i and j
HZ: (SB)ik = 0 for all i and k
H3: ('I‘B)jk = 0 for all j and k

If the above three hypotheses are not rejected (which they are not for

the 9x3x2), the texts of significance for the main effects are carried out as

H4: Si. z 0O for all i
Hg: W= 0 for all j
H6: .*-;'%;L" = R for all k
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We see from section 2 that H, was rejected when Yijk was
the average heart rate before tilt (yl). while H6 was rejected when
yijk was y,, ¥, r'or Y3
(2) For the non-parametric analysis using Friedman's AOV,
we have the following restrictions. First, only two-way layouts may
be analyzed, that is, the 9x3, 9x2, and 3x2. One may test for
significance of the main effect {actors only (the subject, treatment, or
time variation) and r.ot for the interaction between two main effects.
The reason for this being only one observation per cell is allowed in the
Friedman procedure; for example, with the 9x2 'we have three
obsérvations per cell in the parametric AOV (univariate or multivariate)
while we must average these observations to apply the non~-parametric
procedure. This in turn 'throws away' some of the data by not taking
info account the within-cell variability, the estimate of exgerimental
error. If our two-way layout had unequal cell frequencies, the Friedman
”method would have suspected applicability.
On the other hand, for our non-parametric procedure, it is not
necessary to assume the measurements are normally distributed, have
”consta.nt variance, etc., only that they are samples from a population
with a continuous .probability distribution, which is a safe assumption
fér the observations in this study.
;'nl"hus, the assumptions™f the non-parametric tests are less restrictive
than those for the analgous parametric procedures.
(c) Sophistication of the Analyses
We have seem that with regard to computing time, there is little ‘

difference between non-?parametric and parametric methods, but that

i

e
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approximation and the exact significance level based on Heck's tables) and

11

non-parametric pfocedures. when applicable, are less restrictive with
respect to the assumptions of the statistical model. Parametric
procedures we have used are all based on the assumption of normality

of the observations. When the observations are samples from normal
populations, the parametric AOV and MANOVA procedures are much more
sophisticated than the corresponding non-parametric procedures.

For example, in the two-way analyses of variance, one may test for
interaction effects before proceeding to test the significance of the main
effects. The non-parametric test assumes that no interaction is present
and’immediately tests for the main effects. For the three-way layout,
the 9x3x2, no non-parametric procedure exists while the usual AOV tests

for significance of the two-factor interactions (using the three factor

interaction as error). There are many multiple comparison methods such

as Dunnett's, Scheffe, Tukey's, etc., for the parametric, but relatively

few for the non-parametric and only used for one-way and two-way models.

The parametric-multivariate analyses are very sophisticated when one
remembers multivariate methods for non-parametric procedures are limited,
The parametric multivariate procedures as programmed by Stein are

the most sophisticated I have seen. They give the univariate analyses of
variance separately for each variable; then, produce the MANOVA using
all variables simultaneously. One comment might be in order with regard
to the MANOVA as there is no tests for interaction significance, which
could be included in the program, see Bargmaqn. F.ven so there are two
tests for significance of the main effects, namely Hotelling's trace statistic

(the program giveé an approximate significance level based on the chi-square



the Likelihodd ratio test of Wilk's. Also, the discriminant function is
computed which shows along with the beta statistics those variables
contributing to signiﬁcént effect. Another 'good' feature of the
MANOVA program is that the correlation matrix between the dependcnt
variables is listed,

It should be pointed out that Heck's charts (1960) are quite limited,

in fact, they could not be used for the Tilt-Table data; however, Pillai
(1967) has extended the upper percentage points of the largest root of
the variance-covariance (sample) matrix of the multivariate normal
distribution.

One must pay a price for such a sophisticated MANOVA and that
price is that one does not know when the dependent variables are samples
,from a multivariate normal population, and there are no statistical tests
available except for the special case of a bivariate normal.

In comparison the parametric procedures are more sophisticated,
thus tell the experimentor much more about his data than the non-parametric

analysis of variance,
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IA, MANOVA, 9x3x2, B/A

Discriminant Function is: 0. 381338 -0.055691 -0. 348082 -0.001811 0,322425 0.119790 -0.415989 0. opwuy@_
Hotelling's Trace Statistic = 361.8367 is distributed approximately as Chi Square with 9 of v
For significance of this effect consult Heck's charts for Theta = 0.957654° S = 1M = 3N = 3
Beta Statistics are = 0.08730 0.93944 0.98779 0.95941 0.82545 0.97513 0.99395 0.68362 0.99622

Significance Levels 0.01409 0.99995 1.00000 0.99999 0.99490 1.00000 1. 00000 0.94444 1.00000

Likelihood Ratio = 0. 04235
IA, AOV, 9x3x2, Variable 1 ’
DF SsS o MS FC FT

TOTAL 53. 0.101319884E 05
Subjects (9) 8. 0. 292900998E 04 0.366126248E 03 5.6897** 2,9730
TRT (3) 2. 0. 315063664E 03 0. 157531829E 03 2.4481INS 3. 2220
Before / After 1. 0.418527969E 04 0.418527969E 04 65.0407%* 7.2870

RESIDUAL 42. 0. 270264063E 04 0.643485860E 02
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1A, 9x3x2, MANOVA, Subjects

Discriminant Function is: -4. 359343 0688444 5.256241 0.820339 -4.468350 -1. 1178283 -1.025172 5. 102671 -0. 019665

513. 1516 is distributed approximately as Chi Square with 72 of
8M = ON= -3

Hotelling's Trace Statistic =
For significance of this effect consult Heck's charts for Theta = 0.956095 S =

Beta Statistics are = 0.12024 0.49536 0.81026 0.32235 0.40601 0.66071 0,41994 0.19303 0.65538

Significance levels 0.00739 0. 56118 0.98474 0.19549 0.36089 0.86794 0.39146 0.03904 0. 86080

Likelihood Ratio = 0. 00022

1A, 9x3x2, MANOV A, Treatments

Discriminant Function is: -0.789396 -0.024087 0.215264 0.205341 -0. 348921 -0.250710 0.209881 0.551551 0.323707

Hotelling's Trace Statistic = 38,5722 is distributed approximately as Chi Square with 18 DF

For significance of this effect consult Heck's charts for Theta = 0.596849 S = Z2M = 3N = 3

Beta Statistics are = 0.55958 0.99956 0.78425 0.85393 0.93123 0. 78219 O. 89939 0.94313 0. @ON@N_

Significance Levels 0.75835 1.00000 0.98200 0.99633 0.99985 0.98131 0.99924 0.99994 0.99933

Likelihood Ratio = 0. 20885




BT

AR, 0 e

bl G dagta, G AR A
S el B G I R e

TR R AT e Y

15

DF

TOTAL 53.

Subjects (9) 8.
TRT (3) 2.
Before / After 1.

RESIDUAL 42.

-~

.

1A, AOV, 9x3x2, VARIABLE 3

SS
0. 180327744E 03

0. 176400982E 02

0. 139358309E 02
0. 295851920E 02
0.119166623E 03

MS

0.220501232E 01

0.696791530E 01
0. 295851920E 02
0. 283730060E 01

FC FT
0. 7772NS 0.
2. 4558NS 3, 2220
10, 4272%* - 7.2876

-

Discriminant Function is:

Hotelling's Trace Statistic =

For significance of this effect consul

IB, 9x3, MANOVA, Subjects

t Heck's charts for Theta

0. 436442 -0.237676 0.184006 O. 440336 -0.075506 0,438

149.9125 is distributed approximately as Chi Square with 7
8M = ON = 3

0.789466 S =

403 1.134904 -0. 386704 0.494872

2 DF

Beta Statistics are = 0.40699 0.85443 0.64321 0.74342 0.83844 0.63475 0.52177 0.33396 0. 55296

Significance Levels = 0.36301 0.99476 0.84368 0.95126 0.99198 0.83113 0.61927 0.21599 0.68476

Likelihood Ratio = 0. 00953
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IB, 9x3, MANOVA, Treatments

Discriminant Function is: 0. 720546 0. 104288 -0.958602 -0. 130870 0.631071 0.104507 0. 262051 -0. 169963 0. 116725

Hotelling's Trace Statistic = 48. 3055 is distributed approximately as Chi Square with

For Significance of this effect consult Heck's charts for Theta = 0.697190 S =

18 DF
= 3N = 3

Beta Statistics are = 0. 46222 0.88011 0.96678 0.72351 0. 79837 0.95827 0.92865 O. 98936 0.88191

Significance Levels 0.56602 0.99840 0.99999 0. 95285 0.98626 0.99998 0. 99983 1.00000 0.99850

Likelihood Ratio = 0. 17639

IB, AOV, 9x3, Variable 1

DF SS . MS
TOTAL 26. 0. 289843933E 04
Subject (9) 8. 0. 116646501E 04  0.145808129E 03
(B-A) TRT 2. 0.931425095E 03 0. 465712547E 03
RESIDUAL 16. 0.800549805E 03  0.500343626E 02

FC FT

2. 9142* 2.5900

9.307g9** 6.2300

-— e e b b e M R R B
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IC, 3x2, AOV, Variable 1

DF SsS MS FC FT
TOTAL 53. 0.101319884E 05 |
TRT (3) 2. 0.315063468E 03 0. 157531738E 03 1.3986Ns 3. 53 .
Before / After 1.  0.418527994E 04 0.418527994E 04 37. 1586%% N.@mw,
RESIDUAL  50. 0.563164744E 04 0.112632952E 03
IC, 3x2, Variable 4
DF ss MS FC  FT
TOTAL  53.  0.264799215E 04 o
TRT (3) 2. 0.616449509E 01 0.308224736E 01 0. 0521NS c :
Before [ After 1. 0.159478509E 03 0. 159478509E 03 3.2122NS m.,.ﬁ%  ,
RESIDUAL 50. 0.248235548E 04 0.496471088E 02 -
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IC, 3x2, MANOVA, Treatments

Discriminant Function is:

Hotelling's Trace Statistic = 19.5134 is distributed appr. . .:nately as Chi Squarc with 18 DF

For significance of this effect consult Heck's charts for Theta = 0. 224519 S = 2M = 3N = 19

Beta Statistics are = 0.94252 0.99592 0. 90448 0.98153 0.96389 0.92093 0.99355 0.99681 0.94766

Significance Levels 0.97895 1.00000 0.88640 0.99977 0. 99636 0.93708 1.00000 1.00000 O. 98503

Likelihood Ratio = 0.69426

0. 000894 -0. 004166 -0.034607 -0.004330 -0. 000108 -0, 009323 0.003012 -0. 000638 0.C

06144

IC, 3x2, MANOVA, B/A

Discriminant Function is: 0.013148 0,001852 -0. 022227 0.008838
56.0232 is distributed approximately as Chi Square with 9 DF

For significance of this effect consult Heck's charts for Theta = 0. 538565 S = IM = 3N = 19

Hotelling's Trace Statistic =

Beta Statistics are = 0.55243 0.97481 0.93294 0.94830 0.99860 O. 99168 0.99386 0,98442 0. 99963

Significance Levels 0.00289 0.99922 0.96649 0.98685 1. 00000 0.99999 1.30000- 0.99990 1.00000

Likelihood Ratio = 0.46144

& 0.010303 -0.001846 -0,003819 -0. 007956 -0.001007
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iD, 9x2, MANOVA, Subjects

Diccriminant Function is: -0.633963 0.130824 2.647609 0.244134 -1l. 338018 -0, 183073 -0,407812 0.779871 -0. Séuw
Hotelling's Trace Statistic = 253. 7696 is distributed approximately as Chi Square with 72 DF | >
For significance of this effect consult Heck's charts for Hrmww = 0,720247 S = S8M= ON= 17 |
Beta Statistics are = 0,50746 0.66448 0. 87510 0.65801 o 58273 0.86376 0.59720 0.55827 0.83435

Significance Levcls 0.00162 0.06556 0.81162 0,05811 0.0 1178 0.76297 0,01647 0.00647 0. 62367

Likelihood Ratio = 0,02719

@
3

, 6x2, MANOVA, B/A -

Discrimindnt Function is: 0.035457 -0, 001622 -0. 092793 0.008252 0.051760 0.007313 0.001662 -0. 043700 ' 0. 005181
Hotelling's Trace Statistic = 115.3031 is distributed approximately as Chi Square with 9 DF LT

m‘OH significance of this effect consult Heck's charts for Theta = 0,723797 S = 1 M = 3N = 17
Beta Statistics are = 0,41895 0.96184 0.87657 0. 99013 0.94029 0.99634 0. 99703 0.84993 0.99478
Significance Levels 0.00012 0.99719 0.82940 0.99999 0.98431 l. 00000 1.00000 0,71578 1.00000

Likelihood Ratio = 0.27620
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RANK MATRIX HAS

FRIEDMAN'S TWO WAY AOV IIA, 9x3, Variable 1

2. 00000
3. 00000
3. 00000
3. 00000
1. 00000
2. 00000
1. 00000
2. 00000
1. 00000

3.00000
2. 00000
3. 00000
2. 00000
3. 00000
1. 00000
1. 00000
1. 00000
2. 00000

3.00000
3.00000
3. 00000
2. 00000
2.00000
2. 00000
1. 00000
1. 00000

- 1. 00000

Friedman's Statistic (Chi Square SUBR) = 10.88889DF = 2 PValue = 0,00481198

FRIEDMAN'S TWO WAY AOV 1IIB, 3x2, Variable 2

RANK MATRIX HAS

2.00000 2.G0000 2. 00000 2. 00000 1..00000 2, 00000

Friedman's Statistic (Chi Square SUBR) = 2,777780DF = 1 PValue = 0.09182956

L
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ABSTRACT

Thils report describes a system designed to ald In
the investigation of relationshlps that may exlst between
physiological varlables and the depth of sleep. Analog com-
puter cidcultry was developed to preprocess electrocardlogranm
(ECG) and respiration (ZP) signals to provide several charac-
teristics of the cardiovascular and resplratory systems which
have previously been shown to be related to the depth of
sleep. The relationship of these variables (heart rate, var-
lance of the heart rate, respiration volume, respiration rate,
and the variance of the respiration rate) to the electroen-
cephalogram (EEG) derived depth of sleep 1s computed by cal-
culating the appropriate correlation coefficients and forming
a linear additlve model of the variables. Thils model can be
investigated to gain insight into possible functlonal rela-
tionships between the variables and to provide a basis for
future consideration of more meaningful predictive models.

The system has been designed to provide flexibillity
for future consideration of other measurements that may con~
tain sleep-wakefulness information, as well as for alteratlon

of the linear model.
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AUTOMATED ESTIMATION OF THE DEPTH OF SLEEP

I. Infroduction

Volumes have been written and complled solely on
the various aspects of sleep. The subject has been broached
from philosophical, psychological, and physiological view-
points, but introductory remarks in the literature frequently
c¢oncede that very little 1s known about sleep. Although this
may have been true in even the recent past due to an unreason-
able lack of scientific investigation, the last decade has
witnessed a renewed interest in sleep research that is pro-
viding pockets of information based on sound experimental
design. However, a theory explaining the mechanism of the
cycle of sleep and wakefulness is still lacking.

In the last one hundred years, and particularly
since the advent of the electroencephalogram (EEG) in 1929,

the concept of depth of sleep has evolved. This concept has

- permitted quantificatlion of sleep, and though by no means

absolute, the quantification has produced a frame of refer-
ence for the researcher. An interesting aspect of this
quantification was that 1t caused reconsideration of the

significance of many conventional indicators of sleep such
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as slow, even resplratlon and reduced heart rate. In fact,

on recen' Geminl orbital space flights, physlclans charged
with the responsibllity of monitoring the vital functions of
the astronauts attempted to estimate whether or not the astro-

nauts were asleep by observaticn of heart rate and respiration

depth and rate as revealed in the telemetered electrocardlo-
gram (ECG) and impedance pneumogram (ZP).

The criteria used for the estimatlon was stralght-
forward., If the heart rate was low and the resplration rela-
tively low in amplitude and regular in rate, the astronaut
was Judged to be asleep. The exact time of falling asleep
and the level of sleep at any one polnt of time were diffilcult, §
if not impossible, to Judge by visual observation of the raw
data. Periods of arousal from sleep were interpreted by
noticing sudden increases in heart rate and could usually
be well defined in time. However, the adequacy of a given

sleep period was Judged by the subjective reports of the

astronauts in combination with the monitoring physicilans'
interpretation of the data during the supposed sleep period.
In order to (a) optimlze work-rest cycles during flights,

(b) make any necessary readjustments of sleep or work periods,




and (e¢) to render opinlons as to whether a c¢linically signif-
icant sleep deflcit may exist In an astronaut, 1t is neces=-
sary that a more objective measure of sleep be avallable for
use during orbital Tlights.

The only c¢linically acceptable method of determina=-
tion of the depth of sleep that i1s avallable at the present
time is through the interpretation of the EEG, which itself
contains all the required information regarding sleep. Its
use 1in space flight, however, has three disadvantages:

(a) The monitoring physicians would regquire

several months of training in EEG interpreta-

tion.

(b) Presently available EEG electrodes present

problems in application and durability. They

must be applied to prepared sites and are easily

dislodged and uncomfortable to the wearer, thus

presenting critical problems in long duration

space flights.

(e) The telemetry of the EEG to ground receiving

stations would require additional bandwidth and

on-board hardware.




The primary objective of thils research was to de-
silgn a flexible hybrid computer routine which could be used
in the investigation of experimental models which relate
various physiological varlables to the sleep-wakefulness
states of an individual. The ultimate use of such a systen
would be to provide a reliable, simplified on-line monitor-
ing technique to determine the depth of sleep. The poten-
tial for extendlng such techﬁology into c¢linical situations
such as bedside monitoring, multiphasic screening, and sur-
gical monitoring could then be explored using similar
technlques.

Indications that such a study might yleld positive
results have been obtained from previous reports in the 1lit-
erature and a limited analysis of data from the Gemini VII
orbital flight. A qualitative relationship between EEG sleep
level and heart rate and respiration on Astronaut Frank
Borman has been deseribed Ty Maulsby (19), and further pre-
liminary studies were proposed and conducted by Maulsby and
Vogt (20).

Chapter II consists primarily of a review of re-

cent literature that reports studles directly related to the
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speclal 1lnterests of this project. For general information
on the various aspects of sleep see reports by Kleitman (15),
Oswald (21), and Jouvet (13), all of which contailn comprehen-
sive bibllographlies. Kleltman, for example, lists 4,337 ref-
erences. Chapter III includes a limiived review of automated
EEG analysis techniques. Burch (6) and Brazier (4) have pub-
lished accounts consldering the more general aspects of the
subject. Chapter IV describes the system and Chapter V de-
scrlbes the system testing and samplc results. Documentation

of the system 1s included in the appendices.



II. Physiological Indications of Sleep

The concept of sleep lacks a concise definition due
to the lack of an accepted theory on the mechanism of the
sleep~-wakefulness cycle and to the confuslon between the state
of sleep and that of unconscliousness. Even so, sleep 1s a
familiar, naturally occurring phenomena, and throughout the
hlistory of its investigation there has been general agreement
on the more obvious characteristics of sleep. Some of the
mcst anclent and widely accepted characteristics have a writ-
ten history dating back to the time of Aristotle (2). The
observation that respiration becomes slow and regular during
human sleep has been documented by early studies (15) as well
as the daily (or nightly) experience of persons observing |
sleep. The observation that the heart rate is reduced during
sleep also ﬁas a long history and has been supported, although f
refined and qualified, by more recent studies (5, 14, 27).
These two observations comprised the major portion of the
earliest physiological study of sleep.

K}eitman (15) has traced the history of attempts
to quantify%the depth of sleep dating from the first reported

effort over one hundred years ago. The concept of depth of




sleep is usually exprecsed (a) as a function of the intensity
of stimulus required to evoke some criterion response, or
(b) in terms of the magnitude of change of some continuously
recorded physiological or behavioral variable. There are
many problems with these various measurements of the depth
of sleep, the most serious heing that the different indica-
tions of depth of sleep do not run synchronously during a
sleep period so that the estimation of the depth of sleep
varies with the measurement used to quantify 1t. H. L.
Williams (29) discussed many additional problems assoclated
with quantifying the depth of sleep.

In spite of these problems and the belief by many
(15, 29) thét it is inadequate to determine the depth of

sleep from é single variable, the EEG determination of the

depth of sléep (7, 10, 17) has gailned such wide acceptance
that 1t has%become the sole criteria used in most recent
investigations. EEG definitions of?the depth of sleep have

undergone cﬁanges of an evolutionary nature, but presently

the definition by Dement and Kleitman (7) 1s the most often

quoted in tﬁe literature. Several aspects of these EEG

definitionsﬁof depth of sleep will be discussed in the next
%
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chapter. The acceptance of this central criteria for quan-
tifying sleep, coupled with the discovery by Aserinsky and
Kleitman (3) of the rapld eye movement (REM) phenomena of
sleep, was instrumental in initiating the renewed interest
in sleep research.

The development of a definition of depth of sleep
and the revelation of the c¢yclical nature of normal sleep
reopened investigation on the relationship of common phys-
lological variables to the sleep-wakefulness cycle. Sig-
nificant to this project are those studies of the effect of
sleep on the respiratory and circulatory systems.

Brooks et al (5) in 1956 réported a study in which
the relationship of changes in heart rate and the depth of
Sleep were investigated. In their s@udy one=minute samples
of EEG, ECG, and heart rate were collected at 17-1/2 minute
intervals. The EEG was visually scored for depth of sleep
according to the criteria of Gibbs and Gibbs (10). The sta-
tistical presentation of the data inithis report was rather
inadequate, since only a few graphs §nd data from selected
subjJects were presented. Their'conc}usions, however, seemed

to be based on the total experilence of the investigation, and

% , z
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they stated that the data presented was representative of
that collected in the experiment. By visually observing
scatter plots of average nightly heart rate and average es-
timated depth of sleep and by calculating changes in heart
rate or cardlac acceleration associated with changes in
depth of sleep they stated:
These results suggest that changes in sleep depth
are reflected more in the labllity of the cardiac
cycle length than in changed average heart rate.
- Also,
‘ When different subjects are compared, it 1s seen

- that there 1s no relationship between the average
heart rate and depth of sleep.

Based on the high incidence of cardlac rate increases

FW

corresponding to changes in level of sleep, they concluded:

One of the best justifications for using the EEG

to ldentify the depth of sleep 1s the fact that in-
dependently-made. measurements of heart rate changes
. show such exact correlation with EEG identifled

! sleep changes.

e et

- In 1964 Snyder et al (27) reported on the chauges

in respiration rate, heart rate, and systolic blood pressure
in human slgep. The EEG was recorded (continuously) and vis-
- ually scoreé for EﬁG stage according to the criteria of Dement

and Kleitman. (Refer to pages 14 and 15 of this thesisé)

}
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From this data all acceptable five-minute samples were selec-
ted representing the various levels of sleep, and from these
sections of data the heart and respiratory rates were manu-
ally counted on the basis of thirty-second averages. 1In ad-
dition, systolic blocd pressure was recorded for each minute
of the samples. A varlabllity index was calculated for each
of the above three varlables for the five-minute intervals.
The data was then pooled, and the Scheffe (25) multiple com-
parison proéedure was used to test the significance of the
differences between stages of sleep. Stages III and IV were
grouped "in order to provide a body of data comparable to
that for the other stages." They found that:
Nll three measurcments and thelr variabllity
indices showed consistent and significant changes
over the whole night of sleep and perlodlc vari-
ation concomitant with the EEG cycle within each
night of sleep.
Thelr concfusion, however, was that the periodic variation
of the mea%ured variables was due only to the stage I-REM
sleep and éhat significant differences of these changes were
not consistent with relation to stages II and III-IV sleep.

The hemodynamic changes assoclated with sleep

were studled by Khatri and Freis (14). In addition to

!




11l

various measurements related to hemodynamics, the heart rate
and respiration were monitored throughout the periods of
sleep. The signiflcance of the changes of the mean of the
measures between levels of sleep was calculated, and their
results concur with those reported by Snyder et al.

The studles described above represent the most sig-
nificant and recent investigations of the relationship of the
heart rate and respiration rate to the depth of sleep. The
most significant results reported in each of ‘“he studles were
those reflecting the changes of the variables from thelr bas-
al or presléep values, These changes were shown to have a
significant relationship to the sleep profile, whereas the
absolute values of the varliables seemed to depend on other
factors such as those affecting the metabolic rate of the sub=-
jeet. Even though a significant relationship had been shown
to exist amnng the variables, it haé not been found to bve a
sensitive epough indicator to yield a quantification of the

sleep levels. Snyder et al (27) concluded:

If EEG patterns are relia$1e indicators of sleep
depth, then 1t appears that [heart rate, respira-
Qion rate, blood pressure, and their variances]

.. + o« a&re not.

H
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The previously reported attempis to ldentifly a ree-
lationship be“ween these variables are lacking in that (a)
there are no reported studles decslgned to investligate the
phase or temporal relatlonships of the varlables, and (b)
there have been no attempts to find a "new" indication of
depth of sleep based on the comblned information fron sev-
eral varlables. The use of hybrid computation, as reported
herein, allows such an approach as well as permitting the
use of preprocessing circultry which continuously derives

the varlables of the study from the raw data.
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III. EEG Determination or Depth of Sleep

A. Electroencephalographic Classification of the Depth of
Sleep

As mentioned in the previous chapter, definitions

of the depth of sleep based on the EEG have produced a com-
mon reference criteria that aliows comparison of the work of
different researchers on the varlous aspects of sleep. The
appeal of the method is that investigation has verified its
reproducibility of Interpretation within relatively narrow
limits, both between and within observers, and the EEG is now
included as a portion of most studlies involving sleep.
Followling Berger®s discovery of the EEG, the con-
dition of altered cerebral states durilng sleep was detected,
and several methods of classifying these states were devel-
oped (7, 10, 17). All such methods have depended ih some
way on the alterations of the amplitude, frequency, and pat-
tern complexes that are conslildered to be characteristic of
the altered cerebral states. Loomis et al (17) and Gibbs
and Gibbs (10) developed two of the earlier classification
schemes, but the disco#ery of the REM phase of sleep and
the Dement and Kleitman (7) classification of four stages

of sleep combined to produce the most unified and widely

13
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accepted definltion of sleep levels. Samples of EEG slignals
typlcal of the categories described by Dement and Kleil .'an,
in addition to the characteristic EEG patterns corresponding
to full wakefulness and the resting or eyes closed rhythnm,
are shown in Flgure 1 as follows:
Awake (Figure la): A desynchronized, low voltage,
high frequency EEG characterizes the normal alert
state.
Resting (Figure 1lb): The assumption of a relaxed
state by the subject with hls eyes closed results
in the characteristic alpha rhythm. These very
regular waves occur at frequencies between 8 and
14 cps with the frequency relatively stable in an
individual. Specific mental activity or opening
of the eyes results in cessation of the alpha
rhythm and the assumption of the low voltage
desynchronized wave form.
Stage I (Figure lc): The first stage of sleep
is characterized by the absence of the alpha
rhythm and the presence of relatively low voltage

theta wave forms (4 to 8 cps). The appearance



of "sleep spindles" (short bursts of 14 cps ac-

tivity superimposed on low frequency waves) ter-

minates stage I sleep.

Stage IT (Figure 1d): This stage comprises that

portion of the record that consists of spindles

with a low voltage background and intermediate
segments of low voltage theta activity.

Stage III (Figure le): This stage 1s described

as an intermedlate stage characterized by the

appearance of high voltage delta waves (less
than 4 cps) with some superimposed spindles.

Stage IV (Figure 1f): 1In this case at least

half of the record must be dominated by high

voltage delta waves.

A conslderable amount of Judgment on the part of
the investigator 1s incorporated into the interpretation
of the stage of sleep from EEG records. Usually the decl-
slon 1s made on the basis of evaluation of one-minute seg-
ments of the record, but thls length may vary among inves-
tigators. Each consecutive segment 1s glven a value cor-

responding to the stage of sleep it represents. When an

15
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Figures la, 1lb and lc

Occipital-Parletal Bipolar EEG
Samples Depicting Various Stages of Sleep
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entire record has been interpreted in this manner, the
information can be presented as a continuous profile

of the sleep period such as shown iIn Figure 2. This
typical record lllustrates the cyclical nature of the
depth of sleep. Except for the stage I period at the -
initial onset of sleep, all subsequent stage I pefiods
are accompanied by REMs (7) and the assoclated varia-
bllity of heart rate and respiration variables mentioned
iIn the last chapter. These perlods are known as the
stage I-REM perlods of sleep.

Since the production of a profile of sleep re-
quires a continuous graphic record of the EEG with a chart
speed sufficient to allow detalled inspection of the wave
form, large quantities of the record are accumulated. The
visual interpretation of tﬁe record 1s usually described as
tedlious and time consuming and requires trained personnel to
obtain reproducible results, thus indicatlng that there are
practical as well as academlc reasons for pursulng alternate
methods of analysis. Numerou§ means of automatic analysis
of sleep from EEG have been investigated, but none of the

proposed methods have gained wildespread acceptance. To gain

g s gl
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such acceptance, a method for automatic analysis of the EEG §
should meet a basic set of requirements which might be stated |
as simply as the followlng:
(a) The ability to reproduce records that differ
from human interpretation by no larger a margln
than that expected between lndependent humén in-
terpreters 1s des.irable.
(b) In addition to being a measure of economy,
the abllity to analyze data at real time or faster
than real time rates 1s necessary to prevent the
accumulatlion of data in large studles. Although
inexpensive hardware verslons might be made avall~
able for analysls during the collection of data
and would be requlred to operate no faster than
real time, methods requlring the services of large
scale computers should have the ablllity to operate é
much faster than real time.
(¢) Another factor of relative importance is that
simple, easy-to-operate equipment is desirable over
that which requires lengthy tralning of personnel

to properly establlsh and maintailn.
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(d) In many instances the acceptability of such i
an analysls would depend on the form of the out=- ' é
put information. It 1s desirable that such in-

formatlon would not require subsequent interpre-

tation, and the most convenlent output would be
the sleep profile itselfl or some form which is

adaptable to this type of presentation.

B. Automated Analysils of EEG Determined Depth of Sleep

The following few paragraphs are a brief review
of the fleld of automatlc depth-of-sleep analysis. The in-
tent 1s to describe some of the more familiar methods of
depth-of=-sleep analysis to provide background information
pertalning to the method of analysis chosen for.this study.

The amplitude change of the EEG signal which ac-
companles alteration in the level of sleep has been the
focal point of several approaches to automated depth-of-
sleep analysis. One very direct approach 1s simply to
measure the energy content of the EEG by integration of
the rectified voltage wave form. An integrator designed
specifically for EEG analysis was presented by Drohockil

in 1948, as cited by Goldstein and Beck (11l). Drohocki's
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mechod was to charpge a capacitor through a high paln pentode
and to dlscharge the capaclitor through a thyratron tube at a
presclected limlting voltape. The larpge plate recistance of
the pentode and the amplification of the capacltor value (due
to the Miller effect) allowed time constants sufficiently
long to extend the linear portion of the charging curve to a
practical value. The capacitor dlscharge triggered a mono- |
stable multivibrator which produced a pulse as the output of
the cilrcuit. This train of pulses, representing the energy
content of the EEG, could then be subjected to statistical
analysis or processed by additional circultry to derive or
enhance the desired information.

Goldstein and Beek (1l1) indicated computations based
on the mean energy content (MEC) of the EEG as derived from
the train of pulses and the coefficient of variation (CV) of
the MEC determinatlion to distingulsh between differing subject
populations. They also suggested that these measures may be
used to define a normal population of EEG values to serve as
a basls for studies of abnormal EEGs. Many clinical studles
of the various EEG populations are referenced in thelr

paper.
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Agriew et al (1) used the amplitude measurement of
Goldstein and Becx in a preliminary study of 1ts appllcation
to scoring the sleep EEG., By forming a hlstogram of the
mean energy measurcment {MEC) based on one-mlnute averages,
they dlsplayed a sleep proflile approximating that of the
visually scored record. DBased on fourteen subJect-night
records they reported correlatlions between vlisually scored
sleep stage and the MEC value ranging from 0.72 to 0.96 with
all but four coeffilclents above 0.85. They did not indilcate
whlcit portion of the record contributed the most error, but
the hlstograms dlsplayed in thelr paper suggest that 1t was
probably present in the lighter stages of sleep (stages I
and II) and 1n the discernment of wakefulness and stage I
sleep. They dild not indlcate values based on pooled data but
stated that intrasubject differences were "insignificant" and
that IlntersubJect differences were "significant at the 0.05
level."

Maulsby et al (18) achleved similar results by re-
placing the integrator and multivibrator of the circuit with
a simple RC filter. Thls replacement combined the integra-

tlon and averaglng of pulses of the previous method and, most
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Iumortant, revliaced tihe aeed Jor wmanuul plotting of the rec-
ord. Although no comparavive data was presented, vicual Iin-
spection indlcates that they may have galned resolution of

the lower levels o sleep by scelectively flltering the input

EEG signal to attenuate ail but the delta and theta frequen-

In addition to analysls based on the ampllitude of
the EEG, there have been continuous efforts to characterize
the signal by using frequency analysis techniques (6). . Early
attempts to derive specific information seem to have resulted
in frustration, as exemplified by Grass and Gibbs (12) after

thelr experiences.

Much experimentaticn with the data finally leads

to the conclusion that, although frequency analy-
sis has advantages for reveallng certain general
features of the EEG, it 1s not satlsfactory for
clinical purposes. No index, elther simple or come
plex, based on one or on many spectra from a given
case, can express the highly specific detalled in-
formatlion contained 1in the EEG.

The limited success of these early attempts with
frequency analysils probably can be related to three factors

as follows:

(a) The attempts were made at a time when many of
the more objective criteria for present-day sleep

analysis were still unknown.

o e
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(b) The lengtny computatlion churacterlstic of
frequency analysis techniques (such ag the Fourler
serlies) had to be accomplished without the bene-
fit of high speed computers.

(¢) The filter circults that were used for early

analysls would be considered primitive by present

standards.

The more speclific criterla avallable when the analy-
sis 1s limited to the detection of sleep levels and the usage
of rapid computation have permitted additlional progress of
such analyses, but only to the point where problems inherent
in the frequency aspects of definitlons of depth of sleep
have intervened. Specifically, the criterla pertaining to
frecuency alone do notﬂéeem to be restrictlve enough for con-
cise discrimination of the depths of sleep. Walter et al
(28) used a dlgital spectral analysis routine to segment EEG
samples of varying states of consciousness (not sleep) into
four bandwldths (delta, 0.5—3.5 cps; theta, 3.5-7.5 cps;
alpha, 7.5-12.5 cps; and beta, 12.5-25.5 cps). On each fre-
quency band three parametérs were derived: the power, or

mean-square intensity; the mean frequency within the band;
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tive of those parameters for discrimlnation between the var-

lous sampies. Thelr concluslons were that those parameters
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which were selected for the pooled data did not correspond
in each case to the parameters selected for indlvidual data.
Because they were unable to lnclude experimentation to test
the ilandividual results for conslstency, this 1s possibly
another case of intrasubject consilstency and 1lntersubject
variability.

Riehl (23, 24) reported a method of automatic an-
alysis of the EEG that was based on the ratlo of frequency
and anplltude measures of the EEG but was not specific in
defining or showing the derivation of his varlables. The
ratlo that he developed (frequency/voltage) was defined as
the "unit of activity" and fluctuated in relation to the
various states of cerebral activity. Rilehl showed data
indicating that this ratio changed in mean value and vari-
ébility 1n relation to changes in the level of sleep, but

no experiment designed to verify and quantify the relation-

ship has been found in the literature.




A A T T S R B I N R A 2D PP QR
Another mceihod, devised by TFrost (9), cembining

2 " SRR PN o ey s K P e 2 KN [ S K -
ted for further stuwy in conjunction with this project. In

b

his method the frequency/voltage relationship may be described
as:

ol
7

Y

,v) = G(f) - E(f,v)

where G{(I) is procportional to the fundamental frequency of
the EEG and H(f,v) is proportioral to the freguency of ex-
cursions of the signal above a fixed amplitude. The ration-

ale for selecting this type of relstionship i1is that the ap-

b

pearance of hign voltage wave rorms wlll emphasize the re-
duction of signal freguency in the defined relationship.
Unpublished studles by Frost indicate a good correlation
between visually scored depth-of-sleep records and those
produced by Frost's method. The major reason this method
was selected for use in this research was the conformance
with all portions of the criteria listed on pages 20 and 21
of this report.

The clrcuitry required to implement the system is
incorporated into the analog signal processing portion of the

hybrid routine described in the following chapter. The analog
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circuit diagram and the coefflclent values are shown and

listed in Appendix A.
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IV. Preprocessing and Analysis of Data

Most previous investligations of the relationshlp
between various physiological measurements and the EEG de-
termined depth of sleep have been characterized by manual
processing and interpretation of the raw data. 1In explor-
atory studies the time and expense involved 1In such data
processing could well be a limiting factor in the inltia-
tion or extension of a research project. A deflnite aid
in such projects would be an automated system to derive the
varlables of the study from the raw data and to calculate
the relationships that exist among the data on high speed
digital computers. Such a system would allow the principal
efforts of the research to emphasize the collection of suf-
ficient data to test the premises of the study followed by
the initiation and testing of hypothesis based on the ac-
cumulated information.

The characteristices of a hybrid compuﬁation system
are particularly suited to a flexible analysis procedure such
as that desired. The development and use of signal preproces-
sing circultry on the analog portion of the system permits the

derivation of signal varlables such as rates and variances on

29



| Sl |

PR

| Saat

30

a continuous basls elther 1n on-lino‘applications or at mul-
tiples of real time. This Involves the extraction and em-
phasis of characteristics of a signal that may otherwlse be
obscured by noise or artifact or not apparent in the standard
presentation of the signal. As information ls transferred
through the interface (analog to digital converter), the digl-
tal portion of the system can accomplish such derivations of
additional parameters and measures of the data that are more
sulted to digital computation. Coinciding with the deriva-
tion of variables, statistlical analyses can be performed on
the digital computer, and utilizing the interface and periph-
eral equipment (digital to analog converter, plotter, etc.),
wave forms can be reconstructed for visual interpretation and
further analog processing.

In épplying these hybria technliques to the study
of physiological variables relating to the depth of sleep,
limitations are necessary but should not be construed as
fundamental to the system. Alteration of the proprocessing
circuitry will allow the study of varlables other than those
selected, and additional digital programming will allow al-

teration or extension of the statistical analysis.

i P . i i
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The hybrld routine reported in this chapter may be
described as a system which accepts EEG, ECG, and respiration
data from analog tape at real time or multiples thereof and
utilizing analog circultry derives six varlables as follows:

(a) The EEG determined depth of sleep using the

method devised by Frost;

(b) An average of the beat-by-beat heart rate; %

(¢) An indication of the varlance of the heart ’

rate;

(d) A qualitative measure of the respiration

volume;

(e) An averaged respiration rate; and

(f) An indication of the variance of the respira-

tion rate.

As these varlables are determined, they are digi-
tized, and correlation coefficients and a regression analy-

sils are computed on the digital computer. Following the

computation of the regression coefflclients, a second pass
of the analog tape results in the reconstruction of the es-
timated varlable and analysls of the residuals. For the

initial studies a model was used in which a linear combinatiocn
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of the five independent varlables i1z regressed agalnst the
dependent varilable, depth of sleep. This 1s of the form:

Y = bo + blx1 + b2x2 + b3x3 + buxu + b5x5 + e

where

Y = depth of sleep

X, = respliration volume

X, = resplration rate

x_, = variance of the respliration rate

xu = heart rate

x_ = varlance of the heart rate

bo, bl’ s o+ s b5= regression ccefficlents

e = error of the regression

A block dliagram illustrati%g the information flow
through the system is shown in Figure 3. Detalled analog
computer circults and the digltal computer program are docu-
mented 1in £he appendices.

The general feétures of each of the component
blocks will be considered in the following paragraphs. The
resulting voltage levels are not calibrated to absolute

parameter values due to the previous reports (5, 14, 27)

that these absolute values were not significant when related
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to the depth of sleep. Significant information relating to
the depth of sleep has been found 1in base llne trends and
changes from the basal values. A measure more sensltive to
these fluctuations around the base line can be devised 1if
the absolute value of the signal is not retained allowing
the ampliflcation to be increased.

EEG Preprocessing

The method used to derive the depth of sleep from
the EEG was briefly described in the previous chapter. The
block diagram and ldealized wave forms of Figure 4 1llustrate
1ts general operational features as described below.

The raw EEG signal (Figure 4a) (occcipital-parietal
bipolar lead) is initially amplified énd passed through a
1-11 cps bandpass filter (ﬁigure 5). This filtering removes
many of the slow wave artifacts in the delta band as well as
eliminating any DC offset voltage that may be present. As
mentioned earlier, the removal of the higher frequencies
seems to help discriminate between stage I sleep and wake-
fulness. The filtered signal (Figure U4b) is then presented
to the comparator portion of the circuit. Comparator 1 in

the block diagram switches when the input rises above a

o
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a prescelected value. This value ls empirically derived for
each subJect and 1s set to a voltage level Just above the
dominant alpha rhythm ampllitude. Comparators 2 and 3 are
set to indlcate the dominant frer -1cy of the filtered EEG
by detecting excursions across the base line of the signal.
Comparator 2 switches when the slgnal amplltude has a small
positive value and 1ts output (Figure 4d) sets a flip-flop
which is reset by the output of comparator 3 (Figure hde).
Thls comparator is set to detect small negatlive signal
values. By blasing the comparators off the base line in
thils manner, the common problems of zero signal detection
in nolsy signals can be minimized. In addition, this bilas-
ing allows indlcatlon of abnormal EEG conditions since ex-
tremely small amplitudes or nolse levels wlll not trigger
the clrcult.

The leading edge of the output pulses of the com-
parator circultry triggers the monostable multivibrators.
The output of comparator 1 (Figure U4c) triggers a train of
negative pulses, and the output of the flip-flop (Figure if)

triggers a train of posltlive pulses. These fixed duration

and amplitude pulses (Figures U4g and 4h) are combined and
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processessed by the final stage, whlch includes averaglng of
the pulse traln with a second order fllfer and scaling the

output signal to the desired amplitude. In Figure 6 the re-
sults of the analysls of a sample sleep EEC and the associl-

ated visually scored record of the raw data are lllustrated.

0 db T EEY

10 b /
| )
e / \

1 10 100 cps

8-88 cps for operation at elght times.real time.

Filgure 5

EEG Fllter Frequency Response
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Respiration Signal Preprocessing

Methods used to transduce respiration into an elec-
trical signal can be susceptible to the 1lnclusion of various
artifacts. Band pass filtering can aid in reducing much of
the artifact, but since slow wave artifact may also be pres-
ent 1n the range of frequencies that comprise normal respi-
ration signals, the possibillity of disturbances remains.
After experimenting with various techniques under nolsy sig-
nal conditions, it was found that the most reasonable method
of rate determination 1s achleved by narrowling the pass band
from the high frequency end so that the signals representing
the highest desired respiratlion rates are attenuated bHut
still detectable. In combination with this reduction, the
signal can be made more insensitlve to remalning artifact
by employling an averaging technique in the circult. The
pass band cannot be narrowed significantly from the low fre-
quency side, since slow and held breaths are quite common,
and the attenuation of thelr fundamental frequency componeﬁts
can lead to erroneously high rate determinations. The pass
band used in this circult was appro§imate1y 0.05 to 0.7 cps

as described by Figure 7. The circuit shown in Figure 8

N ST T o e,
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0 db ]
-10 db
-20 db : -
0.1 1 10 cps
Figure 7

Respiration Rate Fllter Frequency Response

Y n—————————
‘BEND PASS | LIMITING \ COMPAR-
respTrATTON| FILTER AMPLIFIER ATORS
SIONAL |Figure 7 [ |
[ PULSE | EMP

| SHAPING | MEAN

Figure 8 °

Block Diagram of Resplratlion Rate Detection Circuit
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allows detection of breathing rates ranging from 4 to 50
breaths per minute. The method is not insensitive to the
detection of all artifact and 1s not applicable to breath-
by-breath studies, but it 1s adequate for applications that
do not requlire those features.

Using the same basis for Judgment, a qualitative
determination of the respliration volume can be made by first
filltering the respiration signal to remove DC voltage levels
and slow wave artifact with the filter described by Figure 9

and then full wave rectifying the signal and averaging 1t

O db TR
-10 db
-20 db '
0.1 1 10 cps
Figure 9

Respiration Volume Fllter Frequency Response
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with a long time constant filter. This method 1s applicable
to the derivation of volume from respiration signals which
are transduced as qualitative indicators of respiration in-
formation. As an example, the lmpedance pneumogram, which
is used in space fllght appllications, is not easily call-
brated to yield a quantltative respiration volume sighal
(16).
ECG Preprocessing

Detection of the cardiac rate can also be hlndered
by artifact, but the effects of the artifact can be eliml-
nated in all but the most severe cases. The block diagram
of Figure 10 illustrates a circuit that has proveﬁ satisfac-
tory for the determination of the beat-by-beat heart rate.
A band pass filter (Figure 11) which spans the predominant
QRS complei frequencles and a dead time after the detection
of the QRS complex accomplishes the elimination of most slow
wave and high frequency artifact and prohibits T wave trig-
gering. The absolute value circult permits detection of in-
verted R waves.

After determining the heart and respiration rates

by these circults, additional circultry is employed to
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I BAND |

0 db

-10 db

-20 db

Block Diagram of Heart Rate Detectlon Clrcuit
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compute the meaﬁé and approximate varlances of these signals.
This 1s accompllished on the analog computer since the objec-
tlve 1s to obtaln these parameters on a continuously up-dated
basis. The process involves the exponentially mabped past
(EMP) estimation of the mean and variance. The derivation
of the method is shown by Otterman (22) and has become stan-
dard procedure in apalog computation. For this study, how-
ever, the derivation of the EMP estimates of the rate vari-
ances has been altered to increase the sensitivity for the
display of small variances. Thls was accomplished by re-
placing the squaring operation of the standard varlance cir-
cult (Figure 12a) with an absolute value determination

(Pigure 12b).

£(t)

-£(%)

Flgure l2a

Standard Variance Circult

) - 2(6)  ~(e(e) - TN T Freny?
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Filgure 12b
Altered Derivation of Variance

The complete circult dlagrams and assocliated coef-
ficlent values for the analog portion of the hybrid routine
are shown in Appendlx A. However, 1t should be noted that
the time constants of the various filtering circults could
well become variable parameters in future studles.

The method used to perform the regresslion analysis
is described by Draper and Smith (8). As implemented in
this system, the routine includes a variable time delay in
the data sampling loops which allows adjustment of the sam-
pling frequency to compensate for changes in the time con-

stants of the averaging filters and resulting changes in the
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frequency components of thelr output slignals. Due to the in-
cluslon of floating polint operatlions in the sampling loop,
the minimum sampling perlod 1s 27 msec. This 1s adeguate

for operation at eight times real time, even allowing for
averaging fllters with short time constants. Operation
faster than eight times real time must be accompanled wlth
conslderation of the frequency content of the sampled vari-
ables.

As the varlables are sampled, the necessary summa-
tions are accumulated, and when the input of data 1s termina-
ted, the correlation coefflclents between all varliables are
calculated and placed in matrices. Inversion of the princi-
pal correlatlion matrix and subsequent multiplication results
1n scaled versions of the correlation coefflclents which are
réadily converted to those desired.

To ascertain the accuracy of the inversion routine,
the product of the matrlix and its inverse 1s printed out after
processing the data. However, the centering and scaling of
the data involved in the formation of the correlation matrix
yilelds a well-formed matrix for inversion in regression an-

alyses of this type (8), and the sample inversions shown in

G R s e e
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Appendlx C illustrate that the error of inversion 1s negli-

gible.

Following the computatlion of the regresslion coef-
ficlents, an analysls of the varilance table 1s computed to
ald in evaluating the regression, and a plot of the residuals

versus time 1s produced on a subsequent pass of the analog |

data tape.
A program llsting for the digital routine 1is lo-

cated in Appendix B. By varying the summation statements in

the data collection loop, the model can be altered from the

linear form shown on page 32.
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V. System Testing and Sample Output

The system described in the previous chapter and
shown in Appendlces A and B was implemented on a hybrid com-
puter. The system has been tested with s.imulated as well as
actual data as described in the following paragraphs.

Testing of the analog preprocessing circults was
accomplished with data frem two sources. Inltilal tests were
made with data transcribed from the blomedical tape recorder
aboard the spacecraft on the Gemini VII orbital space flight.
This data included extensilve lnterference and artifact on
the respiration signal (ZP) which was in part due to deteri-
orating electrode connections. Failure of the respiration
parameter derivations under these condlitions was not
surprising.

Subsequent tests were accomplished wlith data col=-
lected under controlled laboratory condltions. This data
was collected from healthy Air Force Pilots in afternoon re-
cording sessions during which each subject passed through &
period of sleep. The data was accompanied by visually scored
interpretations of the depth of sleep during the sleep period.

In Filgures 13 and 14 the wave forms resulting from the

48



B e T
o T TR e i i e R L o B R ko R 6t s o o . o

L9

j LLU Dept. or Sleép :

MW o M W‘»

1 . * ) {
| Resplration Voluie g

| Respiration Rate] o

A '

N . . ! - /‘\~ A - - - .. S, "5,\: I . ] ]
| Variance of lieart Rate i

0 o 44 min
Figure 13
Processed Data - Subject #1




50

[evEp—

| EEG Depth of Sledy

B s P

...... | Respiration Voluge

N T G Qe ot - Py, Ceeee o a6 ot hs b e s b a

Respiration Rate| . |

- ki g ¢ s o o SN e £ b K 3 s e kA e A b
..... . Sr e s by gk e e & b g« T g4 -
i b g s e o g m e o Ak S A e B W gv-.~,.~-ﬁvu.~.—«-.70~4 Airk e e = - e PPN

b 1 At - ke S s 4 4 L0t 1k B o it e e 8§ St e b b b 4 et R b 8 B B 5 b

| Variance of Respiratlion Rate |

——— om e e s et s b ek et + § i ey STt s $orr e A Y A

B T e Y A Py g

T O T

Variance of Heart Rate '
Figure 14

Processed Data - Subject #2

oS e R 1 e,

SRR g L GRSt b o e




——— NN R E—— —— L ] I [ ] T d————

51

preprocessing of the data are shown and lllustrate some of
the types of relationships that can exist between the vari-
ables.

The depth-of-sleep derivation in Figure 13 indi-
cates that the subject initlally progressed from light
stages to deeper stages of sleep followed by a sharp arousal
and a subsequent period of light (stage I) sleep. The de-
rived variables all indlcate a progressive regularity of
function as the sleep became deeper. In addlitlon, the res-
piration rate and volume slgnals indicate a positive rela-
tionship between ﬁheif base line values and the depth of
sleep. The perigé of arousal was accompanled by transients
in the respiration variables and increases in the level of
the heart rate and lts varlance. The segment of stage I
sleep followlng the arousal 1s indicated primarily by the
increased variablillty of both the heart and resplration rates
andmfhe increased respiration volume. The increased varia-
bility of the rate signals indicates stage I-REM sleep ac-
cording to the report by Snyder et al (27), and in fact,
this period of sleep was recorded as stage I-REM by the in-

vestigators who celleeted the data.
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Figure 14 illustrates a sleep profile in which an
initlal perlod of stage I sleep 1s followed by a segment of
stage II sleep, a brief perlod of arousal, and a progressive
deepening of sleep throughout the remainder of the record.
The awousal 1s indlcated in the derived varliables by a tran-
sient in the respiration volume signal and in the heart rate
and its variance. The deepening of sleep 1s assoclated with
decreased variance signals, but in this record the heart rate,
respiration rate, and respiration volume show no change of
level assoclated with the deeper stages of sleep. Another
observation 1s that the stage I period at the onset of sleep
does not show the high rate variances that'are assoclated
wlth the stage I-REM portion shown in Figure 13. If is
therefore possible that the derivation of either the heart
or respiration rate varlance alone might be adequate to de-
termine REM periods of sleep, thus eliminating the need for
transduction of ocular movements in studieé réquiring REM
sleep information.

The time constants of the various analog averaging
circults were selected on an empirical basis with primary

consideration belng given to the appearance of the output
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variables as they relate to the time varying characterlstics
of the EEG derived depth-of-sleep signal. Those values 1n
Appendix A were chosen to average out the more dynamic
changes which could include the effects of artifact and yet
to emphaslize the snort term fluctuations of the measures
from thelr basal values. The clrcultry has been operated
in real time as well as multiples thereof. The coefflclent
values glven in Appéndix A are for operation at eight times

real time and are easily converted for operation at other

speeds.

The regresslion analysls routine was tested with
simulated data taken from an exgrcise problem in Draper and
Smith's text (8). The routine proved to work satisfactorily
and was applied to the variables 1llustrated in Figures 13
and 14. Tables I and II which were obtained by sampling at
the maximum rate availéble (approximately 4.6 samples per
second related to real time), illustrate the type of in-

formation that 1s produced by the computer analysils.
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VI. Discussion

The ablllity to process and analyze data at multi-
ples of real time using the system described in this paper
will permit the emphasis of future research to shift from
tedious data processing techniques to the evaluation'énd in-
terpretation of results obtailned from experiments designed
to test different hypotheses. The system should be used as
a means to more precisely determine the relationships that
exist between the EEG depth of sleep and the variables de-
rived for analysis. Data should be evaluated which is ade-
quate to test intersubject and intrasubjJect consistency of
derived relationshlps. The studles using the system must in-
clude the analysls of data from both the sleepling and waking
states to permit the derivationshto be based on physiologilcal
changes as the subjJect passes through periods of sleep. Con-
slderation also must be given to thé distinction that may ex-
18t between normal sleep periods and naps (15). Ultimately
1t would be deslrable to test any proposed model for estimat-
ing the depth of sleep with data collected under conditibns
that stress the model, such as those existing during space

f1ight, sleep deprivation, and administration of drugs.
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After processing the above types of data, it may
prove to be desirable or necessary to include additional an-
alysls routines or to alter or delete some exlstling features
of the system. It 1s antlcipated that the time constants of
the various averaging clrcults wlll have some effect on the
results of the data analysls and will suggest lnvesilgations
of these effects on different experimental designs. In addi-
tion, a preliminary investigation of these phase relation-
ships that exlst among the derived varlables should be made
to determine whether or not appropriate time leads or lags
should be included in the derivation of regresslion models.
To achieve these phase relationshlps, a programn which com-
putes and plots auto-correlatlion and cross-correlation func-
tions of its Input variables can be used 1n conjunctlion with
the routine developed In thls project.

Beslides possible alterations in the derivation
of the varlables, examination of the residuals from the
regression analysis would be helpful in determining the
need for nonlinear terms or other suitable alterations
of the regression model. In addition, certain variables

may prove to yleld consistently Iinsignificant contributions

e o s ot e et e e
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to the regresslon and should thersiore be deleted from the
model.

Quantification of the EEG depth-of=-sleep deriva-
tion into discrete levels of sleep mlght prove to ald in
establishing consistent relatlonships between the levels of
sleep and the various physlologlcal variables. In such a
study discriminant analysls technlques, such as those used
by Walter et al (28), could replace the regressior analysis
to provlide the functlonal relatlonship.

If future experimentation ylelds a conslstent in-
tersubject reiationship between the varlables derived from
the EEG and respiration signals and the depth of sleep, a
hardware verslion of the preprocessing cilrcultry and an ap-
propriate model could be developed to provide an on-lline
monltoring system for displaying the depth of sleep. If
only intrasubject consistency 1s found, the abllity to
monltor sleep levels would be limited to slituatlions where
prior knowledge of the subjects' sleep characteristics are

availlable.
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APPENDIX A

Analog Preprocessing Circults

63




UAZATYVNY DEH

=
O

dsaig Jou mwammﬂuv

1-y 9an3td

4]

®

sto-e| o< g
S HaITId
SSvd aNvVd

R w bl




YOSSHOOUdHYd NOILVHIdSHY

65

g-y 9an3Td

5 2l
aj3ey uotjedidsay
JO 90oUBTJIBA

i

®©®@

Sy

33ey uofjeatdsay

)
ve (ve o
oo o
m W

1eusdts | |
uotjeatdsay |

&H—0) .

T W4I1d -
mw<m anvd

IO
uotgjeatidsay




66

yossHooudHdd D04

a3'y uo1jeaTdsay Jo souBTaARA

Mwwll_

¢-y 2anITd

Ol

ol
3284

10t
=17}

ol

AN




67

COEFFICIENT VALUES FOR ANALOG COMPUTER
? - Eight Times Real Time Operation

2otentlometer Potentlometer
Number Coefficlent Number Coeffilclent

00 1.0000 47 .1110
0l 5000 L8 . 2000
02 1.0000 50 .3366
03 .6250 52 .1150
ol . 0400 60 . 5000
05 . 2000 61 . 4000
06 .6250 , 62 . 0200
o7 . 2000 63 . 1000
08 . 1250 6l . 0400
10 .6250 65 . 1250
11 .3000 66 . 0200
12 7720 o7 .1250
13 .5000 68 . 1000
14 . 5000 69 . 1500
15 .1410 70 .0750
16 .1600 71 1.0000
17 7720 72 . 1000
20 : 1.0000 73 5000
22 .2000 75 . 8540
30 9540 76 7140
31 .8150 17 . 8540
32 9540 81 .T1U40
35 .1000 90 .5000
36 .8150 92 .H000
37 .8540 100 . 2665
38 . 2000 101 L1110
39 .5000 105 .1110
40 . 7500

41 1.0000 Q 14 .0120
42 . 2000 Q 17 .0120
43 .1333 Q 19 .1500
Lb .5000

45 .1110 BCD #1 050

46 . .1550 BCD #2 050
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#ASSIGN SelFiYaKIeDF 1Y, X2e0F1Y,510CR)CelLPsBADFLY)BIOTFLYe

Digltal Program

AREWIND DD
SRTFTHAN: L8,L00

an oon

"

cToOn

198

10
11

20

DIMINGIC ¢ R(35218),A15)20(8) IXC0/5)aX(B) o SUMN(SIaSUMYX S0
tSU”XX(S:S)oRVIQSQOEX(S’054505)o$VX¢5)oK9(O/II9’

DIMENSIEN RINV(15018),CHK(505)
DIVENSION SVIO/S)eIR(0/L)
CONTINVE ,,

D% 1 $e1s15
pe 3 JuiniS
R{l1sJ)oCo

D0 2 twlsh
R(el)mie
A{3)1uQo
13%({1)e0¢
X{2)0Qe
SUMA L1 )e0e
CUMYR(T)eQe
RYX({])uOe
EX(1)n0e
SYX(1)900

L0 2 JaleS
SUMXX(TsJ)e0e
S EI LI D
1%X{0)u0e
SU4Ye Co
SUMYVele

NuO

NVeS

TYPE 102
ACCERT 403sK

DATA SAMPLING L 08P

PAUSE

Ea3M C33ni2
PaT 80400 /RUN .
1F (SENSE SWITCW 2) 11,30

Nened

EOM 033421

PEYeC100000

CALL ADCS (1X000108.%:008)
YeIX(0)/463803

SUMYaSUMYeY

SUMYYeSUMYYeYey

00 20 lel,5 ’
X01)eIX(1)/7363Re3

SYMX (I )eSUMX (T Yex(])

SUMYX ({1 )eSUMYX (T )ex(])eY

08 20 JelyS

X{JIwIX(J)/7163803

SUMXX (Lo d)oSUMEX (o teX (T )exX(y)
CALL TIMER(W)

G% Te (¢

COMPUTATION 8F MEANS AND VARTANCES

30 EYeSUMY/N
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no 31 lel,%
34 EXtreSUPX(TI/N
SYYVaSUMYYe2eeEYeSUMYeNeEVREY
00 A0 1el,%
00 4C Jul,5%
40 SLT1aJ)eSUMKX(TaJde XEJIPSUMXITIeEXETIoSUMXLIJIONCEX(JIOEX(T)

FERMATION OF CORRELATION MATRICES
DO 41 lwl.%
DO 43 JulelsS
3 RUJAJINS(I2JI/ZSORTIABSISIIaT)eS(IUIN)
0O 42 102,85
00 42 Jniylel
42 R(3aJISR{JA D)
00 43 13,5
SYX(1)8GUMYXLSIeEN (1) eSUMYLEYaSUMKX (S )eNCEYEEX(D)
43 va(xi'SYXC!’IQGRTCABS‘st!ot)OSVVb’
PRINT 100,N
PR!NT 108,(RE30J) 0101058 Jek0B

INVERSION OF CORRELATION MATRIX
G2 4419105
00 44 Juil-S
&8 RINV(I2JISsR(12J)
CALL INVERT(NV,RINV,DET,INDIC)
PRINT 104
PRINT 103, (RINV(I0J)e1038,8)0Jnls8
PRINT 100,DETsINDIC
B0 4% 1e1,5
DO 48 Jel,5
D8 4% KelsS
43 CNKt!oJ)'CHKC304’*R!NV(10K$'R(*0J)
PRIN® 317
BiINT 102, (CHK(Tad)020308)0J030S

COMPUTATICN OF POT VALUES
D0. 60 1ei,5
DG 80 Jni,S
B0 At1)eAllIeRINV(TIIJIORYX(Y)
PRINY 107,10A(1)0104,5
0O 52 1e1,5
52 B(1)sA(])eSCRT(ARS(SYY/S(Te1))
B(OISEYeB(1)eEX(S)eB(2)0EX(2)e t:ao:xtawcatb»osxchi‘ats»oix(s’
PR!N? 109,148(132100,5
PRINT 1120 10RYN(1)010305
08 51 180,149
84 “P(l)we}
KP(112)8A(3)e1000
KP(113)0A(2)e1000
KP155)eA(3)e D00
Kﬁczzbtutc~:ozooc
®P(118)04(5)ei00C
¢ e SETPQY(&P0319$

ca»euturzex AF ANALYSIS OF VARIANCE TABLE
SSTL U MYYe ((SU™YeSUvVI/N)Y
SSRele
D8 60 1e1,%
60 SSReSSReB(10(S ,¥YX 1Yo le juwK(])eSL¥V /)
NQFeNeNVe ]

)
)
§
+
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71

ANTaNel

SSREeSSTeSSR
RMGuSS/NY
REMSaSSRE/NDF
CORRWSSR/SSY
FeRMG/REMS

PRINT 111,CO0RR

PRINY 112

PRINT 113

PRINT 11%0CSRaNV)RMS
PRINT 315,SSREINDFIREMSF
PRINY 11645STeNY
7V?E 105

FORMATION OF ESTIMATED VARTABLE AND RESIDVALS

PAUSE

TYpe 102

ACCEPY 103,K¢

TYPE 118

ACCEPT 103.K2
70 IF{GENSE SWITCW 2) 72078
71 CONTINUE .

CoM 030s21

PBYL03 00000

CALL ADCS(IVa0s1+2030005) '

SUMeD(03eD(1)0IV(11eB(2)0lV(2)6B(3)aIVI3IeBlAIOIV(N)eB(SIOIV(S)

IR(OYoSUMIIY

IR¢L)eIVIO)I®IR(O)

CALL DACS(IR,0p4)

CALL TIMER(K2)

GO TO0 70
72 TYPE 119

6o 7o 198
100 FORMAT(1N1,10%s000e CORRELATION MATRIX 008817, SAMPLESS)
101 FORMAT(/2S(5XsE1507))
102 FPRMAT(¢ TYPE DESIRED OELAY !N,"!LL!SECONDSO$
103 FBRMAT(17)
106 FIBRMAT(//7010%Xs6%ae INVERSE CORRELATION MATRIX sees)
105 FORMAT(OREWIND ANALOG TAPES)
106 FORMAT (S DETERMINANY 88,E150728INDICE 08,17)
107 FERMAT (1H0sS(34s8A($231,8)00,F10e6))
108 FORMATIFOebaSF10e4)
109 FERMAT (L1HO#S(3Xs33(8013,0)89,F10e6))
$10 FOHRMAT (1M025(3XsSRYX(8211,8)u0,F1046))
114 FORMAT(1M0,3XsSMULTIPLE CORRELATIONGCIFL0e7)
112 FERMAT(//,18XsSANALYSIS AF VARIANCE FOR THE REGRFSSIONS)
113 FORMAT (1H0, #X2 8SBURCES25X29SUM OF SGUARESSs3XsSDFGREE OF FREEDOVS,

1IN, IMEAN SGUARES,SX,$F RATIO8)) .
114 FORMAT(3X)OREGRESSIANSIINIF1467212%0 110 BXaF18e7)
145 FORMAT (4X)SRESIOUALSI GNP Le7,8X016018%X0F100700X0F1Ce7)
116 FORMAT(SX,GTOTALS,I6XsF140708%,16)
$17 FARMAT(///210Xs8e0e CHECK 8F MATRIX INVERSION eee RIuveR eoes)
118 FORMAT(S ENTER OESIRED SCALING FACTOR )
119 ; RMAT(S ovese E\ND AF R]UN YTYTY })
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SURRAUTINE IMVERTIN,A,DEY,INDIC)
DIMENSIBN A(iSoiS)oﬂt151.C(15)o!9(15)o!’¢153
DET“io
DA 16 Kel,N
JETERMINATION OF PIVATAL EL=~5N7
PIVOTsC
NG & IskaN
DO &4 JuKkoN
IF (ARS(A(IaJ))eABS(PIVET)) &,4,3
3 PIveTuA(l,d)
I1P(K)w]
10(K)uy
4 CONTINUE
IF (ABS(PIVOT)wlsO0Ew10) 27,27,5
EXCHANGE PIVATAL ROW W]TH KTW ROW
B IF (IP(K)uK) 658,6
6 DETweDET
DB 7 JuisN
20A(1P{K)s J)
ALIP(KI2JIBA(K, J)
7 AlKaJ)e2
EXCHANGE PIVEBTAL COHLUMN WITH KTH COLUM%
& IF(IG(KI®K) 901809
9 DETowDET
0O 10 Isi,N
Z2oA(1,1Q(K))
AlTo1GIKY)OALTSK) ’
10 A{laK)a2
JORDAN STEP
11 DEYeCETelrIvOY
DO 15 JeluN
IF(Jek) 13212013
12 BlJy)eleyPivey
ClJ)ole
G8 TO 14
13 BlJ)seA(KyJ)/PIVET
ClJYsAtUax)
16 AlKoJ)o0
15 A(JoK)eQ
D0 16 lai,oN
8 16 Joi,N
16 AlTsJ)oAlls)eC(T)eBtY)
REGRDERING BF THE MATRIX
. DB 25 KaNylael
IF (1P(K)eK) 18020018
13 Dﬁ 19 lsi,N
Zea(1,1P{K))
Al1aIP(KY)oA(],K)
19 AllsK)02
20 IF (10(K)eK) 21,425,214
24 DB 22 Jesli,N
Zoh{ICIK) o J)
ALICIKIaJ)0A (K, )
22 ‘(W:J)ll
25 CONTINUE
INDICeC
RETURN
PIVAT NEARLY 2ER?
27 TYepE 28
INDICsY
RE T URN
28 FORMAT(//3PIVAY LESS THAL 1Qeeeils//)
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Sample Matrix Inversion




o o

0.100E 01 0.458E 00 0.382E 00 -0.361E 00
0.458E 00 0.100E 01 0.143E 00 0.562E-01
0.382E 00 0.143E 00 0.100E 01 0.323E 00
-0.361E 00 0.562E-01 0.3238 00 0.100E 01
0.175E 00 0.154E 00 0.605E 00 0.547E 00
Inverse Correlatlion Matrix
0.252E 01 -0,102E 01 -0.100E 01 0.159E 01
-0.102E 01 0.144E 01 0.324E 00 -0.605E 00
-0.100E 01 0.324E 00 0.198E 01 -0.620E 00
0.159E 0Ol -0.605E 00 -0,620E 00 0.244E 01
-0.554E 00 0.912E-01 -0,.734E 00 -0.114E 01
Determinant = 0.170E 00
Check of Matrix Inversion =--- RINV*R
0.100E 01 -0.682E-12 -0.118E-10 -0,818E-11
-0.827E-10 0.100E 01 -0.318E-11 -0.454E-11
-0,618E-10 -0,250E~11 0,100E 01 0.000E 00 ‘
-0,218E-10 -0.147E-10 -0.218E=-10 0.100E 01
-0.436E-10 -0,545E=-11 -0,145E-10 -0.727E-11

Correlation Matrix

Th

0.175E 00
0.154E 00
0.605E 00
0.547E 00
0.100E 01

-0.554E 00
0.912E-01
-0.734E 00
-0.114E 01
0.215E 01

-0.436E-10
-0.381E-10
-0.727E-10
-0.654E-10
0.100E 01




0.100E 01
-0.584E 00
-0.201E 00
-C.469E-01
-0.855E=-01

0.155E Ol
0.901E 00
0.706E-01
0.135E 00
0.466E-01

0.100E Ol
-0.379E~10
-0.480E-10
-0.557TE-11
-0.313E-10

-0.584E 00
0.100E 01
0.271E 00

-0,101E 00
0.516E-02

Inverse

0.901E 00
0.162E 01
-0.262E 00
0.275E Q0
-0.112E 00

-0.201E 00
0.271E 00
0.100E 0Ol

-C.531E-02

-0.381E-01

Corrclation Matrilx

-0.469E~01
-0.101E 00
-0.531E-02
0.100E 01
0.620E 00

Correlation Matrlix

0.T706E=-01
-0.262E 00
0.108E 01
-0.778E-0L
0.972E-01

0.135E CO
0.275E 00
-0.778E-01
0.167E 01
-0.J03E 0Ol

Determinant = 0,358E 00

-0.395E-10

-0, 181E=-10

Check of Matrix Inversion --- RINV#R
-0.155E-10 ~=0.229E-10 0.500E-11
0.100E 01 =-0.110E-10 0.104E-10
-0.721E-10 0.100E 01 0.70UE-11
-0.636E-11 -0.225E-10 0.100E 01

-0,218E-10

75

-0, 355E~01
0.516E~02
-0,381E-01
0.620E 00
0.100E 01

0.466E=-01
-0.112E Q0
0.972E-01
-0,103E Ol
0.164E 01

-0.400E-10
-0.432E-10
-0.668E-10
-0.654E-10
0.100E 01
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